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Abstract

Vascular contraction is an important determinant of the peripheral vascular resistance and blood pressure. The mechanisms underlying
vascular smooth muscle (VSM) contraction and the pathological changes that occur in hypertension have been the subject of numerous
studies and interpretations. Activation of VSM by vasoconstrictor stimuli at the cell surface causes an increase in [Ca®*];, Ca®*-dependent
activation of myosin light chain (MLC) kinase, MLC phosphorylation, actin-myosin interaction and VSM contraction. Additional
signaling pathways involving Rho-kinase and protein kinase C (PKC) may increase the myofilament force sensitivity to [Ca®*]; and MLC
phosphorylation, and thereby maintain vascular contraction. PKC is a particularly intriguing protein kinase as it comprises a family of
Ca**-dependent and Ca**-independent isoforms, which have different tissue and subcellular distribution, and undergo differential
translocation during cell activation. PKC translocation to the cell surface may trigger a cascade of protein kinases, such as mitogen-
activated protein kinase (MAPK) and MAPK kinase (MEK) that ultimately interact with the contractile myofilaments and cause VSM
contraction. Also, PKC translocation to the nucleus may promote VSM growth and proliferation. Increased PKC expression and activity
have been identified in several forms of hypertension. The subcellular location of PKC may determine the state of VSM activity, and may
be useful in the diagnosis/prognosis of hypertension. Vascular PKC isoforms may represent specific targets for modulation of VSM
hyperactivity, and isoform-specific PKC inhibitors may be useful in treatment of Ca** antagonist-resistant forms of hypertension.

© 2005 Elsevier Inc. All rights reserved.
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Hypertension is a multifactorial disorder that involves
pathological changes in the neuronal, renal, and vascular
control mechanisms of blood pressure [1]. VSM contrac-
tion contributes to the regulation of vascular resistance and
blood pressure, and its dysregulation may lead to hyper-
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tension. VSM contraction is triggered by an increase in
[Ca2+]i due to Ca>* release from the sarcoplasmic reticu-
lum and Ca®* entry from the extracellular space through
Ca”* channels. Ca** binds calmodulin (CAM) to form a
Ca**~CAM complex, which activates myosin light chain
(MLC) kinase, and causes MLC phosphorylation, actin—
myosin interaction and VSM contraction (Fig. 1). VSM
relaxation is initiated by a decrease in [Ca2+]i due to Ca**
uptake by the sarcoplasmic reticulum and Ca** extrusion
by the plasmalemmal Ca®* pump and Na*—Ca®* exchanger.
The decrease in [Ca>*]; causes dissociation of the Ca**—
CAM complex and the phosphorylated MLC is depho-
sphorylated by MLC phosphatase [2—4].

Membrane depolarization in response to electrical sti-
mulation, mechanical stretch or high KCl solution activates
voltage-gated Ca** channels, increases Ca®* influx, stimu-
lates MLC phosphorylation, and causes maintained VSM
contraction. In contrast, the interaction of a physiological
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Fig. 1. Mechanisms of VSM contraction. Agonist (A) binds to its receptor (R), stimulates plasma membrane PLCP, and increases production of IP; and
diacylglycerol (DAG). IP5 stimulates Ca”* release from the sarcoplasmic reticulum (SR). Agonist also stimulates Ca** influx through Ca** channels. Ca®* binds
calmodulin (CAM), activates MLC kinase (MLCK), causes MLC phosphorylation, and initiates VSM contraction. DAG activates PKC. PKC phosphorylates
CPI-17, which in turn inhibits MLC phosphatase and thereby enhances the myofilament force sensitivity to Ca>*. PKC could phosphorylate calponin (Cap),
allowing more actin to bind myosin. PKC may activate a protein kinase cascade involving Raf, MAPK kinase (MEK) and MAPK, leading to phosphorylation of
the actin-binding protein caldesmon (CaD). Other pathways of VSM contraction include the RhoA/Rho-kinase pathway, which inhibits MLC phosphatase and
further enhances the Ca®* sensitivity. G, heterotrimeric G-protein; PIP,, phosphatidylinositol 4,5-bisphosphate; PC, phosphatidylcholine; PS, phosphati-

dylserine; PE, phosphatidylethanolamine; AA, arachidonic acid.

agonist with its receptor results in activation of phospho-
lipase C, hydrolysis of the plasma membrane phosphati-
dylinositol 4,5-bisphosphate, and increased production of
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG) [5.,6]. IP; stimulates Ca>* release from the sarco-
plasmic reticulum and initiates agonist-induced VSM con-
traction. Agonists also stimulate Ca®* influx through
ligand-gated and store-operated Ca®* channels, and cause
maintained increase in [Ca®*];, MLC phosphorylation and
VSM contraction (Fig. 1). However, Ca’* channel blockers
do not completely inhibit agonist-induced VSM contrac-
tion. Although differential dependence on intracellular
Ca”* stores and extracellular Ca** for force development
could explain the relative insensitivity of agonist-induced
contraction to Ca®* channel blockers in some vessels 2],
agonist-induced dissociations between [Ca2+]i and force
have been suggested in other vascular preparations. For
example, agonist-induced VSM contractions have been
observed in Ca®*-free solution and in the absence of
increase in [Ca®*]; or MLC phosphorylation. Also, ago-
nist-induced dissociations between [Ca**]; and MLC phos-
phorylation have suggested the activation of Ca**
sensitization pathways involving Rho-kinase and protein

kinase C (PKC), which may inhibit MLC phosphatase and
thereby enhance VSM contraction [2—4].

