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Abstract

Significance: Cytoglobin (Cygb) was discovered as a new addition to the globin superfamily and subsequently
identified to have potent nitric oxide (NO) dioxygenase function. Cygb plays a critical role in the oxygen-
dependent regulation of NO levels and vascular tone.
Recent Advances: In recent years, the mechanism of the Cygb-mediated NO dioxygenation has been studied
in isolated protein, smooth muscle cell, isolated blood vessel, and in vivo animal model systems. Studies in
Cygb-/- mice have demonstrated that Cygb plays a critical role in regulating blood pressure and vascular
tone. This review summarizes advances in the knowledge of NO dioxygenation/metabolism regulated by Cygb.
Advances in measurement of NO diffusion dynamics across blood vessels and kinetic modeling of Cygb-
mediated NO dioxygenation are summarized. The oxygen-dependent regulation of NO degradation by Cygb is
also reviewed along with how Cygb paradoxically generates NO from nitrite under anaerobic conditions. The
important role of Cygb in the regulation of vascular function and disease is reviewed.
Critical Issues: Cygb is a more potent NO dioxygenase (NOD) than previously known globins with structural
differences in heme coordination and environment, conferring it with a higher rate of reduction and more rapid
process of NO dioxygenation with unique oxygen dependence. Various cellular reducing systems regenerate the
catalytic oxyferrous Cygb species, supporting a high rate of NO dioxygenation.
Future Directions: There remains a critical need to further characterize the factors and processes that modulate
Cygb-mediated NOD function, and to develop pharmacological or other approaches to modulate Cygb function
and expression. Antioxid. Redox Signal. 32, 1172–1187.
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Introduction

Vascular function and tone in the body are regulated
by many factors that are present in the endothelium and

surrounding smooth muscle of the blood vessel wall (32, 74).
Nitric oxide (NO) is synthesized by nitric oxide synthase
(NOS) enzymes through conversion of substrate l-arginine
to products l-citrulline and NO (1, 87). Three isoforms are
present and differentially expressed in different tissues, in-
cluding the calcium/calmodulin-regulated constitutive iso-
forms, neuronal NOS (nNOS, NOS1) and endothelial NOS
(eNOS, NOS3), as well as inducible NOS (iNOS, NOS2)
whose activation is calcium independent (1, 87). eNOS is a

homodimeric enzyme with monomer molecular weight
134,000 Da (1). Under normal physiological conditions, NO
is synthesized in the endothelium and has been identified as
the endothelium-derived relaxing factor with its production
primarily regulated by eNOS within the endothelium with
inward diffusion to the vascular smooth muscle as well as
outward diffusion to the vascular lumen (31, 77).

The production of NO by eNOS is highly regulated by a
variety of factors, including calcium/calmodulin, substrate
and cofactor availability, protein interactions, and post-
translational modifications. The levels and bioavailability
of NO ultimately regulate vasomotor tone of blood vessels
(32, 74). NO produced in the endothelium causes vasodilation

Division of Cardiovascular Medicine, Department of Internal Medicine, Davis Heart and Lung Research Institute, The Ohio State
University College of Medicine, Columbus, Ohio, USA.

ANTIOXIDANTS & REDOX SIGNALING
Volume 32, Number 16, 2020
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2019.7881

1172



by triggering relaxation of vascular smooth muscle cells
(VSMCs) (Fig. 1). Inhibition of or impairment in NO syn-
thesis has been shown to cause hypertension (HTN) with
elevated blood pressure noted in both experimental animal
models and clinical disease (1). Classically, endothelium-
derived NO binds to soluble guanylate cyclase (sGC), which
triggers the formation of cyclic guanosine monophosphate
(cGMP) (Fig. 1), which then alters cytosolic Ca2+ levels
followed by myosin phosphorylation in VSMCs, causing
VSMC relaxation (73, 78).

This mechanism of endothelium-dependent regulation of
vascular tone through NO production has been extensively
studied over the last three decades (73, 74, 78). Its great
importance was recognized in 1998 when the Nobel Prize
was conferred to three of the pioneering scientists whose
observations led to its elucidation (45). NO has also been
established to have platelet antiaggregation activity. Through
its binding and activation of sGC, NO has been shown to
decrease platelet activation, aggregation, and binding with
fibrinogen (37). Similarly, NO also exerts other critical reg-
ulatory mechanisms, including modulation of smooth cell
proliferation (48, 75), endothelial cell proliferation and ap-
optosis (75), antioxidant/oxidant properties (49, 98), leuko-
cyte adhesion (33, 40), and mitochondrial function (18, 26,
29, 46). Loss of NO production or bioavailability occurs in
diseases such as HTN, atherosclerosis, and diabetes (20, 59,
70). In these disease states and others that are accompanied
by oxidative stress, it has been shown that eNOS uncoupling
can occur with decreased NO production and enhanced su-
peroxide (O2

�-) generation. This uncoupling can be triggered
by depletion of the critical redox-sensitive cofactor tetra-
hydrobiopterin (BH4) and by glutathionylation of specific
cysteines located at the interface of the reductase and oxy-
genase domains (19, 24, 99). With superoxide production

from eNOS or other sources, NO is scavenged with produc-
tion of the potent oxidant peroxynitrite (ONOO-).

Apart from the aerobic NOS pathway of NO generation, it
has also been demonstrated that NO can be formed inde-
pendent of NOS, with nitrite, an oxidized product of NO,
being reduced back to form NO under hypoxic conditions
(3, 22, 57, 58, 103). At low pH, as occurs in ischemic tissues,
nitrite-mediated NO production occurs (105). In mammalian
cells, nitrite reductase enzymes have been shown to include
molybdenum oxoreductases such as xanthine oxidase (XO)
and aldehyde oxidase (AO), which have some structural
similarity to bacterial and plant nitrite reductases, and also
heme proteins and globins in the presence of suitable re-
ducing equivalents or enzymes (57). Thus, while under nor-
moxic conditions NOS enzymes are the major source of NO,
under severe hypoxia or acidosis, nitrite can also serve as a
potent source of NO (82). In conditions accompanied by
severe hypoxia and acidosis, such as occurs in the ischemic
heart or following cardiac arrest, nitrite reduction to NO has
been shown to be a major source of NO formation (54, 105).

While controlled release and regulated NO bioavailability
are beneficial for normal vascular function, excess NO is
harmful and needs to be removed to maintain homeostasis of
vascular tone. High NO levels, as occurring during septic
shock, can cause hypotension resulting in low blood pressure
(91, 96). Similarly, if pharmacological treatment with NO
donating drugs, such as nitroprusside or nitroglycerin, in-
duces levels of NO that are too high, hypotension will occur.
In addition, in pathological conditions with oxidative stress
and inflammation along with excess NO production, the re-
actions of excess NO can be different than when it is present
in normal physiological concentrations. Charge neutrality
and the high diffusion of NO make it a target for many redox
enzymes. Also, high levels of NO have been shown to inhibit
mitochondrial respiration through its binding to cytochrome
oxidase (13, 72). As noted above, reactive oxygen species
such as O2

�- rapidly react with NO to form the potent oxidant
ONOO- (9, 79, 80). The resulting ONOO- is a strong ni-
trating agent, causing nitration of proteins and cytotoxicity
(79). Thus, for both physiological homeostasis and preven-
tion of disease pathology, it is important that NO levels be
precisely regulated. If NO levels are too low, there will be a
loss of critical vasodilatory and anti-inflammatory function,
while if levels are too high, hypotension with vascular col-
lapse as well as other processes of metabolic inhibition and
cellular injury would occur.

