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Redox Regulation of Protein Kinases
as a Modulator of Vascular Function
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Abstract

Reactive oxygen species (ROS) are continuously generated in vascular tissues by various oxidoreductase en-
zymes. They contribute to normal cell signaling, and modulate vascular smooth muscle tone and endothelial
permeability in response to physiological agonists and to various cellular stresses and environmental factors,
such as hypoxia. While concentrations of ROS are normally tightly controlled by cellular redox buffer systems, if
produced in excess they may contribute to vascular disease. Protein kinases are essential components of most cell
signaling pathways, including those involving ROS. The functioning of several members of this highly diverse
group of enzymes, which include receptor and nonreceptor tyrosine kinases, protein kinase C, mitogen-activated
kinases, and Rho-kinase, are modified by ROS, either through direct oxidative modification or indirectly through
modification of associated proteins such as tyrosine phosphatases and monomeric G proteins. In this review, we
discuss the molecular mechanisms of redox modification of these proteins, the downstream pathways affected,
the often complex interaction between major kinase pathways, and feedback to ROS production itself. We also
discuss complicating factors such as differential actions of superoxide anion and hydrogen peroxide, questions
concerning concentration dependence, and the significance of signaling microdomains. Antioxid. Redox Signal. 15,
1531–1547.

Introduction

Reactive oxygen species (ROS) are diffusible, short-lived
molecules that can produce functional modifications

within biological systems through the reversible oxidation of
a diverse range of molecules such as membrane lipids, protein
kinases, ion channels, and transcription factors (47). They are
generated in cells by oxidoreductase enzymes such as
NADPH oxidases, xanthine oxidase, cyclooxygenase, lipox-
ygenase, nitric oxide (NO) synthase, hemoxygenase, peroxi-
dases, and within the mitochondrial electron transport chain
(28, 46, 92). ROS act as important second messenger mole-
cules, and in vascular tissues may mediate responses such as
gene expression, growth, survival=apoptosis, migration, ad-
hesion, inflammation (4, 47, 124, 126), as well as modulating
smooth muscle contractility and endothelial permeability (see
below). Protein kinases, a highly diverse group of phospho-
transferase enzymes that alter the function of target proteins
by catalyzing phosphorylation of tyrosine, threonine, and=or
serine residues, are key components of cell signaling. A wide
variety of protein kinases are implicated in smooth muscle
constriction, including receptor tyrosine kinases (e.g., epider-
mal growth factor receptor [EGF-R] and platelet-derived
growth factor-receptor), the src family of nonreceptor tyrosine

kinases (srcFK), protein kinase C, mitogen-activated protein
kinases (MAPKs), and Rho-kinase (152), and, as will be seen,
many are prime targets for redox regulation.

The principal ROS produced by most oxidoreductases is
superoxide (O2

��), from incomplete reduction of molecular
oxygen. This is converted to the more stable hydrogen per-
oxide (H2O2) by superoxide dismutase (SOD) in the cytosol,
mitochondria, and extracellular matrix. H2O2 is destroyed by
catalase or glutathione peroxidise (by reduction to H2O), but
can be converted to hydroxyl radical (OH�) by the Fenton
reaction (catalyzed by Fe2þ). Superoxide and H2O2 are
thought to be of greatest physiological relevance, OH� being
considered too reactive to have meaningful signaling prop-
erties. Superoxide also reacts with NO, forming peroxynitrite
(ONOO�), and growing evidence suggests that this can oxi-
datively modify proteins through nitration or S-nitrosylation
(80), although it has been argued that it is too indiscriminate to
be of physiological relevance aside from triggering cell dam-
age, apoptosis, and necrosis (57).

The redox state of vascular tissues is normally tightly
controlled. A balance between oxidative stimuli, antioxidant
enzymes, and the glutathione redox buffer normally keeps the
interior of the cell in a reduced condition. When this balance is
shifted in favor of oxidation (oxidative stress) (35), it may
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result in dysregulation of signaling pathways in smooth
muscle and endothelium, thus contributing to various pa-
thologies, including hypertension (28, 63, 127, 145), diabetes
(34), hypoxia=re-perfusion injury (62, 161), and atherosclero-
sis (30, 102), and may ultimately result in cell damage and
apoptosis (57) (Fig. 1). However, the responses to several
physiological stimuli in vascular cells are believed to be me-
diated, at least in part, via enhanced ROS production. These
include activation of G-protein-coupled receptors by angio-
tensin II (Ang II), endothelin-1 (ET-1), and thrombin (28, 46,
102, 157); mechanical forces and shear stress (30, 98, 145); and
even depolarization and temperature (11, 14).

While most of the above involve activation of NADPH
oxidase, there is evidence that ROS derived from mitochon-
dria play an important signaling role in certain circumstances.
A specific example of the latter is hypoxic pulmonary vaso-
constriction (HPV), where it has been proposed that the initial
stimulus is an hypoxia-induced elevation of mitochondrial
ROS production (112, 154–156), although, in contrast, others
have suggested that HPV is initiated by falling mitochondrial
ROS production and a more reduced redox state (93, 158) [see
also (7, 151)]. An hypoxia-induced increase in mitochondrial
ROS production has been shown to activate NADPH oxide via
protein kinase C (PKC) in pulmonary artery smooth muscle
cells (PASMCs) (112). In addition, mitochondrial ROS may
contribute to chronic hypoxia-associated pulmonary hyper-
tension (14, 58). Importantly, physiological responses to many
of the above-described stimuli and associated changes in
protein kinase activity are commonly inhibited by antioxi-
dants, strongly suggesting that ROS act as signaling media-
tors between the stimulus and downstream signaling
pathways (1, 14, 58, 102, 110, 145).