Several review articles have examined the biochemical
and molecular aspects of VSM contraction and the role of
Ca* in the regulation of vascular function [2—4]. Because
of the small size and diffusible nature of Ca2+, it is feasible
to envision its role in transducing the extracellular signal to
the contractile myofilaments. Although PKC has been
identified for almost 30 years, its role in VSM contraction
and control of blood pressure is not as widely perceived as
Ca** partly because of its relatively large size, its numerous
isoforms and substrates, and its differential subcellular
distribution during VSM activation. Some important ques-
tions are how PKC is identified among other kinases in
VSM, and how the PKC signal is transferred from the
receptors at the cell surface to the contractile myofilaments
in the center of the cell. This review will further examine
PKC as a potential modulator of VSM function. We will
first provide a brief description of PKC structure, isoforms
and protein substrates. The subcellular distribution of PKC
isoforms, and the cellular mechanisms that promote PKC
translocation during VSM activation will then be dis-
cussed. A description of PKC activators and inhibitors
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will follow. The review will end with an evaluation of the
significance of the subcellular location of PKC in deter-
mining the state of VSM activity, and its usefulness in the
diagnosis/prognosis of VSM hyperactivity disorders, such
as hypertension. The potential use of isoform-specific PKC
inhibitors in treatment of hypertension will also be dis-
cussed.

1. PKC structure and PKC isoforms

PKC 1is a ubiquitous enzyme that was originally
described as a Ca”*-activated, phospholipid-dependent
protein kinase. Molecular cloning and biochemical analy-
sis have revealed a family of PKC subspecies with closely
related structures. The PKC isozymes ., 3 and vy consist of
four conserved (C1-C4) and five variable regions (VI1-
V5). The C1 region contains cysteine-rich zinc finger-like
motifs, is immediately preceded by an autoinhibitory
pseudosubstrate sequence, and contains the recognition
site for phosphatidylserine, DAG and phorbol ester. The
C2 region of some PKC isoforms is rich in acidic residues
and binds Ca**. The C3 and C4 regions form the ATP- and
substrate-binding lobes [5,7] (Fig. 2).

PKC isoforms are classified into three groups. The
conventional PKCs (cPKC) a, BI, BIL, and vy have four
conserved regions (C1-C4) and five variable regions (V1-
V5). The novel PKCs (nPKC) 9, €, (L) and 6 lack the C2
region and therefore do not require Ca** for activation. The
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atypical PKCs (aPKC) { and N/v have only one cysteine-
rich zinc finger-like motif and are dependent on phospha-
tidylserine, but not affected by DAG, phorbol esters or
Ca®* (Fig. 2) (Table 1).

2. PKC substrates

When PKC is not catalytically active the basic auto-
inhibitory pseudosubstrate is protected from proteolysis by
an acidic patch in the substrate-binding site. As PKC is
activated it phosphorylates arginine-rich protein substrates,
which neutralize the acidic patch and displace the pseu-
dosubstrate from its binding site in the kinase core [7,8].
The amino acid sequence in the vicinity of the substrate
phosphorylation site may assist in PKC substrate recogni-
tion. PKC isotypes show specificity in substrate phosphor-
ylation. While a-, B-, and y-PKC are potent histone
kinases, 9-, €-, and m-PKC have a poor capacity to phos-
phorylate histone IIIS [6].

PKC causes phosphorylation of membrane-bound reg-
ulatory proteins in VSM. MARCKS (myristoylated, ala-
nine-rich C-kinase substrate), a major PKC substrate, is
bound to F-actin and may function as a crossbridge
between cytoskeletal actin and the plasma membrane
[9]. Also, PKC causes phosphorylation of the inhibitory
GTP-binding protein G;, facilitating the dissociation of the
«; subunit from adenylyl cyclase and thereby relieves it
from inhibition [6].
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Fig. 2. Structure of PKC isoforms. PKC is composed of four conserved (C1-C4) and five variable (V1-V5) regions. C1 region contains binding sites for DAG,
phorbol ester, phosphatidylserine and the PKC antagonist calphostin C. C2 region contains the binding site for Ca**. C3 and C4 regions contain binding sites for
ATP, some PKC antagonists and different PKC substrates. The PKC molecule folds to bring the ATP binding site into proximity with the substrate-binding site.
Binding of an endogenous or exogenous pseudosubstrate peptide sequence to the catalytic domain prevents PKC from phosphorylating the true substrate.
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Table 1

Subcellular distribution of PKC isoforms in VSM

Isoform M.W. (kDa) Blood vessel Resting state Activated state Reference

a-PKC 74-82 Bovine aorta Cytosolic Membrane [6]
Ferret portal vein Cytosolic Surface membrane [3,15,29]
Rat aorta Cytosolic Nuclear [6]
Carotid artery Cytosolic Membrane [6]
Rat mesenteric artery Cytosolic/membrane Cytosolic/membrane [6]
Coronary artery Cytosolic Membrane [21,22]