While the mechanism of NO synthesis in cells and vessels
has been extensively studied and is well understood, until
recently the process of NO degradation has been less clear. It
has been shown that globins, such as hemoglobin (Hb) and
myoglobin (Mb), in the presence of heme-bound O2 metab-
olize NO to NO3

- (23, 35). This NO dioxygenation reaction,
where the ferrous oxy-heme complex is oxidized to the ferric
state, was well known to occur for Hb and Mb. Indeed, an
important role for Hb in NO degradation in blood has been
well demonstrated and an important role for Mb in NO
degradation in skeletal and cardiac muscle proposed (28, 53).
These heme proteins act under severe hypoxic conditions to
store NO and possibly deliver it at a later stage, but at higher
O2 levels, they degrade the NO via the dioxygenation reac-
tion. While Hb has a major role in NO degradation in red
blood cells (RBCs) and Mb in skeletal and cardiac muscle,

FIG. 1. Schematic of the mechanism of NO generation
in endothelial cells and the process by which it induces
smooth muscle relaxation. NO is generated in the endo-
thelium by eNOS via a Ca2+/calmodulin-regulated process
utilizing its requisite substrates as depicted. The NO gen-
erated diffuses into smooth muscle layer of vessels and
binds to sGC to generate cGMP, which in turn induces vas-
cular relaxation. NO that does not bind to sGC is rapidly
converted to NO3

- by NOD enzymes. cGMP, cyclic gua-
nosine monophosphate; eNOS, endothelial nitric oxide
synthase; NO, nitric oxide; NO3

-, nitrate; sGC, soluble
guanylate cyclase. Color images are available online.
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the mechanism of NO metabolism in VSMCs, which is very
critical to understand vasorelaxation and vascular tone, had
remained unclear. Notably, smooth muscle cells have little or
no expression of Hb or Mb (27, 51).

More recently, two new globins were discovered: neu-
roglobin (Ngb), primarily in neuronal cells, and cytoglobin
(Cygb), which was first identified in liver stellate cells and
later found to be expressed in smooth muscle and in many cell
types (14, 52, 92). Most recently, Cygb has been shown to
have important functions in the oxygen-dependent regulation
of NO degradation (63). Interestingly, under anaerobic con-
ditions, it was also shown to be a potent nitrite reductase,
generating NO from nitrite (58). Thus, Cygb has been re-
ported to function as an oxygen-dependent regulator of
NO levels and related signaling in vessels. Herein, we pro-
vide a general review of the NO dioxygenase (NOD) property
of globins and then focus on the recent studies showing
the unique role of Cygb as a high-affinity NOD providing
oxygen-dependent regulation of NO levels and regulating
vascular NO homeostasis and tone. The role of various
physiological reducing systems, reported to be of importance
in regulating this process, is reviewed, and the role of Cygb
versus other globins in the regulation of vascular function is
also discussed.

NO Diffusion Through the Blood Vessel Wall

As vasodilation by endothelium-generated NO occurs
by triggering sGC-mediated signaling in the surrounding
smooth muscle, the process of diffusion-controlled transport
of NO from the endothelial layer to smooth muscle has re-
ceived considerable attention. Mathematical models have
been developed to predict this process of NO diffusion, as
well as its consumption in the smooth muscle of the arte-
rial wall.

NO is freely diffusible outward from the endothelium to
the vessel lumen and inward to the medial smooth muscle.
Despite the large pool of Hb within the RBCs of luminal
blood, endothelium-derived NO reaches the surrounding
smooth muscle cells to induce relaxation. To understand how
endothelium-derived NO escapes the vast amount of Hb
(2.3 mM) (16) in the blood and still diffuses to the muscle
cells to stimulate sGC to produce cGMP within these cells,
studies have been performed comparing the rate of NO
consumption by cell-free oxyHb and the oxyHb enclosed in
RBCs. Cell-free oxyHb has been demonstrated to consume
NO *1000 times faster than identical amounts of RBC-
encapsulated Hb (64, 95). The mechanisms that limit NO
consumption by RBCs have been debated, with-rate limiting
factors evaluated, including diffusion of NO to the RBC
surface, through the RBC membrane and inside the RBC
(64, 65, 95). As first postulated by Liu et al., extracellular
diffusion has been confirmed to be the major rate-limiting
factor for NO consumption by RBCs (6, 64, 65).

In considering and modeling NO concentration profiles
through the layers of the blood vessel wall, it is important to
consider the reaction between NO and O2. The diffusion rates
of NO and its coupled reaction with O2 in various media,
including solutions (94), cell membranes (65), and intact
blood vessels (66), have been reported. NO chemically reacts
with O2 via second-order kinetics (17). Therefore, any NO
concentration profiling across the blood vessel wall must also

consider the transmural O2 variation. In many cases, such as
aqueous solutions or cell membranes, NO diffusion is very
fast, and its reaction rate is controlled by its diffusion. Despite
such challenges, electrochemical methods, especially the
Clark electrode-based NO probes, combined with computer
modeling, have been extensively used to study the diffusion
of NO across blood vessels, and quantitative approaches for
comprehensive analyses of O2 diffusion across blood vessels
have been developed (62, 66, 68). For example, in the case of
one-dimensional NO diffusion through the blood vessel wall,
as occurs with the vessel surface in contact with the NO
electrode as shown in Figure 2A, the diffusion phenomenon
can be described by the following equations:

DNO

d2 NO½ �
dx2

� k1 O2½ � NO½ � ¼ 0

DO2

d2 O2½ �
dx2

� q¼ 0

Therefore, the current detected in the electrode is defined
as (67),

DNO

d2 NO½ �
dx2

� k1 O2½ � NO½ � � k2 O2½ �[NO]2¼ 0

DO2

d2 O2½ �
dx2

� Vmax O2½ �
O2½ � þKmax 1þ NO½ �

kNO

� � � 1

4
k2 O2½ �[NO]2¼ 0

In a typical experiment, the initial condition defined as
[NO] in the aortic wall at t = 0 is zero. When t > 0, and NO is
added as bolus to the solution, [NO] is [NO]0. As the elec-
trode perturbation is initiated, an [NO] gradient is created and
this NO gradient establishes a steady state, dependent on the
O2 levels and gradient across the blood vessel wall (Fig. 2C).
From the experimental data, simulated curves of the NO
concentration gradient across the vessel wall were obtained
as shown in Figure 2D. These demonstrate the O2 dependence
of NO diffusion and metabolism in intact vessels. The elec-
trochemical methods used in these studies enable the study of
this complex process. NO concentration profiles, calculated
using the above expressions, have shown that [NO] falls as-
ymptotically across the vessel wall due to the processes of its
diffusion and metabolism (Fig. 2D) (66). These models pre-
dicted that, in the smooth muscle of the vessel wall, there is a
prominent NOD that rapidly degrades the outward diffusing
NO from the endothelium; however, the identity of this NOD
remained elusive for over a decade.