For example, SOD generally relaxes agonist or pressure-
induced arterial constriction (1, 145), suggesting a role for
superoxide in smooth muscle constriction. This is consistent
with the general constrictor role for exogenously applied su-
peroxide derived either from xanthine=xanthine oxidase or
quinones such as LY83583 and menadione (9, 50, 69). Only
part of this constriction is endothelium-dependent through
scavenging of NO (9, 39, 69, 98, 113). Vascular beds where
externally applied ROS cause constriction include aorta and

vena cava (8, 142), pulmonary artery (60, 97, 103, 104, 108, 128,
130), coronary artery (98), cerebral artery (165), human um-
bilical artery (101), and mesenteric artery (8, 39, 83). Notably,
ROS-mediated vasoconstriction is inhibited by nonspecific
tyrosine kinase inhibitors (e.g., genistein) (8, 165), and specific
inhibitors of srcFK (60, 69, 142), p38, or extracellular signal-
regulated kinase (ERK) MAPKs (8, 83, 97, 142, 165), Rho-
kinase (8, 59, 69, 142), and PKC (108, 128, 165). However,
exogenous ROS are also reported to cause relaxation, de-
pending on the vascular bed and experimental conditions,
particularly the nature of any preconstriction (39, 69, 83, 122).
Notably, H2O2 causes relaxation of arteries preconstricted
with agonists such as phenylephrine or prostaglandin F2a (39,
83, 86), but not with raised [Kþ] (8, 83). This suggests that
H2O2 may cause hyperpolarization, perhaps through direct
redox-regulation of Kv channels (39, 116), although actions via
protein kinases cannot be ruled out.

From the above it is clear that ROS play an important role in
the physiology and pathophysiology of vascular function. In
this review, we focus on the interactions between ROS and
protein kinase signaling that relate to the control of vascular
smooth muscle tone and endothelial permeability, both of
which employ similar actin-myosin-based constrictor mech-
anisms. Several processes have been suggested by which
protein kinase activity may be modified by oxidation. Prin-
cipal among these are selective oxidation and=or nitrosylation
of key redox-sensitive cysteine residues either in the kinase
itself or in regulatory proteins such as tyrosine phosphatases,
which have unusually low ionization pKa of 4–5 compared to
the typical pKa of 8.5 of nonreactive cysteines in most other
proteins (57, 105, 143). Cysteine oxidation may result in either
inhibition or activation, and may or may not cause formation
of intra- or intermolecular disulfide bridge formation, de-
pending on the target protein tertiary structure. Additionally,
nitration or nitrosylation of tyrosine residues by peroxynitrite
may prevent tyrosine phosphorylation (80), but whether this
can be as tightly regulated as cysteine oxidation is a matter of
dispute (57). Here, we discuss the evidence for direct and
indirect redox regulation of key protein kinases relevant to
vascular tone and endothelial permeability, how these kinases
interact with each other in relation to redox signaling, and

FIG. 1. Sources of reactive oxygen species
(ROS) in vascular tissues. (A) Superoxide (O2

��)
is generated by membrane-bound enzymes, in-
cluding NADPH oxidase (NOX), lipoxygenase
(LOX), and cyclooxygenase (COX), and in the
mitochondria by the electron transport chain
(ETC). Superoxide is either converted to hydro-
gen peroxide (H2O2) by mitochondrial, cyto-
plasmic, or extracellular superoxide dismutase
(Mt-SOD, Cyt-SOD, and EM-SOD, respectively),
or reacts with nitric oxide (NO) to form perox-
ynitrite (ONOO�). H2O2 is destroyed by catalase
(Cat) or converted to hydroxyl radical (OH�) by
the Fenton reaction (catalyzed by Fe2þ). (B) Ex-
ternal stimuli such as angiotensin II (Ang II),
oxidized low-density lipoprotein (LDL), inflam-
mation, or hypoxia cause excess ROS production.
This is balanced by the redox buffer glutathione,
which donates electrons through thiol oxidation
and dimerization. This process is reversed by
thioredoxin and glutathione reductase.
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how they may be of relevance to normal and abnormal cell
signaling during oxidative stress.

SrcFK and Tyrosine Phosphatases

Tyrosine phosphorylation is essential to early signaling
events in response to various stimuli, many of which are as-
sociated with increased ROS production. There is strong ev-
idence that tyrosine kinase signaling plays an important role
in the control of vascular tone, since tyrosine phosphatase
inhibitors generally constrict smooth muscle, whereas tyro-
sine kinase inhibitors cause relaxation (22, 33, 74, 144). No-
tably, ROS increase total tyrosine phosphorylation in vascular
tissues (33, 36, 74). Interest has particularly focused on srcFK,
which are best known for their involvement in integrin acti-
vation, cytoskeletal reorganization, and cell spreading, but
have also been implicated in signal transduction of constrictor
responses to hypoxia (70, 125), stretch (98), Ang II (48, 55, 144,
147), and PGF2a (68). Many of the above appear to be medi-
ated, at least in part, via ROS (36, 48, 55, 125, 129, 147), and
superoxide-induced constriction in pulmonary artery is sup-
pressed by inhibition of srcFK (69). The pathway(s) through
which srcFK mediate constriction are still under investigation,
but downstream links to ERK MAPK, p38 MAPK, and the
Rho=Rho-kinase pathway, as well as tandem activation with
PKC, have been suggested, and these interactions will be
discussed in later sections. ROS-activated srcFK also influ-
ences the actin cytoskeleton in association with other non-
receptor tyrosine kinases FAK and Pyk-2 (135).

Src may be a target for either direct redox regulation and=or
regulation indirectly through redox modification of associ-
ated proteins, particularly tyrosine phosphatases. However,
understanding of the molecular mechanisms first requires a
description of how the folding of the src protein controls ac-
tivity of its kinase domain. Src protein is composed of several
domains, an N-terminal membrane binding domain, an SH3
domain for binding to proline-rich sequences, an SH2 domain
for binding phospho-tyrosine, a proline-rich linker region, a
catalytic domain containing a kinase activation loop, and a C-
terminal regulatory domain. Src exists in two principal con-
formations, a folded inactive form and an open active form.
Src also contains two important phospho-tyrosine residues,
one in the kinase activation loop (tyr-418 in humans) and one
in the C-terminal regulatory domain (tyr-527 in humans). The
inactive form is kept folded by internal binding of the SH2
domain with phosphorylated tyr-527 in the regulatory do-
main, and this folded configuration is further stabilized by
internal binding of the SH3 domain with the proline-rich
linker region (118, 138) (Fig. 2A).

Classically, src is activated by destabilization of this inter-
nal binding either by de-phosphorylation of tyr-527 or by
binding of proteins with phospho-tyrosine residues or
proline-rich regions, such as the platelet-derived growth
factor-receptor (118, 138). Either way, these processes result
in autophosphorylation of tyr-418 in the activation loop,
thereby fully activating the kinase (138). However, tyr-418
may also be phosphorylated by other kinases (19), and
phosphorylation of tyrosine or serine residues within the
SH2, probably by PKC, further destabilizes internal binding
(118, 147). Src is subsequently inactivated through either de-
phosphorylation of tyr-418 or re-phosphorylation of tyr-527
by C-terminal src kinase (CSK) (27, 118).