B-PKC 80-82 Rat aorta Cytosolic Nuclear [6]
Carotid artery Cytosolic Membrane [6]

v-PKC 70-82 Rat mesenteric artery Cytosolic Cytosolic [6]

8-PKC 76-82 Rat aorta Cytoskeleton Cytoskeleton [3,30]

Organelles Organelles

Rat mesenteric artery Membrane Membrane [6]

&-PKC 90-97 Ferret aorta Cytosol Surface membrane [3,15]
Rat mesenteric artery Cytosolic/membrane Cytosolic/membrane [6]
Coronary artery Cytosolic Membrane [21,22]

{-PKC 64-82 Ferret aorta, portal vein Perinuclear Intranuclear [3,15]
Rat aorta Perinuclear Intranuclear [3,30]
Rat mesenteric artery Cytosolic Cytosolic [6]

PKC also affects plasma membrane channels and
pumps. PKC inhibits BK¢, channel activity in pulmonary
VSM [10]. Also, thromboxane A,-induced inhibition of
voltage-gated K* channels and pulmonary vasoconstriction
may involve {-PKC [11]. PKC may also phosphorylate and
activate plasmalemmal or sarcoplasmic reticulum Ca®*—
ATPase, an action that promotes Ca** extrusion and may
explain the transient nature of the agonist-induced increase
in VSM [Ca®*];. Additionally, the a1 subunit of Na/K—
ATPase may serve as a PKC substrate. Furthermore,
activated PKC may phosphorylate and activate the Na*/
H* antiport exchanger and thereby increase the cytoplas-
mic pH [12].

PKC also phosphorylates regulatory proteins in VSM
cytoskeleton and contractile myofilaments. PKC phosphor-
ylates vinculin, a cytoskeletal protein localized at adhesion
plaques, thus controlling cell shape and adhesion. PKC
also phosphorylates CPI-17, which in turn inhibits MLC
phosphatase, increases MLC phosphorylation and thereby
enhances VSM contraction [13]. The 20 kDa MLC and
MLC kinase serve as substrates for PKC, and their phos-
phorylation could counteract the Ca**-induced actin—myo-
sin interaction and force development [14]. Also,
activation of a-PKC could cause phosphorylation of cal-
ponin, an actin-associated regulatory protein, and thereby
enhance VSM contraction [6]. A specific link likely exists
between each PKC isoform and one or more specific
substrates in VSM, and identification of these specific
interactions should be further examined in future studies.

3. Tissue distribution of PKC

PKC isoforms are expressed in different proportions in
smooth muscle of various vascular beds (Table 1). a-PKC

is a universal isoform that is expressed in almost all blood
vessels tested. y-PKC is mainly expressed in the neurons
and vascular nerve endings. 8-PKC is mainly associated
with the vascular cytoskeleton. {-PKC is a universal iso-
form that has been found in many tissues. m/L-PKC has
been found in the lung, skin, heart and brain. 8-PKC is
mainly expressed in skeletal muscle while Ai-PKC is
expressed in the ovary and testis [6].

4. Subcellular distribution of PKC

The PKC isoforms «, 3 and vy are mainly localized in the
cytosolic fraction of unstimulated cells and undergo trans-
location to the cell membranes in activated cells (Table 1).
8-PKC is located almost exclusively in the particulate
fraction of both resting and activated cells. While (-
PKC is localized in the vicinity of the nucleus of resting
and activated mature VSM cells [15], it could play a role in
pulmonary vasoconstriction in the perinatal period [16].

5. Mechanisms of PKC translocation

An important question is what causes PKC to translo-
cate. Simple diffusion may provide the driving force, while
targeting mechanisms allow high-affinity binding when
PKC is in the vicinity of its target [15]. Targeting mechan-
isms may involve one of the following:

A. Conformation-induced changes in hydrophobicity:
Binding of Ca** or DAG causes conformational change
in the PKC molecule that results in exposure of the
pseudosubstrate region, increases the hydrophobicity
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of PKC, and facilitates its binding to membrane lipids
[7].

B. Lipid modification: Lipid modification of proteins
changes their subcellular distribution. Myristoylation
of MARCKS is required for its binding to actin at the
plasma membrane. PKC-mediated phosphorylation of
MARCKS causes its displacement from the membrane
and interferes with its actin cross-linking. Dephosphor-
ylation of MARCKS causes its re-association with the
membrane through its stably attached myristic acid
membrane-targeting moiety [17].

The domain architecture of VSM plasma membrane
may be regulated. VSM sarcolemma is divided into
domains of focal adhesions alternating with caveolae-
rich zones, both harboring a subset of membrane-
associated proteins. Likewise, sarcolemmal lipids are
segregated into domains of cholesterol-rich lipid rafts
and glycerophospholipid-rich non-raft regions. The
segregation of membrane lipids is critical for preserva-
tion of membrane protein architecture and for translo-
cation of proteins to the sarcolemma. In smooth
muscle, membrane lipid segregation is supported by
annexins that target membrane sites of distinct lipid
composition, and each annexin requires different
[Ca®*]; for its translocation to the sarcolemma, and
thus allows a spatially confined, graded response to
external stimuli and intracellular PKC [18].