Globins as Oxygen-Dependent NO Scavengers

The members of the globin superfamily have unique
functions, and also can function differently in different tis-
sues. Globins, primarily Hb or Mb, are classically known as
O2 carriers in erythrocytes and muscle, respectively. O2 re-
versibly binds to the heme iron in the reduced Fe2+ state of
globins, and this allows the heme to function as a store and
carrier of O2. However, O2 can also be reduced by Fe2+ with
the release of the superoxide free radical (O2

�-). This
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potential for redox reactions by the Fe2+ core makes the
globin heme a ‘‘redox active center.’’ In the absence of O2,
NO binds with high affinity to the Fe2+-heme of deoxyglobins
forming mono-nitroso complexes, while with O2 binding
to the heme, NO is rapidly degraded through the process of
dioxygenation. The balance between these two processes is
regulated by the O2 binding affinity of the globin and the
concentration of O2 present.

Iron in the globins is present as either five or six coordi-
nates, with proximal or distal histidine residues that influence
ligand binding to the Fe-heme core. This difference in struc-
ture of the heme coordination and pocket confers different
globins with different affinities toward O2 or NO binding.
Extensive investigations have been carried out by the Olson
group to understand how mutations in these residues can
alter the ligand binding and autoxidation properties of the
Fe core in globins, especially for Mbs and Hbs (5, 12, 84).
Iron is present as hexa-coordinate in Cygb where both fifth
and sixth positions are ligated by histidine His81 and
His113 (Fig. 3A, B). On the contrary, Mb-like Hb is penta-
coordinate, leaving the sixth position free (a coordinated
H2O for the met-Mb form as shown in Fig. 3D), while the
proximal histidine in the fifth position is coordinated to the
Fe (Fig. 3C, D). Therefore, O2 binding efficiency and reac-
tivity at the Fe center vary for each structurally different
globin. Moreover, O2 binding to the Fe center in Mb or Hb is

stabilized by hydrogen bonding to His (11), and therefore,
heme autooxidation to the ferric met form is slowed.

The overall association rates of O2, NO, and CO binding to
Cygb measured in simple mixing experiments are slow and
limited by the rate of dissociation of the internal distal his-
tidine, and on the order of 1 to 2 s-1 at high ligand concen-
trations (39, 56). However, the association rates for the open
conformation measured in laser photolysis experiments be-
fore His(E7) rebinding occurs are similar to those of Mb and
Hb and on the order of 5 to 30 · 106 M-1 s-1 (39, 56). The NO
deoxygenation of CygbO2 is fast and again similar in rate to
that observed for MbO2 (63, 83). Thus, after dissociation of
His(E7), the accessibility of the heme iron atom in Cygb
appears to be similar to that of Mb, which also has a high rate
of NO dioxygenation.

The rate of NO reduction by globins and the redox po-
tential of the Fe center are also modulated by other fac-
tors. Therefore, the rate of NO dioxygenation also varies. In
addition to redox potential-mediated regulation of NO con-
version to nitrate, other microenvironmental factors of the
heme pocket were recently identified to be of key importance
(4). Since the redox potentials of globins do not necessarily
correlate with the rate of NO conversion, as recently reported,
it appears that local environments such as hydrophilicity/
hydrophobicity in the pocket, or accessibility of the pocket,
determine the rate of the reaction (4).

FIG. 2. Measurement of O2-dependent NO diffusion through the blood vessel wall. (A) Schematic of NO sensor
electrode assembly used to measure NO diffusion across the attached piece of aorta. (B) Section of rat aorta with H&E
staining. The rat aortic wall thickness L is *140 lm, and the thickness of the TM, LTM, is *112 lm. (C) NO diffusion flux
across the aortic wall, detected at the electrode assembly (A), in the presence of the O2 concentration indicated. The arrow
indicates the time of NO addition. (D) Simulation of NO concentration gradient across the vessel wall, assuming the NO
concentration at the endothelial surface is 1 lM [adapted from Liu et al. (61)]. TA, tunica adventitia; TI, tunica intima; TM,
tunica media. Color images are available online.
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Cygb has been shown to have a faster rate of reduction than
other globins with simple reducing agents such as ascorbate
or with enzymatic reducing systems such as P450 reductase
or cytochrome b5/cytochrome b5 reductase (4, 61, 68). In line
with this, Cygb has been observed to have the highest rate of
NO dioxygenation among these globins.

Cygb Is the Primary NOD in Blood Vessels

Cygb was discovered about two decades ago as the
fourth major globin expressed in mammals (100). It was first
described by Kawada and colleagues as ‘‘stellate cell
activation-associated protein’’ (STEP) in hepatic stellate
cells (HSCs) (100). This STEP, later named Cygb, showed
higher lipid and peroxidase activity (14, 92, 100). Even
though Cygb was discovered in HSCs, later it was found to be
expressed in a variety of cells, such as esophageal cells (71)
and smooth muscle cells of the vasculature and melanocytes
(30, 38). Alterations in Cygb expression have been found to
be associated with a variety of disease pathologies, including
cancer (76), atherosclerosis (50), HTN (61), and fibrosis (89).
Cygb has many similarities to other globins (Hb and Mb),
including the classic three over three alpha helical globin
fold (Fig. 3A, C); however, its biological and physiological
functions are different from other globins, and therefore, the
biochemistry of Cygb has been actively investigated. Unlike
Hb or Mb, Cygb is six-coordinate in both Fe2+ and Fe3+ states
via axial imidazole nitrogen ligands from His81 and His113
in the absence of competing ligands. Therefore, any gaso-
transmitters such as O2 or NO have to displace the His ligand
to bind to the heme Fe. Despite this, O2 binds strongly to
Cygb (21, 92). Among the globins, Cygb more efficiently
degrades NO due to its higher rate of NO dioxygenation, as
detailed below. NO metabolism in VSMCs and NO flux

across conduit and resistance vessels, such as aorta and
mesenteric arteries, have been studied (60, 61, 63, 67, 68).
NO-sensing electrochemical sensors have been widely used
to measure the rates of NO degradation and to characterize
this process (61, 68, 69, 101).

Recently, Cygb has received increased attention, following
the discovery that it is highly expressed in the vascular
smooth muscle of vessels and proposed to have a key role in
the regulation of vascular tone (38, 58, 61). Halligan et al.
first reported that VSMCs from various species, including
human, expressed Cygb (38). Knockdown with shRNA suc-
cessfully reduced Cygb expression and, more importantly,
showed decreased NO degradation in these cells. Immuno-
histology showed expression of Cygb in the smooth muscle
medial and advential layers of the aorta. More recently, we
reported a quantitative estimation of Cygb and other globins
in smooth muscle cells and demonstrated that Cygb is present
in the vascular smooth muscle but absent from the endothe-
lium (61). Levels of Cygb and Mb in human aortic smooth
muscle were measured to be *45 ng/106 cells and only
*1 ng/106 cells, respectively, suggesting that Cygb is the
main NOD in smooth muscle cells. Hb expression was trace
or undetectable with levels >200-fold below those of Cygb
(Table 1). Therefore, Cygb is the most highly expressed
globin in VSMCs, and thus would be expected to have a ma-
jor role in vascular NO metabolism and secondary regulation
of vascular tone (61).