Many stimuli that generate ROS also activate SrcFK, and a
causative link between the two has been suggested by studies
that either measured src activity directly in vitro, or used tyr-
418 phosphorylation as a measure of activity. Such stimuli
include laser irradiation (168), hypoxia=reoxygenation (77,
125), cell adhesion, integrin activation and stretch (40, 98),
growth factors (76), B-cell receptor activation (133), and ago-
nists such as Ang II and thrombin (48, 55, 117, 129, 147). The
source of ROS responsible for srcFK activation in response to
these stimuli appears location dependent. For example, src
recruited to focal adhesions requires locally recruited lipox-
ygenase (20, 40), endosomal src is activated by endosomal
NADPH oxidase (77), and mitochondrial ROS activate src in
response to hypoxia (125), whereas src activation associated
with Ang II stimulation, stretch, or lactate-induced constric-
tion are linked with membrane NADPH oxidase activity (48,
97, 98, 129). Notably, src is also activated by exogenous H2O2

in various tissues, including vascular smooth muscle, and at
concentrations believed to be within the physiological range
(5, 88, 117, 120, 168). However, two recent studies suggest
that, at least in some cell types, src is inactivated by H2O2

(65, 141).

Direct redox regulation of src

SrcFK proteins contain several cysteine residues that are
functionally important and potentially confer redox sensitiv-
ity to the kinase. Two such residues are cys-245 in the SH2
domain and cys-487 in the kinase domain, which have been
shown to confer sensitivity to lipoxygenase-derived ROS at
focal adhesions (40). This study showed that integrin-induced
src activation was bi-phasic, the first phase involving de-
phosphorylation of tyr-527 mediated by the trans-membrane
protein tyrosine phosphatase (PTP), PTP-a and subsequent
tyr-418 autophosphorylation, and the second involving oxi-
dation of cys-245 and cys-487, resulting in yet further activa-
tion of the kinase through hyper-phosphorylation of tyr-418.
In this model, the second-phase ROS-mediated activation still
required prior de-phosphorylation of tyr-527 and was in-
hibited by antioxidants or substitution of cys-245 and cys-487
with alanine (40) (Fig. 2B). Alternatively, srcFK may also
be activated without prior de-phosphorylation of tyr-527
through oxidation of as yet unidentified cysteine residues by
either H2O2 or NO (5). As this activation was reversed by
dithiothreitol, it is likely that disulfide bridge formation was
essential for tyr-527-independent src activation. These dis-
ulfide bridges were causing clustering of adjacent src mole-
cules and presumably destabilizing intramolecular SH2=SH3
binding (5). Clustering of the kinase in this way may promote
trans-phosphorylation of tyr-418 by protecting it from de-
phosphorylation (106).

In contrast to the above, it has been suggested that in-
tramolecular disulfide bridge formation between adja-
cent src molecules at cys-277 causes inactivation, since in a
cell-free system purified src kinase activity was enhanced
by dithiothreitol but was unaffected by H2O2, though the
latter reversed activation by dithiothreitol (65). This sug-
gests that under these experimental conditions the puri-
fied kinase is oxidized and thus inhibited in the absence
of dithiothreitol. The question remains, however, how
these conditions relate to the reduced environment within
intact cells.
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Indirect redox regulation of src

Exogenous H2O2, peroxynitrite, and stimuli that elevate
endogenous ROS production usually cause a net increase in
cellular tyrosine phosphorylation, indicating a net inhibition
of PTP activity relative to tyrosine kinase activity (36, 91).
Several studies have demonstrated inhibition of PTPs by
H2O2 and other cellular oxidants such as oxidized glutathione
(GSSG) both in vitro and in intact cells, and reversal of these
effects by endogenous antioxidants such as thioredoxin and
reduced glutathione (GSH) (31, 76, 123). All PTPs contain
cysteine residues in their catalytic domains that are essential
for catalytic activity. Analysis of the amino acid sequences of
these domains within structurally diverse PTPs show that
they share a highly conserved signature active site motif that
appears to confer redox sensitivity to the active site cysteine

residues by dramatically lowering their pKa for ionization,
therefore rendering them more sensitive to oxidation than
cysteine residues of most other proteins (105, 143). This oxi-
dation is slowly but readily reversible providing it does not
proceed beyond sulfenic acid (-S-OH), and may promote
disulfide bridge formation, though this is not always neces-
sary for inhibition of catalytic activity (143). As well as op-
posing the actions of tyrosine kinases on downstream target
proteins, PTPs also de-phosphorylate both tyr-527 and tyr-418
of src. The net effect of redox state on tyr-418 phosphorylation
and src activity will depend on the relative redox sensitivity of
the PTPs that de-phosphorylate the two tyrosine residues,
which PTPs are expressed, and the finely tuned spacio-
temporal targeting of ROS production to specific PTPs within
the various cellular microdomains (133). Presently, we do not
have a complete picture of which PTPs de-phosphorylate tyr-

FIG. 2. Structure and direct redox regu-
lation of Src. (A) Src family kinases contain
an SH3 domain, a phospho-tyrosine-binding
SH2 domain, a kinase domain, and a C-
terminal regulatory domain. Inactive src is
folded upon itself through internal bind-
ing of SH2 with phosphorylated tyr-527.
De-phosphorylation of tyr-527 by protein
tyrosine phosphatases (PTP), or disruption
of SH2 binding by other phosphorylated
proteins or SH2 phosphorylation, all pro-
mote autophosphorylation of tyr-418, and
kinase activation. Src is inactivated either
by Csk-dependent phosphoylation of tyr-
527, or de-phosphorylation of associated
phospho-proteins, followed by tyr-418 de-
phosphorylation. (B) Two proposed modes
of src activation by direct oxidation. Oxida-
tion of cysteine residues in the SH2 of inac-
tive src causes disulfide bridge formation
(cys-S-S-cys) and clustering of src (left). This
promotes trans-phosphorylation of tyr-418.
Alternatively, oxidation of cys-245 (-SOH) in
the SH2 and of cys-487 in the kinase domain
of active src causes hyper-phosphorylation
of tyr-418 (right).
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527 and tyr-418. Whereas tyr-527 can be de-phosphorylated
by the cytosolic PTP1-B, SHP-1, SHP-2, and trans-membrane
PTP-a and CD45, some reports suggest that only the cytosolic
PTP-BL and perhaps CD45 can de-phosphorylate src at tyr-
418 (75, 106, 118, 137, 141) (Fig. 3A). Oxidative inhibition of
PTPs may also contribute to activation of MAPKs by ROS, as
discussed in a later section.