C. Phosphorylation: The change in charge caused by
phosphorylation of the protein may affect its affinity
for lipid. For example, phosphorylation of MARCKS
has an electrostatic effect of equal importance to
myristoylation in determining the protein affinity for
the membrane. Also, phosphorylation of PKC itself
may be required for its activation and translocation, and
the phosphorylation sites appear to be located in the
catalytic domain of a-, B- and 8-PKC [19].

D. Targeting sequences: Binding sites for arginine-rich
polypeptides have been identified in the PKC molecule
distal to the catalytic site and may allow targeting of
PKC to specific subcellular locations. Also, receptors
for activated C-kinase (RACKS) may allow targeting of
PKC to cytoskeletal elements, and a peptide inhibitor
derived from the PKC-binding proteins annexin I and
RACKI may interfere with translocation of B-PKC
[20].

6. Functions of PKC in VSM

PKC plays a pivotal role in cell adjustment to the
environment by exerting both positive and negative effects
on cellular events. Many physiological functions have been
assigned to PKC, including secretion and exocytosis,
modulation of ion conductance, gene expression and cell
proliferation [5,6]. PKC may also exert negative-feedback

control over cell signaling. The negative-feedback regula-
tion includes the downregulation of surface receptors and
inhibition of agonist-mediated phosphoinositide hydroly-
sis [5]. Several studies suggest a role for PKC in VSM
contraction [3,5,6,21,22]. PKC activation by phorbol esters
has been shown to cause significant contraction in isolated
vascular preparations [3,6]. Also, PKC inhibitors cause
significant inhibition of agonist-induced vascular contrac-
tion [21,22]. However, some studies suggest that PKC-
mediated phosphorylation of MLC kinase may cause
vascular relaxation [14].

7. PKC activators

PKC isoforms respond differently to Ca®*, phosphati-
dylserine, DAG and other phospholipid degradation pro-
ducts. PKC binds Ca** in a phospholipid-dependent
manner, and Ca®* may form a “bridge” holding the protein
and phospholipid complex together at the membrane [23].
Phosphatidylserine is indispensable for activation of PKC.
Phosphatidylinositol and phosphatidic acid activate PKC at
high Ca®* concentrations. DAG activates PKC by reducing
its Ca®* requirement and enhancing its membrane associa-
tion [5].

PKC activators also include lipids derived from sources
other than glycerolipid hydrolysis such as cis-unsaturated
free fatty acids and lysophosphatidylcholine, ceramide (a
sphingomyelinase product), phosphatidylinositol 3,4,5-tri-
sphosphate and cholesterol sulfate [24]. Phorbol esters,
such as TPA, PMA and PDBu can substitute for DAG in
PKC activation. Phorbol esters stabilize PKC-membrane
association by reducing its apparent K., for Ca>* [6].

Autophosphorylation of PKC may modify its activity or
affinity for its substrates. a-, BI- and BII-PKC are synthe-
sized as inactive precursors that require phosphorylation by
a putative “PKC kinase” for permissive activation. Also,
multiple phosphorylation of a-PKC prevents its down-
regulation by phorbol ester. Phosphorylation at the extreme
C-terminus of BII-PKC allows the active site to bind ATP
and substrate with higher affinity, while phosphorylation of
structure determinants in the regulatory region enable
higher affinity binding of Ca** [25].

8. PKC inhibitors

Several PKC inhibitors have been developed (Table 2).
PKC inhibitors acting in the catalytic domain compete with
ATP and therefore may not be specific. PKC inhibitors
acting in the regulatory domain compete at the DAG/
phorbol ester or the phosphatidylserine-binding site and
may be more specific. Extended exposure to phorbol esters
can specifically downregulate a-, B-, and y-PKC, but the
tumor promoting properties of phorbol limit its use.
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Table 2
Examples of PKC inhibitors

Mechanism of action Compound

Chemistry

Specificity

Inhibitors in the catalytic domain H-7
(compete with ATP at
ATP-binding site)
Staurosporine
SCH 47112
Chelerythrine
Go66976
GF109203X
Ro-318220
Other Aminoacridine
Apigenin
Sangivamycin
UCN-01, UCN-02

Inhibitors in the regulatory Calphostin C (UCN-1028A)

Sphingosine

Other Adriamycin
Cercosporin
Chlorpromazine
Dexniguldipine
Polymixin B
Tamoxifen
Trifluoperazine

1-(5-isoquinolinesulfonyl)-2-
methylpiperazine

Microbial alkaloids,

product of Streptomyces
Benzophenanthridine alkaloid
Indocarbazole
Bisindolylmaleimide derivatives
of staurosporine

Perylenequinone metabolite isolated
domain from Cladosporium cladosporioides
Membrane lipid

Also inhibits cyclic AMP and cyclic
GMP-dependent protein kinases

Also inhibits MLC kinase and
tyrosine kinase

Competitive inhibitor with histone IIIS
Ca**-dependent isoforms « and BI
PKC isozymes a, BI, BII, vy, 8 and €

Binds to the regulatory domain at
DAG/phorbol ester-binding site
Competitive inhibitor with
phosphatidylserine

The regulatory domain of PKC contains an amino acid
sequence between residues 19 and 36 that resembles the
substrate phosphorylation site. Synthetic oligopeptides
based on pseudosubstrate sequence are specific PKC inhi-
bitors because they exploit its substrate specificity and do
not interfere with ATP binding. The synthetic peptide (19—
36) inhibits both PKC autophosphorylation and protein
substrate phosphorylation. Replacement of Arg-27 with
alanine in the peptide [Ala-27]PKC (19-31) increases the
IC5( for inhibition of substrate phosphorylation [8]. Also, a
myristoylated peptide based on the substrate motif of a-
and B-PKC, myr-yPKC, inhibits TPA-induced PKC acti-
vation and phosphorylation of MARCKS [26].