Mechanism of O2-Dependent NO Dioxygenation
by Cygb

O2-dependent NO metabolism in mammalian cells was
reported as early as 2001 by the Gardner group (36), even
before Cygb was identified. The metabolism was found to be

FIG. 3. Structural comparison
of Cygb and Mb. (A) Ferric form
of human Cygb (PDB Accession
No. 1V5H), (B) and its Fe-heme
coordination, (C) aquo-met form of
sperm whale Mb (PDB Accession
No. 4MBN), (D) and its Fe-heme
coordination. The coloring by
atom type is: Fe (orange), O (red),
N (blue), C (green). Cygb, cyto-
globin; Mb, myoglobin. Color im-
ages are available online.
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inhibited by strong Fe-heme ligands such CN- and CO, but
neither mitochondrial respiration nor O2

�- or H2O2 was re-
quired. Therefore, the existence of an efficient mammalian
heme- and flavin-dependent NOD was suggested (36). Sub-
sequently, Cygb has been shown to be present in VSMCs
with an important role in NO metabolism (38, 61). In the last
decade, extensive kinetic modeling and analyses of the pro-
cess of NO dioxygenation to NO3

- by Cygb have been per-
formed by our group and others (34, 63, 68, 101). As pointed
out above, in the pocket of the heme core, initial binding of
O2 displaces the exchangeable histidine (His81) coordinated
to the reduced Fe (Fe2+), and the heme dioxygen complex
Fe2+-O2 is formed. This species is the precursor that dioxy-
genates the NO to NO3

- and is oxidized back to met-Cygb
(Cygb-Fe3+), which is then reduced back to Fe2+, binding
O2 to again form the precursor. This cycle continues as long
as O2 and the required reducing equivalents are available
(Fig. 4).

We developed a kinetic model of the mechanism of NO
dioxygenation (63). This is based on the coupled reactions as
below:

Cygb Fe2þO2

� �
þNO !k1

Cygb Fe3þ� �
þNO3�

Cygb Fe3þ� �
þR!k2

Cygb Fe2þ� �

where R represents the total reducing equivalents available to
reduce the metCygb. The Cygb(Fe2+) is expected to have an
additional equilibrium as described below:

Cygb Fe2þ� �
þ Hisð Þ%

kh

k� h

Cygb Fe2þ �His
� �

where His81 is the exchangeable histidine. In addition, NO
and O2 binding equilibria are considered as follows.

Cygb(Fe2þ )þO2%
k3

k�3

Cygb(Fe2þ �O2)

Cygb(Fe2þ )þNO%
k4

k�4

Cygb(Fe2þ �NO)

Table 1. Properties of Relevant Globins

Globin Cytoglobin Myoglobin Hemoglobin-a

P50(O2), mmHg 0.7–2.9 *2 —
Sites of expression Ubiquitous (92)

SMCs (61)
Skeletal muscle
Cardiac muscle
SMCs

MEJ of resistance vessels
(85), pulmonary
endothelial cells (2)

Levels of expression *5 lM in SMCs (61) * 400–500 lM (skeletal muscle)
*200–330 lM (cardiac muscle)
*0.13 lM in SMCs (61)

Present in the MEJ, but not
quantitated (85)

Not detectible in SMCs (61)
Functional role(s) NOD in SMCs of conduit

and resistance vessels
O2-dependent regulation of NO

metabolism in SMCs (61, 63)

O2 store
NOD in skeletal and cardiac

muscle

NOD in the MEJ of
resistance vessels (85)

NO dioxygenationa

rate, lM-1 s-1
22–30 (63) 34–43 (23, 25, 43) —

Rate of reduction,
M-1 s-1

1.1–2.7 (Asc) (4, 8, 34)
36.1 (Asc) (61, 63)
(1.8–2.9) · 105 (B5R/B5)

(61, 88), 0.6 · 105

(B5R/B5)b (55)

0.09–0.25 (Asc) (34, 61, 68, 88)
(0.161–1.27) · 104 (B5R/B5)

(61, 88)

0.32 (Asc) (61)
1.51 · 104 B5R/(B5-system)

(61), 0.6 · 104 (B5R/B5)b

(55)

aMeasured for the reduced ferrous globins.
bDerived rate constants from reported rate in s-1.
Asc, ascorbate; MEJ, myoendothelial junction; NO, nitric oxide; NOD, NO dioxygenase; SMC, smooth muscle cell.

FIG. 4. Reaction mechanism of Cygb and Cygb-
mediated NO consumption. Met-cytoglobin Cygb(Fe3+)
can be reduced by different reducing systems in SMCs to
generate Cygb(Fe2+), and the reduced Cygb establishes an
equilibrium with available Fe2+ ligands such as O2, NO, CO,
or the His residue. Among these species, Cygb(Fe2+-O2) is
the catalytically active species for the dioxygenation of NO
to NO3

-. SMC, smooth muscle cell. Color images are
available online.
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Based on these equations, a kinetic model was developed
and experimentally verified in our laboratory (63), which
serves to predict the reaction rates that occur. After rearran-
ging the equation as described in Liu et al. (63), the final
NO metabolism rate can be related to O2 concentration as
follows:

VNO¼
Vm O2½ �

Kmþ O2½ �

where

Vm¼
k1k2 R½ � E½ � NO½ �
k2 R½ � þ k1 NO½ �

where [E] is the total concentration of Cygb.
The above equation is an apparent Michaelis–Menten-type

equation where O2 is substrate. The Km defines the O2 con-
centration at half maximum rate, and it is an indirect measure
of substrate (O2) affinity (inversely related) to Cygb(Fe2+) to
form the oxy-Cygb (CygbFe2+-O2), which is required for
NO dioxygenation. Simulations based on the existing kinetic
data have shown that about 98% of the reduced Cygb(Fe2+)
exists as the oxyspecies. Validity of this model was tested
in vitro with purified proteins (63), and the results were ac-
curately predicted. First, there was a clear decrease in the
rate of Cygb-mediated NO consumption with O2 depletion
(Fig. 5A). Michaelis–Menten-type curves were obtained
for NO consumption rate as a function of O2 concentration.
The experimental data were accurately represented by the
above equation (Fig. 5C), and relevant parameters could be
determined using various reducing systems (63). However,
more complex systems such as living cells (where multi-
ple reducing enzyme systems and equivalents are present
together) or blood vessels (where, in addition, NO and O2

gradients across the blood vessel exist) await further study
and modeling.

Differences in the O2-dependent NO dioxygenation prop-
erties of each of the mammalian globins may account for their
differing expression levels and roles in different cells and
tissues (68). For example, the NO dioxygenation reaction
rate of Cygb depends on O2 with a sharp decrease under
conditions of physiological hypoxia, whereas Mb shows a
more gradual, near-linear dependence on O2 concentration

(Fig. 5B, C) (68). The higher NOD activity of Cygb and its
decline at physiological levels of hypoxia seem to provide a
basis for why its expression would be favored for the regu-
lation of NO levels in vascular smooth muscle. In contrast to
this, Mb is the major globin expressed in skeletal and cardiac
muscle where it is expressed at much higher levels on the
order to 100 lM, more than 50-fold higher than the levels of
Cygb in smooth muscle (Table 1). In skeletal and cardiac
muscle, low O2 levels would occur with mechanical work,
and accumulation of NO with hypoxia could be deleterious
with inhibition of aerobic metabolism and with enhanced
superoxide generation as occurs following ischemia/hypoxia
and reperfusion/reoxygenation with formation of NO-derived
peroxynitrite or other reactive nitrogen species (97, 102).
Thus, the differing NOD properties of each of the globins are
an important basis for their pattern and level of cellular
expression and their unique functional roles.