Activity of purified Csk, the kinase that inactivates src
through phosphorylation of tyr-527, is enhanced by dithio-
threitol, probably through reduction of a specific disulfide
bridge in its SH2 domain that has been shown to limit its activity
(90). This disulfide bond persists in the presence of modest levels
of dithiothreitol (25–100 mM), so may exist in the generally re-
ducing environment within living cells (90). If so, increased ROS
would most likely enhance or preserve integrity of this disulfide
bridge and subsequently limit Csk activity, resulting in en-
hanced src activity. Alternatively, Csk is also known to form an

intermolecular disulfide bridge with src, also potentially alter-
ing Csk-mediated src inactivation (65) (Fig. 3a). A number of
other redox-sensitive processes potentially activate src by de-
stabilizing internal SH2-phosphotyrosine binding. In vascular
smooth muscle, Ang II-induced src activation is associated with
antioxidant-sensitive phosphorylation of the SH2 domain (147).
In addition, in erythrocytes the srcFK lyn is activated by per-
oxynitrite through nitration of an unidentified accessory protein
that displaces phosphorylated tyr-527 from the SH2 domain,
thus activating the kinase without the requirement for prior de-
phosphorylation of that residue (85, 91) (Fig. 3B).

Positive feedback between src activation
and ROS production

A number of studies indicate that src is part of a positive
feedback loop that results in a boosting of ROS production

FIG. 3. Indirect redox regu-
lation of src. (A) Inhibition of
Csk by cysteine oxidation
prevents phosphorylation of
src tyr-527, keeping src active
for longer (top). Inhibition of
PTPs that de-phosphorlyate
tyr-418 also enhances src activ-
ity (right). However, inhibition
of PTPs that de-phosphorylate
tyr-527 prevents activation of
src. (B) Binding of the SH2 do-
main to phosphorylated tyr-527
is disrupted by either ROS-
directed SH2 domain phos-
phorylation (top), or by an as
yet unidentified nitrated pro-
tein (bottom), resulting in tyr-
418 autophosphorylation and
activation of src.
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from NADPH oxidase through a number of different path-
ways (23, 55, 129, 133, 144). In human vascular smooth
muscle, src is upstream of serine phosphorylation of p47phox

in response to Ang II, suggesting an intermediary serine=
threonine kinase (144), perhaps PKC (see below), whereas in
endothelial cells src apparently mediates tyrosine phosphor-
ylation of p47phox (23). In rat aortic smooth muscle, Ang II
causes an initial activation of NADPH oxidase, subsequent
ROS-dependent activation of src, which then through trans-
activation of the EGF-R, activates rac-1, which is required for
assembly and activation of NADPH oxidase (129).

Interaction between src and receptor tyrosine kinases

Trans-activation of growth factor receptors is a way of ac-
tivating the receptor tyrosine kinase in the absence of extra-
cellular agonist. Oxidative bursts induced either by Ang II=src
or external stresses such as ultraviolet light or direct appli-
cation of oxidants such as H2O2 and peroxynitrite cause
antioxidant-inhibitable and src-dependent tyrosine phos-
phorylation and activation of receptor tyrosine kinases such
as EGF-R in the absence of EGF (107, 147, 165). The phos-
phorylated receptor then acts as a signaling platform for the
stimulation of phospholipase enzymes, production of lipid
mediators, and activation of downstream kinases such as
PI3-K, Akt, ERK, and PKC (140, 165) (see below), as well as
activation of rac-1, feeding back to NADPH oxidase (129).

Protein Kinase C

PKC is a family of cytosolic serine=threonine kinases con-
sisting of 12 isozymes divided into three subclasses: conven-
tional, novel, and atypical. Conventional PKCs require Ca2þ

and diacylglycerol or phorbol ester for activation, whereas
novel isozymes are diacylglycerol-dependent but Ca2þ-in-
sensitive; atypical PKCs require neither diacylglycerol nor
Ca2þ, but are activated by various other lipid mediators (136).
Of all the isozymes, three conventional (a, b1=2), two novel (d,

e), and one atypical (z) are reportedly expressed in vascular
tissues (81). All PKC isozymes are composed of a C-terminal
catalytic domain, a central hinge region and an N-terminal
regulatory domain containing an autoinhibitory pseudo-
substrate (136). In the regulatory domain several cysteine
residues are coordinated with Zn2þ and this is required for
maintaining the kinase in its folded inactive form. Binding of
Ca2þ and=or lipid activators triggers release of Zn2þ, followed
by release of the pseudo-substate, and subsequent unfolding
of the kinase and activation of the catalytic domain (66, 72,
136). PKC is the target for multiple tyrosine phosphorylations
by various tyrosine kinases, including srcFK (136). These
modifications further enhance PKC kinase activity after it is
activated by diacylglycerol (78, 119) (Fig. 4). PKC is involved
in G-protein-coupled receptor-phospholipase C-mediated
smooth muscle constriction, primarily via phosphorylation of
CPI-17, a myosin accessory protein that inhibits catalytic ac-
tivity of myosin phosphatase, thus increasing the sensitivity
of myosin light-chain kinase to Ca2þ (166). Increased PKC
activity has also been associated with various acute and
chronic vascular stresses such as hypoxia and ischemia re-
perfusion, and the mechanical strains associated with ath-
erosclerosis and restenosis (164).

PKC is activated by H2O2 or peroxynitrite in pulmonary
artery smooth muscle and endothelium (15, 16). H2O2 also
triggers subcellular translocation of various PKC isozymes,
including PKC-a in PASMCs (16, 44, 108). H2O2-mediated
constriction in canine coronary artery and rat pulmonary ar-
tery was inhibited by blockers of PKC, in the latter case by the
specific inhibitor of conventional PKC Gö6976 (108, 165).