In smooth muscle, a-tocopherol inhibits the expression,
activity and phosphorylation of a-PKC. Interestingly, -
tocopherol protects PKC from the inhibitory effects of a-
tocopherol [27].

siRNA for specific PKC isoforms are now available and
should be useful for studying the role of PKC in various
cell functions. Also, antisense techniques, transgenic ani-
mals and knock out mice have been useful in studying the
effects of PKC downregulation in vivo.

9. Protein kinase cascades during VSM contraction

The interaction of a PKC isoform with its protein sub-
strate may trigger a cascade of protein kinases that ulti-
mately stimulate VSM contraction. PKC may phosphorylate
CPI-17 which in turn inhibits MLC phosphatase, increases
MLC phosphorylation and enhances VSM contraction

(Fig. 1) [13]. PKC may also phosphorylate the actin-binding
protein calponin, and thereby reverses its inhibition of actin-
activated myosin ATPase, allows more actin to interact with
myosin and increases VSM contraction (Fig. 1) [3].

PKC, MAPK, and c-Raf-1 have been implicated in VSM
growth. MAPK is a Ser/Thr kinase that is activated by dual
phosphorylation at Thr and Tyr residues. MAPK is mainly
cytosolic in quiescent VSM cells, but translocates to the
nucleus during activation by mitogens. Tyrosine kinase and
MAPK activities have been demonstrated in differentiated
VSM [15,28]. MAPK transiently translocates to the surface
membrane during early activation of VSM, but undergoes
redistribution to the cytoskeleton during maintained acti-
vation [28]. It appears that during VSM activation DAG
causes translocation of cytosolic e-PKC to the surface
membrane, where it is fully activated. Activated e-PKC
stimulates the translocation of cytosolic MAPK kinase
(MEK) and MAPK to the plasmalemma, where they form
a surface membrane kinase complex. PKC causes phos-
phorylation and activation of MEK, which in turn phos-
phorylates MAPK at both Thr and Tyr residues. Tyrosine
phosphorylation targets MAPK to the cytoskeleton, where
it phosphorylates caldesmon and reverses its inhibition of
MgATPase activity and thus increases actin—-myosin inter-
action and VSM contraction (Fig. 1) [3,28].

10. PKC in hypertension

Increased expression/activity of PKC isoforms in VSM
could cause excessive vasoconstriction as well as trophic
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vascular changes leading to increased vascular resistance
and hypertension. a-PKC enhances Caz+—dependent VSM
contraction, and its overexpression has been implicated in
the pathogenesis of hypertension [29,30]. The Ca**-inde-
pendent e-PKC may increase the myofilament sensitivity to
[Ca*"); in VSM during hypertension [3]. 8-PKC is mainly
associated with the cytoskeleton and may play a role in
vascular remodeling in hypertension [6]. {-PKC is localized
in the nucleus and may promote the VSM growth associated
with hypertension [30]. In the following section, we provide
specific evidence for a role of PKC in some of the common
forms of experimental and human hypertension.

10.1. Aortic constriction model of hypertension

PKC activation and translocation have been demon-
strated in rat model of pressure overload and left ventri-
cular hypertrophy produced by banding or clipping of the
aorta [30]. The increased PKC activity is associated with
increased [3H]PDBu binding and PKC concentration in
both the cytosolic and membrane fractions [31]. Immuno-
blot analysis has indicated that the increased PKC activity
mainly involves BI-, BII- and e-PKC and is present mainly
in the membrane and nuclear-cytoskeletal fractions [31].
Other studies suggest that in VSM of normotensive rats, o-
PKC is localized in the cytosol, while {-PKC is located in
the perinuclear area. In VSM of hypertensive rats, a-PKC
is hyperactivated and concentrated at the surface mem-
brane while {-PKC is localized in the nucleus [30].

10.2. Genetic models of hypertension

Studies have suggested a role for vascular PKC in the
increased blood pressure in spontaneously hypertensive
rats (SHR). For instance, the susceptibility of norepinephr-
ine-induced contractions to the PKC inhibitor H-7 is higher
in aortas from SHR than WKY. H-7 produces a shift to the
right in the dose-response curve for the PKC activator TPA
in aortas of SHR, but not WKY [32]. Also, PDBu produces
increased contraction and greater reduction in cytosolic
PKC activity in SHR aortas than WKY vessels, suggesting
functional alterations in PKC during the sustained con-
traction of VSM in SHR [33].