Redox Regulation of Cygb O2 Binding and NO
Dioxygenation

Redox or chemical modification of Cygb has been shown
to modulate its O2 binding affinity and NOD activity (101).
The Cygb monomer contains two exposed cysteine residues
(Cys38 and Cys83) that enable Cygb to form an intra-
molecular disulfide bond or intermolecular disulfide bond
resulting in a dimeric form (7, 56, 93). The formation of the
intramolecular disulfide bond greatly increases the dissocia-
tion rate constant of the bound distal histidine, resulting in a
greater apparent binding constant of extrinsic ligands (7, 93).
This histidine displacement makes Cygb more Mb-like. As
an NOD, O2 must bind to Cygb before it metabolizes NO.
Under hypoxic conditions, Cygb with intramolecular dis-
ulfide bond (Cygb-SS) binds more O2 in the form of
Cygb(Fe2+-O2) than Cygb with the free sulfhydryl group
(Cygb-SH) or Cygb with cysteine residues blocked by
thioether bonds to N-ethylmaleimide (Cygb-SC). However,
under ambient oxygen levels, Cygb O2 binding is saturated
and its NOD activity is limited and largely controlled by
the rate of Cygb reduction (83). Thus, if the rate of Cygb
reduction is not altered by modification of the sulfhydryl
groups in the Cygb, the NOD activity of Cygb may not be
greatly altered. Studies at ambient O2 levels with three dif-
ferent redox forms of Cygb, namely Cygb-SH, Cygb-SC, and

FIG. 5. Comparison of oxygen-dependent NO metabolism by Cygb and Mb. Simultaneous measurements of NO
decay and [O2] change for Cygb (A) and Mb (B). (C) Simulated (line) and measured NO consumption rate as function of O2

concentration (VCygb-NO-[O2] and VMb-NO-[O2]) curves at varying O2 concentrations. Experimental data VMb-NO (�) and
VCygb-NO (;) versus [O2] [adapted from Liu et al. (68)].
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Cygb-SS, showed that only Cygb-SS had a perturbed NO
dioxygenation rate, decreasing by 25% (101). However, the
P50 of O2 binding to Cygb, a measure of oxygen affinity, was
shifted to a fourfold lower value with this intramolecular
disulfide form. In pathological conditions with oxidative
stress, the cysteine of Cygb could be redox modified leading
to formation of Cygb S-S. Further studies are needed to ex-
plore the role of Cygb thiol modification on its O2-dependent
NO dioxygenation rate, and how these thiol modifications
affect vessel function.

Cygb Reduces Nitrite (NO2
2) to NO Under

Anaerobic Conditions

Our early experiments revealed that there is an NOS
enzyme-independent process of NO generation in ischemic/
hypoxic tissues secondary to the reduction of nitrite (104).
While NO2

- is ubiquitous in tissues due to NO degradation and
dietary sources, with levels typically from 1 to 10 lM, its
importance as a source of NO had not been recognized. We
observed that in the process of myocardial ischemia, nitrite is
reduced to form NO and this was confirmed by electron
paramagnetic resonance (EPR) detection of NO and isotope
tracer experiments with 15NO2

-, proving that nitrite is reduced
to form NO. As visualized by EPR imaging in hearts subjected
to global ischemia, this process occurs throughout the ischemic
myocardium, detectable within 5 min of ischemic onset, and
increases with ischemic duration (54, 105). This process pro-
gressively increases with the duration of ischemia, and NO2

--
derived NO accumulates in the ischemic myocardium bound
to Mb. Interestingly, following the onset of cardiac arrest,
similar nitrite-derived NO was visualized in ischemic tissues
and bound to Hb in the blood stream (54). A role for Mb in the
generation of NO during myocardial ischemia was reported
and this was confirmed by several groups (42, 81, 90).

Subsequently, experiments were performed to explore the
role of nitrite-derived NO in the regulation of vascular func-
tion and tone. Our experiments with in vivo hemodynamics in
rats and in vitro vasorelaxation in isolated rat aorta under
aerobic conditions clearly showed that nitrite-mediated NO
formation occurs in vessels and serves to regulate vascular
tone independent of NOS (3). As this process of NO gener-
ation in isolated vessels was inhibited by heme blocking or
oxidation, we speculated about a role of a reduced globin
such as Cygb (3). The precise enzyme/pathway in this vas-
cular NO2

--mediated NO formation was uncertain. Work
from several investigators suggested a key role of Hb in
nitrite-mediated NO generation (22). We observed that NO2

-

reduction to NO primarily occurs in tissues rather than in
blood, and therefore, Hb cannot be the main source (58). XO
and AO were identified as other potential mechanisms con-
tributing to this process (57).

While Cygb has been established to metabolize NO
through its dioxygenase activity in the presence of O2, we
identified that there is an additional process that occurs with
severe hypoxia and anoxia, where Cygb can generate NO
through the reduction of NO2

- (58). As described above, prior
studies had reported that Hb can produce NO from NO2

-

reduction (44). Subsequently, we identified that under an-
aerobic conditions, Cygb reduces NO2

- to NO. Cygb was
found to produce much higher levels of free NO than other
globins, such as Hb or Mb, which can reduce nitrite to NO,

but at their high cellular concentrations tightly bind NO.
Thus, Cygb acts as a potent nitrite reductase under anaerobic
conditions, while in the presence of O2, it functions as an O2-
dependent NOD. This switch with reversal from NO con-
sumption to its synthesis illustrates its biphasic role in sensing
O2 level and providing O2-dependent NO regulation. In is-
chemic syndromes with low or no flow and severe O2 de-
pletion, this mechanism would feed back to enhance NO
levels that would serve to increase perfusion and restore O2

levels within the tissue. Thus, one can view Cygb as a critical
sensor and regulator of NO in the vessel wall having the
function of controlling NO levels to maintain vascular ho-
meostasis and tone over a broad range of O2 tensions.

In anaerobic conditions, nitrite, NO2
-, can bind to the re-

duced Cygb Fe2+ heme and undergoes reduction to regener-
ate Cygb(Fe3+) and NO as proposed below (58)

Hþ þNO�2 $ HONO

Fe2þ �CygbþHONO$ Fe3þ �Cygb þNOþOH�

The first evidence of NO generation by Cygb was reported
by our group (58). Later, this was confirmed by several
groups, and it has also been reported that Ngb can similarly
produce NO from NO2

- reduction (21, 47, 88). With the use
of EPR spin-trapping and also chemiluminescence detection,
the generation of Cygb-mediated NO was demonstrated
(Fig. 6). This NO generation was found to be proportional
to the nitrite concentration up to 1 mM NO2

-, with rate of
1 nM s-1 mM-1 NO2

-. Furthermore, the NO2
--derived NO

was shown to activate sGC with cGMP formation (Fig. 6),
proving that Cygb-generated NO signaling in hypoxic con-
ditions can occur and would be predicted to be physiologi-
cally relevant.