Both PKC and ROS have been implicated in HPV (81, 154–
156). Recent work in mice suggests a link between hypoxia,
mitochondrial ROS, PKC-e, and elevation of [Ca2þ]i. In
PASMC, but not in mesenteric artery smooth muscle cell
(MASMC), hypoxia triggered rotenone-sensitive mitochon-
drial ROS production, enhanced PKC-e activity, increased
[Ca2þ]i, and caused constriction. Although MASMC did not

FIG. 4. Redox regulation of protein
kinase C (PKC). Inactive PKC is folded
so that the pseudo-substrate (PS) binds
to and inhibits the kinase domain. This
configuration is maintained by coordi-
nation of Zn2þ by four cysteine residues
in the C1 domain. Canonical activation
of PKC occurs through binding of Ca2þ

and=or diacyl-glycerol (DAG) to the
regulatory domain, causing release of
Zn2þ, unfolding of PKC and kinase ac-
tivation (top left). Alternatively, PKC is
activated by low concentration ROS
through oxidation of C1 cysteine resi-
dues triggering release of Zn2þ and ac-
tivation of the kinase as before (top
right). However, PKC may be in-
activated by a stronger ROS signal
through further oxidation of catalytic
domain cysteine residues (bottom).
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respond to hypoxia, both PASMC and MASMC responded to
H2O2 and phorbol ester with enhanced PKC-e activity and
elevated [Ca2þ]i, (111, 112). The hypoxia and H2O2-mediated
elevation of [Ca2þ]i and constriction were blocked by a PKC-e-
specific peptide inhibitor but not the conventional PKC
blocker Gö6976 (111). An interpretation of these data is that
the different responses to hypoxia in pulmonary and mesen-
teric arteries originates within the mitochondria, and not in
the sensitivity of downstream pathways to ROS. However, it
has been suggested that PKC may only play a role in the initial
transient phase of HPV, as the wide-spectrum PKC inhibitor
Ro-318220 was ineffective against sustained HPV in rat pul-
monary arteries (114, 150).

PKC is likely to play a permissive role in H2O2-mediated
endothelial cell contractility, contributing to lung edema (61,
169). Both H2O2-induced edema in perfused guinea-pig lung
and stress fiber formation in cultured pulmonary artery en-
dothelial cells (PAECs) were inhibited by the broad-spectrum
protein kinase blocker H-7 (61), whereas the more selective
PKC inhibitor calphostin C inhibited H2O2-mediated myosin
light-chain phosphorylation in bovine PAECs but did not
inhibit H2O2-induced stress fiber formation or recruitment of
myosin to stress fibers (169), indicating a role for PKC in
constriction but not actin assembly. PKC also acts down-
stream of NADPH oxidase-derived ROS production as part of
the shear-stress-induced fluid endocytosis response in bovine
aortic endothelial cells (96). Another study in bovine PAECs
showed H2O2 causing cytosolic to membrane translocation of
PKC, but also an increased production of diacylglycerol,
suggesting enhanced upstream regulation of phospholipase C
(140), perhaps through src=growth factor receptor activation
as described above.

Direct redox activation of PKC

All PKC isozymes contain redox-sensitive cysteine residues
in both regulatory and catalytic domains, which are required
for autoinhibition and catalytic activity, respectively (45, 66).
At low concentrations, oxidants are somehow selective for the
regulatory site cysteine residues and oxidation of these resi-
dues causes intramolecular disulfide bridge formation, thus
releasing the Zn2þ and removing the requirement for Ca2þ,
diacylglycerol, or other lipid mediators, with disassociation of
the pseudo-substrate and activation of the kinase (41, 42, 44,
45, 66, 72) (Fig. 4).

Direct redox inactivation of PKC

In contrast, PKC is inhibited by high concentrations of ox-
idants in both cell-free systems and living cells (44). In the
catalytic domain, certain cysteine residues are required for
kinase activity. These residues are selectively oxidized by
antitumor oxidants such as selenite and its derivatives sele-
nocysteine and GSSeSG, forming intramolecular disulfide
bridges that inactivate the kinase through loss of catalytic
activity (43). Similarly, during oxidative stress, growth-
inhibiting physiological disulfides such as GSSG readily
inactivate most PKC isozymes through S-thiolation, presum-
ably due to formation of similar disulfide bridges; the exception
is PKC-d, which in contrast to other isozymes is antigrowth and
proapoptotic (24, 25). Under physiological conditions, oxidized
cysteine residues within the regulatory subunit of PKC are
protected from reduction by cytosolic GSH by association with

the plasma membrane, whereas catalytically essential cysteines
in the catalytic domain are protected from oxidation by pref-
erential reduction by thioredoxin (44) (Fig. 4).

Positive feedback between PKC activation
and ROS production

As well as being activated (or inhibited) by ROS, it is well
established that PKC is an important activator of most iso-
forms of NADPH oxidase (12). Several studies have reported
that activation of PKC by various stimuli, including phorbol
ester, agonists of G-protein-coupled receptors such as U46619,
and pressure, all cause vasoconstriction that is mediated via
phosphorylation of p47phox, activation of NADPH oxidase and
subsequent ROS production [e.g., (49, 145)]. PKC-mediated
activation of srcFK may also be involved in this process,
possibly involving src-dependent promotion of rac-1 binding
to the NADPH oxidase membrane subunit (49, 129). Hypoxia
has also been shown to increase NADPH oxidase-derived
ROS production via a PKC-dependent mechanism in perfused
rabbit lungs (159). This is consistent with a more recent study
reporting that in PASMCs a hypoxia-induced increase in mi-
tochondrial ROS generation elicited a PKC-e-dependent acti-
vation of NADPH oxidase, and consequently enhanced ROS
production (112). This suggests that activation of both srcFK
and PKC directly or indirectly by ROS can lead to amplifica-
tion of the ROS signal. It also suggests that unless the sources
of ROS and location of PKC=srcFK activation are strongly
delimited in microdomains, there will be a positive feedback
element to the response, which would have to be curtailed by
inhibitory or temporal mechanisms if it were not to become
pathological (150). One such mechanism might be the inhi-
bition of PKC by high concentrations of ROS described above.