Other studies have investigated the relation between
vascular contraction and PKC activity during the devel-
opment of hypertension in young (5-6 weeks) SHR. It has
been shown that high K™-induced contraction in intact
mesenteric arteries and the [Ca2+]i—f0rce relation in «-
toxin skinned vessels are not different in SHR and WKY.
PDBu augments high K™-evoked contraction and the
[Ca®*],—force relation, and the PKC inhibitors H-7 and
calphostin C suppress the responses more in SHR than
WKY. These data suggest that the Ca®* sensitivity of the
contractile proteins via PKC is greater in prehypertensive
SHR than WKY and may play a role in the development of
hypertension [34].

Studies have also investigated possible inborn differ-
ences in the proliferation of VSM cells of young (1-2
week) SHR and WKY and the role of PKC before the onset
of hypertension. Angll and ET-1 enhance thymidine incor-
poration into DNA, an indicator of DNA synthesis, in
cultured aortic VSM from WKY and SHR. The PKC
inhibitor chelerythrine suppresses Angll and ET-1-induced
DNA synthesis and VSM growth to a greater extent in cells
of SHR than WKY, suggesting an inborn increase in PKC
activity in VSM of SHR [35].

To assess the role of PKC in the control of vessel tone in
genetic hypertension in vivo, studies have examined the
effects of PDBu in the perfused hindlimb of anesthetized
SHR and WKY. PDBu infusion into the hindlimb causes
prolonged vasoconstriction and elevation of the perfusion
pressure that are inhibited by the PKC inhibitor stauros-
porine, and the maximal inhibition is greater in SHR than
WKY. These data provide evidence for a role of PKC in the
control of vascular function and blood pressure in vivo, and
further suggest an increase in PKC expression/activity in
the SHR model of hypertension [36].

10.3. Animal models of salt-sensitive hypertension

The role of vascular PKC in salt-sensitive hypertension
is unclear; however, PKC activity may be increased in
other tissues in this type of hypertension. In deoxycorti-
costerone acetate (DOCA)-salt-sensitive hypertensive rats,
the blood pressure and the heart to body weight ratio are
increased. The relative expression of a, y and &-PKC is
increased, whereas 8-PKC is not altered in cardiac extracts
of DOCA-salt rats. In cardiac fibroblasts from DOCA-salt
rats 8-PKC is increased, suggesting that the hearts of
DOCA-salt hypertensive rats are characterized by cell-
specific enhanced expression of a, vy, & or e-PKC [37].
Cardiac PKC may also show significant changes in Dahl
salt-sensitive hypertensive rats. Marinobufagenin, an endo-
genous ligand of a1 Na/K—ATPase, becomes elevated and
contributes to hypertension in NaCl-loaded Dahl-salt-sen-
sitive rats [38]. PKC phosphorylates o1 Na/K—ATPase and
increases its sensitivity to marinobufagenin [38].

10.4. Renovascular hypertension

PKC may play a role in animal models of renovascular
hypertension. Studies have assessed vascular function in
aortas from rats with two kidney—one clip (2K-1C) hyper-
tension and age-matched controls. In hypertensive rats,
PDBu-induced vascular constriction is enhanced, and
superoxide (O.,) production is increased compared with
controls. Vascular dysfunction and O, production are nor-
malized by superoxide dismutase and the PKC inhibitor
calphostin C. These data suggest that renovascular hyperten-
sion in 2K-1C rats is associated with increased vascular O.,
and impaired vasodilator function, possibly due to PKC-
mediated activation of NAD(P)H-dependent oxidase [39].
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10.5. Pulmonary hypertension

PKC may play a role in the pathogenesis of pulmonary
hypertension through specific effects on the pulmonary
vessels. For example, insulin-like growth factor I and PKC
activation stimulate pulmonary artery VSM cell prolifera-
tion. PKC activation also plays a role in pulmonary artery
VSM cell proliferation in response to hypoxia. In addition,
chronic hypoxia induces exaggerated growth responses in
pulmonary artery adventitial fibroblasts via specific PKC
isozymes [40].

10.6. Human hypertension

Studies have investigated the role of PKC activation in
the increased oxidative stress and growth responses in
VSM cells from resistance arteries of patients with essen-
tial hypertension. Angll causes an increase in reactive
oxygen species (ROS), that is enhanced in VSM from
hypertensives compared with normotensive subjects.
Angll stimulates phospholipase D (PLD) activity and
DNA and protein synthesis to a greater extent in VSM
cells from hypertensives than normotensives. The PKC
inhibitors chelerythrine and calphostin C partially decrease
Angll-elicited signals. These data suggest that in essential
hypertension enhanced oxidative stress and augmented
growth-promoting actions of Angll are associated with
increased activation of PLD- and PKC-dependent path-
ways and that these processes may contribute to vascular
remodeling in hypertension [41].

10.7. Hypertension of pregnancy and preeclampsia

Normal pregnancy is often associated with decreased
blood pressure, increased uterine blood flow and decreased
vascular responses to vasoconstrictor agonists [42]. The
decreased vascular contraction is associated with
decreased PKC activity in the uterine artery of pregnant
sheep and the aorta of late pregnant rats [42,43]. Also, the
expression and subcellular redistribution of the Ca*-
dependent a-PKC and the Ca®*-independent &- and (-
PKC are reduced during late pregnancy in rats [42].