Overall, these observations support the concept of a central
role for Cygb as a key sensor and regulator of NO levels. In
the normal well-perfused vessel, it metabolizes excess NO by
its dioxygenation function; however, with tissue hypoxia and
low arteriolar and capillary O2 levels where increased flow is
required by the tissue, this NO degradation is decreased. With
more severe hypoxia as occurs in pathologic conditions such
as organ ischemia, where eNOS-mediated NO formation in
the endothelium would be diminished or even abolished
due to lack of O2, Cygb present in the vascular smooth muscle
can actually generate NO from NO2

-, which will bind to sGC
in this smooth muscle and induce vessel relaxation. Hence,
Cygb has been shown to be an O2-dependent modulator of
NO homeostasis and vascular tone that can serve to regulate
tissue perfusion in normal physiology and disease.

Role of Cygb in NO Metabolism in VSMCs

We have recently reported studies in smooth muscle cells
and blood vessels that directly demonstrate the important role
of Cygb in the regulation of NO metabolism in VSMCs (61).
Cygb expression in VSMCs was measured by quantitative
immunoblotting and found to be about 45-fold higher than
Mb (45 and 1 ng, respectively, in 1 · 106 cells) (61). When
Cygb expression was knocked down in VSMCs using specific
siRNA, we found that the magnitude of NO dioxygenation
was greatly decreased as demonstrated by a much slower rate
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of NO decay (Fig. 7). The VSMCs from rat aorta or mesen-
teric artery exhibited similar Cygb dependence, demonstrat-
ing that NO metabolism in VSMCs from larger capacitance
vessels and smaller resistance vessels is largely Cygb de-
pendent. It was determined that Cygb was responsible for
*70%–75% of NO metabolism in VSMCs. In parallel with
this, NO degradation and the formation of the NO dioxy-
genation product, NO3

-, were demonstrated (61). Further-
more, knockdown of cytochrome b5 reductase decreased NO
metabolism by *65%, indicating its important role in sup-
port of the NO dioxygenation function of Cygb.

Cygb Reducing Systems in VSMCs

NO dioxygenation requires active regeneration of
oxy-Cygb(Fe2+). The process of Cygb(Fe3+) reduction to

Cygb(Fe2+) has been extensively studied (4, 63). This re-
duction rate is on the order of 2–3 · 105 M-1 s-1 for some
enzymatic reducing systems, whereas for some chemical
reductants it is on the order of 1–36 M-1 s-1 (4). Spectro-
photometric assays have been used to study the reduction
process, and for fast kinetic analyses, stopped-flow spec-
troscopy has been used (4). Comparative evaluation of re-
duction of various globins has shown that Cygb is reduced at
a much faster rate than other globins (4, 61, 68). Also, as we
have reported, at low O2 concentrations ([O2] < 50 lM), Cygb
shows a greatly reduced NO dioxygenation rate, while other
globins, for example, Mb, show only a gradual more modest
O2-dependent decrease in NO deoxygenation (Table 1).
Thus, it has been considered that Cygb is not only a robust
NO metabolizing enzyme but also acts as an O2-sensitive
NOD, with marked decrease in NO degradation rate under

FIG. 6. Measurement of Cygb-mediated NO generated from NO2
2 under anaerobic conditions. (A) EPR mea-

surements of NO at anaerobic conditions in phosphate buffer (pH 7.0) with [NO2
-] and [Cygb] as indicated. Reactions were

performed at 37�C in the reaction vessel with NO continuously purged with argon from the reaction vessel into a trap vessel
containing 1 mL of 2 mM (MGD)2-Fe2+. (B) Measurement of the rate of NO generation using the chemiluminescence NO
analyzer under anaerobic conditions in phosphate buffer (pH 7.0) with 10 lM nitrite (a), 200 lM nitrite (b), and 1 mM nitrite
(c) with 10 lM Cygb in 5 mL of phosphate buffer at 37�C. (C) Effect of oxygen on NO generation and sGC activation.
Oxygen tension was controlled by purging with argon/oxygen gas mixtures. Cygb (10 lM) was incubated with 1 mM nitrite
at pH 7.0 in 5 mL of phosphate buffer at 37�C with pO2 values from 0.03 to 0.79 torr. (D) sGC activation was determined
from measurements of cGMP formation. Reactions were performed in 1 mL of phosphate buffer with EDTA (5 mM), MgCl2
(2 mM), sGC (10 ng), and GTP (1 mM), incubated with nitrite (10 lM) and Cygb (10 lM) at pH 7.4, and purged with argon/
oxygen gas mixtures with a 30-min incubation time [adapted from Li et al. (58)]. EPR, electron paramagnetic resonance.
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conditions of physiological hypoxia or ischemia. This feature
allows the NO to diffuse a longer distance in the blood vessel
with an increased lifetime when conditions of low pO2 occur,
such as in myocardial ischemia.

Various reducing equivalents and reducing systems have
been identified in cells capable of reducing the oxidized form
of Cygb (metCygb) to Fe2+ (4). Spectrophotometric studies
have demonstrated that ascorbate could function as an ef-
fective reducing agent for Cygb in vitro, with electrochemical
measurements demonstrating that this leads to rapid NO
consumption (63, 68). Interestingly, Cygb exhibits a unique
reduction pattern with ascorbate. While other globins, such as
Mb, show irreversible reduction with ascorbate, Cygb shows
a reversible reduction (i.e., reduced Cygb could be oxidized
back to Fe3+ by rising levels of oxidized ascorbate, shifting
the equilibrium backward, and thereby slowing down the net
Cygb reduction) (63, 68). This unique observation suggests
that complex formation between Cygb and ascorbate may
occur, as first hypothesized by Gardner et al. (34), although
to date there is a lack of direct experimental proof of this
complex formation. Various flavin containing reductase en-
zymes such as cytochrome P450 reductase (CPR) and cyto-
chrome b5 reductase were also found to be highly effective in
reduction of Cygb (4). As is the case for other globins, the
NADH/cytochrome b5 reductase/cytochrome b5 (b5R/b5)
reduction pathway has been proposed to be of particular
importance. The b5R/b5 reducing system provides high re-

duction rates while the rate for ascorbate is much lower;
however, the concentration of ascorbate can reach millimolar
levels in the cell (10), while expression levels of b5R or b5
would be expected to be 1000-fold lower (4).