Interaction of PKC with tyrosine kinases

In the same vein as above, stimuli that elevate ROS pro-
duction sometimes cause tandem activation of PKC and
srcFK, and in terms of ROS signaling a reciprocal relationship
between src and PKC appears to exist. On the one hand, as
mentioned earlier, activation of src may be enhanced by PKC-
mediated phosphorylation of src in the SH2 domain (118,
147), whereas on the other H2O2 promotes colocalization of
several PKC isozymes with src, followed by src-dependent
phosphorylation and activation of PKC (37, 44, 71, 119, 120).
In addition, both srcFK and PKC may act upstream of the
MAPKs ERK and p38 (see below). These complex interrela-
tionships make interpretation of purely pharmacological
studies difficult.

Mitogen-Activated Protein Kinases

MAPKs are key components of signaling pathways trig-
gered by G-protein-coupled receptors, receptor tyrosine ki-
nases, integrins, and cytokines. They consist of three families:
ERK, p38 MAPK (p38), and jun N-terminal kinase. All
MAPKs are activated through a signaling cascade starting
with activation of the small G proteins ras, rac-1, or cdc42,
ending with dual tyrosine=threonine phosphorylation of the
MAPK. ERK is principally involved in proliferation, differ-
entiation, and cell survival; jun N-terminal kinase in apoptosis
and inflammatory responses; and p38 in cell motility and in-
flammatory responses (109). Of the three groups, ERK and
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p38 have also been implicated in control of vascular function
in response to cellular stresses such as hypoxia, oxidative
stress, and inflammation, as well as to vasoconstrictor hor-
mones (36, 64, 67, 89, 135, 149). Phosphorylation of both ERK
and p38 in vascular smooth muscle and endothelium is en-
hanced by H2O2 (13, 36, 53, 89, 139, 167). This activation re-
portedly occurs via an upstream srcFK (88, 98, 99, 139, 147,
167), acting either through trans-activation of growth-factor
receptors or srcFK in tandem with PKC in the case of ERK, or
another un-named pathway in the case of p38 (13, 139) (Fig. 5).

MAPKs are not known to influence myosin ATPase activity
directly; rather, they influence formation of the actin cyto-
skeleton and its interaction with myosin. ERK phosphorylates
caldesmon, which in the un-phosphorylated form inhibits
actin-myosin binding (32), whereas p38, through an inter-
mediary kinase MAPKAP, phosphorylates and inhibits heat-
shock protein 27 (HSP27), which in the un-phosphorylated
form inhibits actin polymerization and fiber assembly (53,
135, 163). Reports vary over the relative importance of ERK
and p38 to ROS-mediated smooth muscle constriction. ERK
activation is implicated in ROS-dependent Ang II or stretch-
mediated constriction in bovine coronary artery (36, 98), and
stretch or U46619-induced NADPH oxidase-derived H2O2

antagonizes hypoxic relaxation of bovine coronary artery
through ERK (38). ERK and p38 MAPK inhibitors block H2O2-
mediated constriction in bovine coronary and canine cerebral
arteries (83, 98) and mouse mesenteric artery (165), respec-
tively. Ang II-mediated NADPH-dependent ROS production
is required for p38 MAPK and MAPKAP activation, HSP27
phosphorylation and constriction in rat aorta, whereas
MAPKAP activation and HSP27 phosphorylation and con-
striction were inhibited by the p38 inhibitor SB203580 (89).
Conversely, in porcine pulmonary artery or mouse mesenteric
arteries, H2O2-mediated constriction occurred independently
of ERK (83, 104), whereas in bovine coronary artery, p38 in-
hibition was ineffectual (98). p38 may even be contributing
to H2O2-dependent cardiac metabolic relaxation, possibly

through phosphorylation of 4-aminopyridine-sensitive Kþ

channels (121).
In endothelial barrier function, a greater role for p38 than

for ERK is indicated. H2O2 enhances phosphorylation of p38
and HSP27 in human umbilical vein endothelial cells and rat
PAECs (53, 54, 79, 95). In accord with this, stress fiber for-
mation and increased endothelial cell permeability triggered
by ROS-generating particulate matter or exogenous H2O2 is
associated with enhanced p38 activity and HSP27 phosphor-
ylation, and is blocked by the p38 blocker SB203580 or siRNA
directed against either p38 or HSP27 (53, 79, 95, 149). In
contrast, ERK, although activated by H2O2 in bovine PAECs,
was not required for the associated H2O2-induced increases in
endothelial cell permeability (54, 95).

Redox targets for MAPK activation

MAPKs are not directly redox-sensitive but instead rely on
ROS-mediated activation of upstream pathways such as srcFK
and PKC, as described above. However, they may also be ac-
tivated through redox inhibition of upstream PTPs, or direct
redox activation of ras. Redox inhibition of two PTPs, SHP-1
and HePTP, results in activation of ERK and p38, apparently
through reduced de-phosphorylation of upstream MEKs, the
kinases that phosphorylate and activate the two MAPKs (75).
Ras, one of the monomeric G proteins that stimulate the MAPK
activation cascades, contains at least one redox-sensitive cys-
teine residue (cys-118). When this is oxidized by s-glutathio-
lation in response to Ang II stimulation in vascular smooth
muscle, or peroxynitrite in bovine aortic endothelial cells, ras
undergoes enhanced exchange of GDP for GTP, thus enhanc-
ing activity (2, 26, 73). A similar redox mechanism exists for the
related monomeric G proteins rac-1 and RhoA (see below).

Rho-Kinase

Rho-kinase is a serine=threonine kinase that is an impor-
tant mediator of Ca2þ-sensitization and actin cytoskeleton