In 5-7% of pregnancies, women develop preeclampsia
characterized by severe increase in vascular resistance and
blood pressure. Because of the difficulty of performing
mechanistic studies in pregnant women, animal models of
hypertension during pregnancy have been developed. We
have recently shown that the blood pressure is increased in
pregnant rats treated with the nitric oxide (NO) synthase
inhibitor L-NAME. Also, the vascular contraction, PKC
activity and the expression and subcellular distribution of
a- and 8-PKC are enhanced in L-NAME treated compared
with control pregnant rats. These data suggest that
increased expression/activity of specific PKC isoforms
may be involved in the increased vasoconstriction and
vascular resistance during hypertension of pregnancy [42].

PKC may also affect the vascular Angll receptors in
preeclampsia. In cultured neonatal rat cardiomyocytes,
immunoglobulin from preeclamptic patients enhances
AT, receptor-mediated chronotropic responses, whereas
immunoglobulin from controls have no effect. The PKC
inhibitor calphostin C prevents the stimulatory effect of
immunoglobulin on AT, receptor. Confocal microscopy of
VSM cells show colocalization of purified patient IgG and
AT receptor antibody. These data suggest that preeclamp-
tic patients develop stimulatory autoantibodies against AT
receptor, and the effect appears to be PKC-mediated. These
novel autoantibodies may participate in the Angll-induced
vascular lesions in preeclamptic patients [44].

11. PKC inhibitors in hypertension

Although in vitro studies suggest a role of PKC in
VSM contraction particularly in blood vessels of animal
models of hypertension, few studies have investigated the
in vivo effects of PKC inhibitors. Support for potential
benefits of targeting PKC in hypertension came from
studies using the antihypertensive compound cicletanine.
Cicletanine is effective in salt-sensitive hypertension, in
which dysregulation of the sodium pump plays a patho-
genic role and marinobufagenin, an endogenous inhibitor
of a1 Na/K—ATPase, becomes elevated and contributes to
hypertension. Dahl-S rats on 8% NaCl diet exhibit an
increase in blood pressure, marinobufagenin excretion,
left ventricular mass, and myocardial Na/K—ATPase, BII-
PKC and 8-PKC. Cicletanine-treated Dahl-S rats exhibit
reduction in blood pressure and left ventricular weight,
decreased sensitivity of Na/K—ATPase to marinobufa-
genin, no increase in BII-PKC, and reduced phorbol
diacetate-induced Na/K—ATPase phosphorylation. These
data suggest that PKC-induced phosphorylation of car-
diac a1 Na/K—ATPase is a likely target for cicletanine in
hypertension [38].

The in vivo effects of cicletanine possibly involve an
effect on the vasculature. In isolated human mesenteric
arteries, marinobufagenin induces sustained vasoconstric-
tion, cicletanine causes relaxation of this contraction, and
phorbol diacetate attenuates cicletanine-induced vasore-
laxation. In mesenteric artery sarcolemmal membranes,
marinobufagenin inhibits Na/K—ATPase activity, cicleta-
nine attenuates Na/K—ATPase inhibition, and phorbol dia-
cetate prevents the cicletanine-induced attenuation of
marinobufagenin inhibition of Na/K—ATPase. Cicletanine
also causes inhibition of rat brain PKC activity, and the
PKC inhibition is not observed in the presence of phorbol
diacetate. It appears that PKC phosphorylates oc1 Na/K—
ATPase and increases its marinobufagenin sensitivity.
Cicletanine, via inhibition of PKC, reverses marinobufa-
genin-induced Na/K—ATPase inhibition and vasoconstric-
tion. PKC is possibly an important factor for cardiotonic
steroid—Na/K—ATPase interactions on vascular tone, and
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may represent a potential target for therapeutic interven-
tion in hypertension [45].

12. Perspectives

The task of characterizing PKC 30 years ago is now
becoming more challenging by the discovery of at least 11
PKC isoforms. Each PKC isoform has a peculiar subcel-
lular distribution, a definite cellular substrate, and a spe-
cific cell function. This review highlighted the role of PKC
in VSM contraction and the vascular control mechanisms
of blood pressure; however, several points need to be
clarified and important questions remain to be answered.

In addition to VSM contraction, PKC isoforms may be
involved in VSM growth and hypertrophic vascular remo-
deling in hypertension. For instance, overexpression of o-
PKC in A7r5 VSM cells stimulates cell proliferation [46].
Also, {-PKC may contribute to aortic VSM growth [15,30].
The increased PKC activity in conjunction with elevation
of [Ca®*]; may exert trophic effects on the vasculature and
the heart, thereby explaining the narrowing of the lumen in
peripheral arteries and the cardiac hypertrophy of long-
standing hypertension [12].