The relative role of b5R/b5 versus other reducing enzymes
or ascorbate in the process of Cygb reduction within smooth
muscle and vessels remains uncertain. Furthermore, it is
unclear how this process of reduction is modulated to regu-
late blood pressure and vascular tone. Resolution of these
questions awaits quantitative determination of the levels
of each protein as well as ascorbate and other reducing sub-
strates. It is likely in view of the high reduction rate by the
b5R/b5 system, that it is the predominant reducing system
under normal conditions. The case for a role for ascorbate is
that the available concentration of ascorbate is very high (mM
in cells) (10), and therefore, it could also play a critical role in
reducing metCygb (4, 63). The initial rate of Cygb reduction
by ascorbate saturates at higher ascorbate concentrations,
following Michaelis–Menten kinetics as follows (63):

VCygb¼
V ¢

max R½ �
K ¢

mþ R½ �

which can be reduced to a second-order form

VCygb¼ kcat[Cygb Fe3þ� �
]0 R½ �

FIG. 7. Knockdown of Cygb in rat aSMC and mSMC. (A) Level of Cygb in rat aSMCs and rat mSMCs was estimated
by quantitative immunoblotting. The first four bands are pure Cygb at four different amounts. Bands 5 and 6 are total
cellular proteins from rat aSMCs and the related Cygb siRNA-treated cells (Cygb-KD aSMC), respectively; and bands 7 and
8 are rat mSMCs and the related Cygb siRNA-treated cells (Cygb-KD mSMC), respectively. (B) Plots of the rate of NO
decay by 7 · 106 SMCs per milliliter (red solid line: aSMC, red dashed line: mSMC) and 7 · 106 Cygb-KD SMCs per
milliliter (green solid line: Cygb-KD aSMC, green dashed line: Cygb-KD mSMC) versus time after NO was injected into
the solution to achieve an initial concentration of 0.5 lM. Means and standard errors of the rate of NO decay by SMCs and
Cygb-KD SMCs from aorta (C) and mesenteric artery (D). Error bars: mean – SEM, n = 3–5 per group, **p < 0.01 control
SMCs versus Cygb-KD SMCs; p-values determined using a two-tailed t-test [adapted from Liu et al. (61)]. aSMCs, aortic
smooth muscle cells; mSMCs, mesenteric smooth muscle cells; SEM, standard error of the mean. Color images are
available online.
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These observations suggest that ascorbate could signifi-
cantly contribute to Cygb reduction, even though the rate of
reduction is much lower than the NADPH/CPR or NADH/
b5R/b5 system. Additional work is needed to characterize the
role of each of these reducing systems in smooth muscle and
vessels.

Cygb in Regulation of Blood Pressure
and Vascular Tone

With studies in isolated blood vessels of wild-type
(WT) and Cygb-/- mice, it was seen that Cygb gene knockout
(Cygb-/-) enhances NO-mediated blood vessel relaxation.
These studies confirmed the important functional role of
Cygb in regulating NO bioavailability in blood vessels
(61). Cygb-/- vessels were much more sensitive to either
the endothelium-dependent agonist acetylcholine or the
endothelium-independent NO donor nitroprusside. In aortic
segments, a marked shift to the left in the endothelial-
dependent vasodilation–response curves was observed for
Cygb-/- compared with WT, with 39-fold lower levels of
the endothelium-dependent relaxation agonist acetylcho-
line (13 nM vs. 0.33 nM), or 20-fold lower levels of the
endothelium-independent NO donor nitroprusside (3.0 nM
vs. 0.15 nM) required for 50% relaxation (61). Measurements
of the NO diffusion across the aortic wall from Cygb-/- and
WT mice were performed using an NO electrode and con-
firmed that the enhancement of vasodilation in Cygb-/- ves-
sels is due to a lower rate of NO metabolism in the vessel
wall. Electrochemical detection of NO flux across aorta iso-
lated from Cygb-/- mice showed higher levels of NO flux
across blood vessels due to decreased NO metabolism com-
pared with WT, with the measured peak NO flux more than
sixfold higher across the aortic wall of Cygb-/- mice than that
of WT (61). Similar results were seen in small resistance
arteries such as mesenteric segments (61). Thus, Cygb was
shown to regulate endothelium-mediated vasodilation and
vascular tone through its metabolism of NO.

In addition to large effects on the function of ex vivo
vessels of Cygb-/- mice, we observed large alterations in
in vivo vascular tone, blood pressure, and cardiac function
compared with matched WT mice (61). Mean arterial blood
pressure (MABP) of Cygb-/- mice was 30% lower than the
background-matched controls. Echocardiographic evalua-
tions demonstrated that the cardiac output was increased by
68% in these Cygb-/- mice, likely as a compensation for the
marked vasodilation present. Systemic vascular resistance
(SVR) was 54% lower in the knockout mice. Interestingly,
NOS inhibition by L-NAME largely reversed the low MABP
and SVR values as well as the elevated cardiac output of the
Cygb-/- mice to values close to those in WT, confirming that
these alterations were secondary to enhanced NOS-derived
NO. From ultrasound measurements, the aorta was also ob-
served to be dilated in Cygb-/- mice compared with WT, and
this was also largely reversed by L-NAME. These results
suggested that in the absence of Cygb and its potent NOD
activity, elevated endothelial-derived NO levels are present
in the smooth muscle resulting in enhanced vasodilation. In
contrast, in the WT vessels, there was only a slight effect of
NOS inhibition suggesting that the normal Cygb levels
present were sufficient to metabolize the NO formed in the
aorta in situ under basal nonstimulated conditions. Further

evidence that Cygb knockout results in increased smooth
muscle NO levels with activation of sGC was provided by an
assay of cGMP levels, which were observed to be five-
fold higher in the aorta of Cygb-/- than matched WT vessels
(Fig. 8A, B). A marked increase in tissue perfusion was also
observed in the Cygb-/- mice compared with WT (Fig. 8C,
D), further demonstrating vasodilation of the small resistance
vessels that control tissue perfusion. This increased perfusion
was also reversed by NOS inhibition. Together, these ob-
servations demonstrated that the NOD function of Cygb is of
critical importance for the in vivo regulation of NO levels, in
turn controlling vascular tone, blood pressure, cardiac func-
tion, and tissue perfusion. Thus, knockout of Cygb enhanced
NO bioavailability and secondary vasodilation.

Further experiments evaluated the effect of Cygb knockout
in a model of HTN. With angiotensin-II (Ang-II)-induced
HTN in rats, we found that knockout of Cygb prevented the
Ang-II-associated decrease in NO levels, and prevented the
onset of HTN (61). Thus, downregulation of Cygb expression
or its NOD function could be a potential approach to ame-
liorate or prevent HTN.

The Myoendothelial Junction in Vascular
Tone Regulation

In recent years, it has also been reported in resistance
vessels that the junctional membrane complex of VSMCs
with the adjacent endothelial cells functions as a unique
subcellular environment with unique localized protein ex-
pression and physiological function (41, 86). NO passage
from the endothelium to the smooth muscle layer of the
thoracodorsal artery was shown to be modulated by Hb-a in
the myoendothelial junction. NO was observed to be me-
tabolized by Hb-a present in the endothelial cells of the
myoendothelial junction with cytochrome b5 reductase (b5R)
serving as the reducing system with this process regulating
the flux of NO out to the vascular smooth muscle (55, 85).

In human and mouse arterial endothelial cells, Hb-a was
detected at the myoendothelial junction. This function in the
myoendothelial junction was observed to be unique to Hb-a
as evidenced by abrogation with its genetic depletion. It was
proposed that endothelial Hb-a heme iron in the ferric state
permits NO signaling, while this signaling is shut off when
Hb-a is reduced to the Fe2+ state by endothelial cytochrome
b5 reductase 3, b5R3. Genetic and pharmacological inhibi-
tion of b5R3 increased NO bioactivity in small arteries (15,
85). Thus, it was proposed that the level of NO available in
the smooth muscle of resistance blood vessels is regulated by
Hb-a and b5R3 at the myoendothelial junction.