FIG. 5. Oxidative activation of mito-
gen-activated protein kinases (MAPK).
MAPKs are activated through a cascade
of phosphorylations initiated by the
small G protein ras, resulting in dual
tyrosine=threonine phosphorylation of
the MAPK. ROS enhance this activation
by inhibiting PTPs that oppose these
phosphorylations (bottom). Alter-
natively, ROS may activate ras, either
indirectly through activation of up-
stream src or PKC (top left) and transac-
tivation of receptor tyrosine kinases
(RTK), or by direct oxidation and glu-
tathiolation (cys-SGSH) of cysteine resi-
dues within ras itself, promoting
exchange of GDP for GTP (top right).
Grb2, growth-factor receptor binding
protein-2; SoS, son-of-sevenless (guanine
exchange factor [GEF] for ras).
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dynamics. It is composed of an N-terminal kinase domain, a
hinge-like central coiled-coil region, and a pleckstrin-homology-
like C-terminal domain. Inactive Rho-kinase is folded such
that interaction between the N-terminal and C-terminal do-
mains results in autoinhibition. Upon binding of GTP-bound
RhoA to the coiled-coiled region, the kinase unfolds and be-
comes catalytically active (6, 87, 131). Ca2þ sensitization is the
process by which an increase in myosin light-chain phos-
phorylation and hence actin-myosin cross-bridge cycling oc-
cur without a concomitant increase in intracellular Ca2þ (134).
Rho-kinase does this through phosphorylation and inhibi-
tion of the myosin phosphatase targeting subunit (MYPT-1),
resulting in enhanced myosin light-chain phosphorylation
(134, 160). In addition, Rho-kinase also phosphorylates and
activates Lim-kinase which in turn phosphorylates and inhibits
the actin de-polymerizing chaperone cofilin, thus promoting
actin polymerization and the assembly of stress fibers (84).
Rho-kinase-mediated Ca2þ sensitization contributes to con-
strictor responses to various stimuli in various vascular beds,
including acute responses to agonists and hypoxia in pulmo-
nary artery (29, 56, 68, 70, 115) and during chronic hypoxia and
pulmonary hypertension (14, 58, 94, 100, 132, 153).

In rat aorta and pulmonary artery, superoxide generated by
xanthine=xanthine oxidase or LY83583 caused constriction
and enhanced phosphorylation of MYPT-1, and both effects
were blocked by the Rho-kinase inhibitor Y27632 and SOD
(59, 69) (Fig. 6B). In addition, LY83583 caused Y27632-sensitive
constriction of a-toxin permeabilized, Ca2þ-clamped pulmo-
nary arteries and induced subcellular translocation of Rho-
kinase; it did not cause elevation of Ca2þ in intact arteries (69).
Under identical experimental conditions, LY83583 relaxed
PGF2a-constricted mesenteric or femoral arteries (69). Despite
this, preliminary data suggest that LY83583 causes a similar
elevation of MYPT-1 phosphorylation in mesenteric as in
pulmonary artery, but for some reason in mesenteric this is

not coupled to constriction (own unpublished observations).
In pulmonary artery from chronically hypoxic rats, increased
responsiveness to both ET-1 and depolarization is attributed
to enhanced Ca2þ-sensitization (14, 58, 132). This is associated
with enhanced MYPT-1 phosphorylation and inhibited by
both Y27632 and the superoxide scavenger tiron, suggesting
that ROS-mediated Rho-kinase activation at least partially
accounts for the effect of chronic hypoxia on pulmonary ar-
tery vasoreactivity (14, 58).

Rho-kinase is also an important mediator of ROS-induced
endothelial cell permeability in experimental models of hyp-
oxia=re-perfusion and edema. One such study on the blood–
brain barrier shows that hypoxia=reperfusion-induced ROS
production triggers actin polymerization, formation of con-
tractile fibers, and actin-myosin constriction (62). In the same
study, H2O2 also greatly increased endothelial permeability
and actin polymerization, and both responses were inhibited
by inhibition of Rho-kinase (62). H2O2 also induces pulmo-
nary edema in perfused rabbit lung in a Y27632-inhibitable
manner, suggesting that H2O2 activates Rho-kinase causing
endothelial cell contraction and thence increased capillary
permeability (21).

Redox activation of RhoA

There is no evidence that Rho-kinase is directly redox
sensitive. It is therefore likely to be responding to ROS
through changes to upstream signaling events. The principal
activator of Rho-kinase is the small monomeric G protein
RhoA, and indeed, xanthine=xanthine-oxidase-derived ROS
cause constriction and cytosolic to membrane translocation of
RhoA in rat aorta (59). We have observed a similar RhoA
translocation response to ROS generated by LY83583 in
PASMCs (Fig. 6A). RhoA is also activated by SOD-inhibitable
mitochondrial superoxide in response to cold in cutaneous ar-

FIG. 6. Evidence for activation of
Rho=Rho-kinase (ROK) pathway by
superoxide in rat pulmonary artery
smooth muscle. (A) Cytosolic to mem-
brane translocation of RhoA as an indi-
cation of RhoA activation in pulmonary
artery smooth muscle cells transfected
with GFP-RhoA fusion protein. Panels
show a representative cell illuminated at
490 nm before (top) and after (bottom)
exposure to 10 mM LY83583. Note white
spots or patches appearing on cell pe-
riphery (arrows). (B) Myosin phospha-
tase targeting subunit (MYPT-1)
phosphorylation on thr-855 in rat in-
trapulmonary artery is enhanced by
LY83583 (*p< 0.05 vs. control) and this is
inhibited by SOD or the ROK inhibitor
Y27632 ({p< 0.05 vs. LY83583).

REDOX REGULATION OF PROTEIN KINASES 1539

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3614&iName=master.img-005.jpg&w=318&h=259


teries (10, 11), and by Ang II and b2-adrenoceptor agonists via
diphenyliodonium-sensitive NADPH oxidase-derived ROS in
the renal microvasculature (55). ROS-mediated RhoA activation
is also implicated in pulmonary responses to hypoxia. In
chronically hypoxic rats, ET-1 and depolarization-mediated
RhoA activation was enhanced compared to normoxic controls
and this difference was abolished by the superoxide scavenger
tiron (14, 58). Curiously, another recent study showed that after
several hours of prolonged hypoxia in PASMCs and PAECs
both hypoxia and H2O2 activated RhoA in both cell types (18).
However, although an hypoxia-induced increase in ROS pro-
duction was detected by a cytosol-targeted ROS indicator, the
hypoxia-induced activation of RhoA was not suppressed by the
antioxidant EUK-134 (18).

While it has been reported that ROS-induced activation of
the Rho=Rho-kinase pathway may be mediated via activation
of upstream tyrosine kinases (69), biochemical studies also
suggest that RhoA is directly redox sensitive and is activated
by ROS (3, 51). ROS and reactive nitrogen species enhance
guanine nucleotide dissociation from Rho-family G proteins,
including RhoA and Rac-1, and induce stress fiber formation
in cultured fibroblasts (3, 51). This activation pathway re-
quired two cysteine residues in the phosphoryl binding loop
of RhoA that were, nevertheless, not required for canonical
guanine exchange factor-mediated RhoA activation (3). It is
proposed that in living cells (where GTP is in excess) oxida-
tion of these cysteine residues, by promoting guanine nucle-
otide dissociation, results in exchange of GDP for GTP, thus
activating the G protein (Fig. 7).