Several studies have shown PKC localization to the cell
membrane during VSM activation, a property that could be
used for the diagnosis/prognosis of VSM hyperactivity
associated with hypertension. However, the subcellular
redistribution of activated PKC may vary depending on
the type and abundance of membrane lipids. For instance,
erythrocyte membranes of elderly hypertensive subjects
show increased cholesterol/phospholipid ratio and contain
higher levels of monounsaturated and lower levels of
polyunsaturated fatty acids as compared to normotensive
controls. However, the levels of membrane-associated
(active/preactive) PKC are not elevated, but rather reduced
in elderly hypertensive subjects. These alterations in PKC
distribution in elderly subjects are unlikely to be related to
the etiopathology of hypertension, but may correspond to
adaptive compensatory mechanisms in response to hyper-
tension [47].

PKC inhibitors could be beneficial in modulation of
VSM function in hypertension particularly when used in
combination with other modes of treatment. PKC inhibi-
tors could potentiate the vascular effects of Ca* channel
blockers. Also, targeting Ca**-independent PKC isoforms
could be effective in Ca”* antagonist-resistant forms of
hypertension. The effects of PKC inhibitors on vascular
function and blood pressure could also be potentiated by
inhibitors of Rho-kinase and MAPK-dependent pathways.
This is supported by reports that activation of RhoA/Rho-
kinase and subsequent inhibition of MLC phosphatase
contribute to VSM contraction and the enhanced vascular
tone in hypertension [48,49].

In addition to VSM, changes in PKC activity in the
endothelium could contribute to the regulation of vascular

function and blood pressure. PKC has been implicated in
the endothelial dysfunction in blood vessels of SHR and
DOCA hypertensive rats [50,51]. NO plays a major role in
the regulation of blood pressure, and an effect of PKC on
NO production/activity could cause hypertension. For
instance, renovascular hypertension in 2K-1C rats is
associated with impaired vasodilation and increased
vascular Os, likely secondary to a PKC-mediated activa-
tion of membrane-associated NAD(P)H-dependent oxi-
dase [38,52].

PKC may also contribute to the neuronal control
mechanisms of blood pressure. For example, the expres-
sion and redistribution of PKC isozymes is increased in
brain tissue of SHR [53]. Additionally, PKC may affect the
rennin—angiotensin—aldosterone system and the renal con-
trol mechanism of the blood pressure. Angll infusion in
rats causes hypertension and endothelial dysfunction and
increases O., production in vascular tissue. Some of the
effects of Angll on VSM are mediated by ET-1, a known
activator of PKC. Angll stimulates ET-1 production and
thereby vascular PKC activity to a greater extent in blood
vessels of SHR compared with normotensive control rats
[54]. Studies have examined whether angiotensin convert-
ing enzyme inhibitors, such as enalapril modulates vas-
cular PKC activity. It has been shown that cytosolic PKC
activity is higher in aortic media of SHR than in WKY or
enalapril-treated SHR, and the changes in PKC activity are
closely associated with the blood pressure. The membrane
PKC activity is detected in samples of SHR, but not in
WKY or enal-SHR. Also, the levels of a-PKC enzyme and
mRNA are higher in SHR than in WKY or enal-SHR.
These data suggest that the beneficial effects of angiotensin
converting enzyme inhibitors in hypertension may involve
changes in vascular PKC activity and the levels of a-PKC
enzyme and mRNA in VSM [55]. PKC could also affect
the Na*—Ca** exchange mechanism in the renal arterioles
leading to defective renal vasodilation in salt-sensitive
hypertension [56].

Targeting PKC isoforms could be useful in other dis-
orders/complications associated with hypertension, such as
diabetes, obesity, insulin resistance and the metabolic
syndrome. For example, glucose increases endothelial cell
permeability in association with activation of a-PKC.
Glucose also alters Na*/H* antiport activity and gene
expression in VSM cells via activation of PKC. Addition-
ally, an antisense complementary to the mRNA initiation
codon regions for a- and B-PKC promotes their down-
regulation and inhibits insulin-induced glucose uptake.
Furthermore, inhibitors of B-PKC ameliorate the vascular
dysfunction in diabetic rats and attenuate the progression
of experimental diabetic nephropathy in hypertension
[57,58]. Another major complication associated with
hypertension is left ventricular overload and cardiac hyper-
trophy. Alterations in PKC expression and autophosphor-
ylation have been demonstrated during the progression of
pressure overload-induced left ventricular hypertrophy
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[59]. Also, tissue levels of Angll increase during progres-
sion or ventricular hypertrophy and heart failure in hyper-
tensive rats, and may have differential effects on 3- and -
PKC [60].

Upregulation of PKC appears to play a pathogenic role
in multiple morbidities, such as hypertension, atherogen-
esis, insulin resistance, and cancer promotion—the “PKC
syndrome” [61]. Thus, to evaluate therapeutic efficacy of
PKC inhibitors in human, studies in animal models of
hypertension that have other comorbidities, such as
hypercholesterolemia, diabetes, and old age should be
carried out. Also, treatment of a particular PKC-mediated
pathological condition would require selective inhibition
of the expression/activity of the specific PKC isoform
involved. An important area of research has been to
develop knock out mice and transgenic animals that lack
certain PKC isoforms. Other areas of research have
focused on developing pharmacological tools that inhibit
specific PKC subspecies. The first generation of PKC
antagonists are not selective and none has fulfilled the
specificity criteria in the laboratory. The new PKC antago-
nists appear to be more selective; however, rigorous experi-
ments are needed before these compounds can be used
safely in human.
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