While these results are of great interest, a number of
questions remain. It must be considered that b5R also serves
as a critical reducing enzyme not only for Hb-a, but also other
globins, including Cygb (4, 61). Indeed significant levels of
Cygb were also found to be present in the myoendothelial
junction, so Cygb could also have some role in this NO decay
(85). As such, b5R knockdown alone would not distinguish
the role of a given globin. Also, in general, the process and
rate of globin reduction by b5R are greatly facilitated by b5,
and the role of b5 in this process remains unclear. It is also
unclear if gene knock down of Hb-a might have effects on
other globins as well. There also is a need to study and
compare the process of NO decay in resistance vessels from
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different locations and of different sizes. Therefore, the rel-
ative importance of this process of NO metabolism at the
myoendothelial junction compared with that in the smooth
muscle has remained unclear, and more study is needed.

Since without Hb-b, the a-globin is unstable and cytotoxic,
particularly in its oxidized form, questions arose regarding
the mechanisms that regulate a-globin expression in endo-
thelial cells. Recently, it has been shown that the molecular
chaperone a-hemoglobin stabilizing protein (AHSP) pro-
motes arteriolar a-globin expression in vivo and facilitates its
reduction by cellular reductases, including the reductase
domain of eNOS. In AHSP knockout mice, Hb-a levels were
decreased by 70% with evidence of increased NO signaling
and arteriolar dilation (55).

In an effort to assess the relative role of the myoendothelial
junction versus smooth muscle-mediated NO degradation by
Cygb in resistance vessels, experiments have been performed
in the mouse Cygb knockout model using endothelium-
denuded mesenteric artery vessels (61). In these experiments
with endothelium-denuded vessels, a slight 6% increase in
NO flux was seen in WT vessels with a larger 28% increase in
Cygb-/- vessels. In view of the >300% increase in NO flux
seen with Cygb knockout, this suggested that the major
process of NO consumption regulating NO flux through the
wall of resistance vessels is Cygb dependent within the
smooth muscle. However, endothelial processes and the myo-

endothelial junction may also contribute to modulating NO
bioavailability and transport to the smooth muscle, with this
depending on the relative expression of each globin and the
cellular reducing state in the endothelium and smooth mus-
cle. These processes and factors may also vary as a function
of vessel location and size. More work is needed to under-
stand the relative importance and interactions between the
processes of myoendothelial junction NO metabolism and
that which occurs in the smooth muscle cells.

Summary and Conclusions

Until recently, the process of NO metabolism that modu-
lates its bioavailability in the vessel wall was unknown. This
had been shown to be highly oxygen dependent, but the un-
derlying molecular mechanism remained elusive. The novel
globin, Cygb, has now been shown to have high potency as
an NOD with sharp O2-dependent decline in NO consump-
tion with physiological hypoxia. There is clear evidence that
the b5R/b5 reductase system has an important role in sup-
porting this NOD function; however, other enzymes and
cellular reductants may also have a role in this process. Cygb
has also been shown to be expressed at micromolar levels
in the vascular smooth muscle wall, but is absent from the
endothelium. Cygb has an important role as a key O2-
dependent sensor and regulator of NO levels. In the normal

FIG. 8. Imaging of aortic diameter and perfusion in WT and Cygb2/2 mice. (A, B) Inner diameter of aortas in WT
mice and Cygb-/- mice before and after treatment with NOS inhibitor L-NAME. ***p < 0.01 WT versus Cygb-/-. Error bars:
mean – SEM; p-values determined using a two-tailed t-test. (C) Perfusion maps show higher baseline perfusion (red) in
Cygb-/- mice compared with WT mice as measured on the ventral side of the mouse. Color scale (arbitrary units) is defined
as highest perfusion in red and lowest perfusion in blue. (D) Laser speckle intensity comparison of the center panel
perfusion maps shown in (C); *40% higher tissue perfusion seen in Cygb-/- versus WT, and L-NAME treatment reversed
this higher perfusion. N = 4–12 per group. **p < 0.01 WT versus Cygb-/-, +p < 0.05, ++p < 0.01 WT or Cygb-/- versus L-
NAME-treated. Error bars: mean – SEM; p-values determined using a two-tailed t-test [adapted from Liu et al. (61)]. WT,
wild type. Color images are available online.
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well-perfused vessel, it metabolizes excess NO by dioxy-
genation; however, with tissue hypoxia and low arteriolar O2

levels, this NO degradation is greatly decreased, while with
more severe hypoxia, as occurs in organ ischemia, Cygb can
generate NO from NO2

-, and this NO can bind to sGC in the
smooth muscle to induce vessel relaxation. Hence, Cygb is an
O2-dependent modulator of NO homeostasis and vascular
tone that can serve to regulate tissue perfusion in normal
physiology and disease. Recent studies have demonstrated an
important role of Cygb as a major regulator of NO bio-
availability and decay in the vascular smooth muscle of both
resistance and conduit vessels as well as in vivo blood pres-
sure and tissue perfusion. Modulation of Cygb expression can
lower blood pressure and reverse HTN. Thus, there remains a
critical need to further characterize the factors and processes
that modulate and control Cygb-mediated NOD function, and
to develop pharmacological or other approaches to modulate
Cygb function and expression.
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Abbreviations Used

aSMC¼ aortic smooth muscle cell
AHSP¼ a-hemoglobin stabilizing protein
Ang-II¼ angiotensin-II

AO¼ aldehyde oxidase
Asc¼ ascorbate

b5R/b5¼NADH/cytochrome b5 reductase/
cytochrome b5 reducing system

B5-system¼NADH/cytochrome b5 reductase/
cytochrome b5 reducing system

BH4¼ tetrahydrobiopterin
cGMP¼ cyclic guanosine monophosphate

CPR¼ cytochrome P450 reductase
Cygb¼ cytoglobin

Cygb-/-¼ cytoglobin gene knockout
Cygb-SC¼ cytoglobin with cysteines blocked by

thioether bonds
Cygb-SH¼ cytoglobin with cysteines as free sulfhydryls
Cygb-SS¼ cytoglobin with an intramolecular disulfide

bond
EPR¼ electron paramagnetic resonance

eNOS/NOS3¼ endothelial nitric oxide synthase
Hb¼ hemoglobin

HSC¼ hepatic stellate cell
HTN¼ hypertension

iNOS/NOS2¼ inducible nitric oxide synthase
MABP¼mean arterial pressure

Mb¼myoglobin
mSMC¼mesenteric smooth muscle cell

Ngb¼ neuroglobin
nNOS/NOS1¼ neuronal nitric oxide synthase

NO¼ nitric oxide
NO3

-¼ nitrate
NOD¼ nitric oxide dioxygenase/deoxygenation
NOS¼ nitric oxide synthase
O2
�-¼ superoxide free radical

ONOO-¼ peroxynitrite
SEM¼ standard error of the mean
sGC¼ soluble guanylate cyclase

SMC¼ smooth muscle cell
STEP¼ stellate cell activation-associated protein
SVR¼ systemic vascular resistance

VSMC¼ vascular smooth muscle cell
WT¼wild type
XO¼ xanthine oxidase
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