Further Considerations

Two general observations merit further discussion: the
apparent differences between vascular responses to super-
oxide and H2O2, and the possible disparity between the re-
sponses elicited by ROS generated by physiological stimuli
and those elicited by ROS applied externally.

Although superoxide is the principal ROS generated by
most oxidoreductase enzymes, it is generally assumed that it
is rapidly converted to H2O2 by mitochondrial or cytosolic
SOD (156). However, experimental evidence with exoge-
nously applied ROS suggests a divergence in function be-
tween the two species. On the one hand, there is strong
evidence that H2O2 causes constriction, activates PKC and
tyrosine kinases in smooth muscle and endothelium (15, 16,
96, 108, 125, 140, 147, 165, 168, 169), and is responsible for the
elevation of [Ca2þ]i in PASMCs during hypoxia (112, 148,
156). Yet on the other hand, HPV is reportedly inhibited by
SOD and enhanced by SOD antagonists (1, 82), and gene
transfer of SOD, which will convert superoxide to H2O2,
ameliorates pulmonary hypertension in rats (63), suggesting
either that H2O2 is not procontractile, or that superoxide itself
is required for constriction to develop. Rho-kinase activation
is apparently superoxide specific, since both LY83583 and
xanthine=xanthine-oxidase, which both generate superoxide,
activate Rho-kinase in smooth muscle in a SOD-inhibitable
manner (59, 69); in contrast H2O2 does not activate Rho-
kinase, but instead activates PKC (69, 108). Such differences
cannot easily be explained through subtleties of experimental
technique since our studies in rat pulmonary artery show
striking differences between the responses to superoxide and
H2O2 under very similar experimental conditions (69, 108). To
add to this confusion, it has been reported that RhoA activity
is enhanced by both SOD-inhibitable superoxide-generating
systems and exogenous H2O2 in smooth muscle (10, 11, 18,
59).

The concentration of H2O2 applied to vascular tissues cer-
tainly influences the physiological response due to com-
pounded effects on ion channels and membrane potential as
well as protein kinases (9, 39). Also, at the single molecule
level, ROS may activate or inhibit different cellular targets
depending on concentration, as illustrated by activation of
PKC by low concentrations of ROS and inhibition by high
concentrations, through selective targeting of the regulatory

FIG. 7. Oxidative activation of ROK.
Inactive ROK is folded so that the reg-
ulatory domain suppresses kinase ac-
tivity. Activation occurs through
binding of GTP-bound RhoA to the
central hinge region, which causes ROK
to unfold (bottom). RhoA is activated by
factors that promote exchange of GDP
for GTP. This is usually promoted by
GEF which are also activated by ROS
indirectly through src (left). Alter-
natively, RhoA is activated by cysteine
residue oxidation that also promotes
guanine nucleotide exchange, indepen-
dently of GEF (right).
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and catalytic domains, respectively (42–44). The lower the
pKa, the more susceptible a cysteine is likely to be to a weaker
oxidizing environment, whereas cysteines with higher pKa
may only be affected by excessive oxidative stress (105, 143).
This point is raised by Janssen-Heininger et al., who suggest
that care should be taken when interpreting data taken from
experiments with exogenously applied oxidants such as
H2O2, particularly when applied at supra-physiological con-
centrations (>mM). Mild oxidants generated at or near the
target proteins are more likely to form a part of tightly con-
trolled highly localized signaling events, whereas strong ox-
idants may oxidize amino acid residues of multiple proteins
indiscriminately (57).

Similarly, externally applied H2O2 even at physiological
concentrations is likely to activate multiple pathways simul-
taneously in an unregulated fashion, thus generating cellular
responses that do not necessarily match those observed in
response to physiological stimuli that may or may not include
redox signaling. Because ROS are normally short-lived, it is
suggested that for signaling purposes the site of ROS pro-
duction is localized to the same subcellular compartment or
protein complex as the target protein (146). This also provides
the potential for selective activation of specific signaling sys-
tems in distinct subcellular regions (17, 52, 162).

Conclusion

As summarized in Figure 8, there is considerable accumu-
lated evidence that all of the major classes of protein kinases
that play a role in smooth muscle constriction and=or endo-
thelial permeability are redox sensitive, either through direct
oxidative modification of cysteine residues or indirectly
through other upstream kinases, small G proteins, or tyrosine
phosphatases. Further, it is clear that these kinases play a
major role in mediating altered vascular function in response

to physiological and pathological stimuli that elevate ROS
production. Notwithstanding the complexity of interactions
between the various protein kinases, and between them and
sources of ROS such as NADPH oxidase and mitochondria, it
is, nevertheless, clear that protein kinases play a central role in
ROS signaling in the vasculature, and that the latter is a key
physiological modulator of vascular function. Future work is
likely to focus on unraveling the potential importance of ROS-
signaling microdomains containing specific target mecha-
nisms. It is only recently that the tools necessary for this have
started to become available [e.g., (155)].
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Abbreviations Used

Ang II¼ angiotensin II
Cat¼ catalase

COX¼ cyclooxygenase
DAG¼diacylglycerol

EGF-R¼ epidermal growth factor receptor
ERK¼ extracellular signal-regulated kinase
ET-1¼ endothelin-1
ETC¼ electron transport chain
GEF¼ guanine exchange factor

Grb2¼ growth-factor receptor binding protein-2
H2O2¼hydrogen peroxide
HPV¼hypoxic pulmonary vasoconstriction

HSP27¼heat-shock protein 27
LDL¼ low-density lipoprotein
LOX¼ lipoxygenase

MAPKs¼mitogen-activated protein kinases
MASMC¼mesenteric artery smooth muscle cell

MLCK¼myosin light-chain kinase
MLCP¼myosin light-chain phosphatase

MYPT-1¼myosin phosphatase targeting subunit
NO¼nitric oxide

NOX¼NADPH oxidase
PAEC¼pulmonary artery endothelial cell

PASMC¼pulmonary artery smooth muscle cell
PKC¼protein kinase C
PLC¼phospholipase C

PS¼pseudo-substrate
PTP¼protein tyrosine phosphatase

ROK¼Rho-kinase
ROS¼ reactive oxygen species
SOD¼ superoxide dismutase
SoS¼ son-of-sevenless

srcFK¼ src-family kinases
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