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Questionsexist about the mechanisms by which cells
of the cardiovascular and other specialized systems
recognizeand respond to hormonesand neurotransmitters.
The search for answers to these fundamental questions
about the innermost workings of pathophysiological
mechanismshas prompted atremendouseffort inresearch
over the last 30 years and has led to new frontiers of
knowledge, which have resulted in more than one Nobel
Prize. During thelast 20 years, the use of biochemical and
molecular methods has revealed that the beginning of the
cellular response occurs in membrane receptors. Several
typesand subtypes of thesereceptorshave beenidentified,
defining essential regulatory molecules such as acetyl-
cholineand noradrenaline. For example, sofar, fivedifferent
cholinergicreceptorsandfivedifferent adrenergic receptors
havebeen cloned and sequenced. All of thesereceptorsare
glycoproteinsthat haveregionswith substance, sequential
identity, and seem to be part of agreat family of receptors
that share structural similarities. The occupation of the
receptors by “primary messengers’ such as the catecho-
laminesand acetyl choline, regul atethe activation of oneor
more systems of effector “secondary messengers” in
responsive cells. These systemsincludeion channelsand
enzymes, such as adenylate cyclase (which forms cAMP)
and guanylatecyclase (whichformscGMP) 2,

At the beginning of the 1970s, Rodbell et al specu-
lated about the presence of more than one component in
the activation of adenylate cyclase by hormones, after
discovering theinvolvement in a stage where there was
participation by guanosine triphosphate (GTP). The
hydrolysis of GTP stimulated by hormones, observed by
Cassel and Selinger, was significant. The discovery by
Gilman et a of amembranefactor different from areceptor
or from adenylate cyclase led to the identification of this
element. In 1987, Alfred Gilman extensively described this
component asafamily of proteinscalled G-proteins, which
bind thefamily of receptorsand theintracellular effector
molecules'?,
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This review aimsto describe the innermost mecha-
nismsof cardiovascular diseasesat the biochemical level,
emphasizingtheroleof G-proteins. Thetext beginswiththe
presentation of basic concepts about the interaction
between “messengers’ that are part of the event cascade
that leadstointracellular responses of specialized cells. At
the subsequent stages, the properties of G-proteinsare
discussed aswell astheir roleonthecAMPand cGMPVvias,
stressing their importance in specific cardiovascul ar
diseases. Thisreview does not intend to exhaust the
subject, but to simplify it as much as possible, so that the
readers of the Arquivos Brasileiros de Cardiologia can
recycletheir knowledge about theinnermost mechanisms
of cardiovascular diseases.

Basic Concepts

Therearemechanismsby which abiochemical signal
generated by a hormone or neurotransmitter causes a
biological effect inside a cell. These mechanisms are
generically designated as“ signal transduction” and can be
divided into two basic groups: 1) transduction through
intracellular receptors; 2) transductionthrough cell surface
or membranereceptors(tablel)?3.

Intracellular receptors - In this system, the trans-
duction of the biochemical signal is performed through
intracellular receptors bound to the cytosol or to the
nucleus. The complex receptor-agonist binds specific
regionsof theDNA, causing anincreasein theexpression of
specific genes. In this case, the effects of the agonistsare
not immediate becausetimeis needed for the genic trans-
cription and for the subsequent translation of the mRNA.
Some examples of thistransduction through intracel lular
receptorsare:; steroid receptors, vitamin D andretinoicacid
receptors, and thyroxin receptors®.

Membrane receptors - Inthetransduction systemsthat
use thistype of receptor, the signal istransferred to the
intracel lular processesresponsiblefor thecellular responses
through asophi sticated systeminwhichthe G-proteinsthat
actinthecAMPand cGMPsystemstakepart. Theseproteins
represent afamily whosemembersincludethefollowing: 1)
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Gs—gtimulatetheadenylatecyclasethrough beta-adrenergic
receptors, and havearecently discovered effect of increasing
theconductanceof calciumintheheart; 2) Gi —seemstohave
multiplemethodsof inhibiting adenylatecyclasethroughthe
alfa2-adrenergicreceptors; 3) Gt—alsoknownastransducin,
bindsthe photoreceptor rhodopsininthereting; 4) Go—can
regulate calcium channels; 5) Gk —regul atesthe potassium
channels; 6) Gp—not yet well defined, can regul ate phospho-
lipases(tablell)®S.

All G-proteins are structurally very similar, being
composed of three subunits designated as alpha (a), beta
(b), andgammay(g). Thealpha-subunitisthemost characte-
ristic of each G-protein. Thisisthe subunit that usually
interacts with the receptor, binds GTP, and regulates the
effector systems. The G-proteinscan be studied by theuse
of bacterial toxins, especially the choleraand pertussis
toxin. Thecholeratoxin stimulatesthe Gs-proteins, and the
pertussis toxin inactivates the Gi-proteins. The effects of
these toxins have been tested in cellular culturesandin
cellular membranes, and lymphocytes and monocytes of
patients with heart disease have been used as substrates.
However, al thesemethodsarevery limited for clinical use
onalargescae*.

The activation of the regulatory G-proteinsis asso-
ciated with the agonist stimulation of the majority of the
receptorsbound to the cellular membrane. Thereforesome
agonist-receptor interactions facilitate the GTP binding
with an alpha-subunit of the protein and the G-proteinis
activated. Then, thisG-protein dissociatesfrom therecep-
tor causing decrease of affinity between the receptor and
the agonist, and the alpha-subunit isreleased (figure 1).
The distinct al pha-subunits derived from the different G-

Table I — Signal-transducing mechanisms

1) Intracellular receptors: steroid receptors, vitamin D receptors,
retinoic acid receptors, and thyroxin receptors.

2) Membrane receptors directly coupled with effector molecules.

A) Receptors bound to ion channels: cholinergic nicotinic GABA
receptors.

B) Receptors with catalytic activity: insulin receptors.

1) Membrane receptors coupled with effector molecules through
secondary messengers.

A) Receptors coupled with adenylate cyclase: adrenergic receptors,
glucagon, and epinephrine.

B) Receptors coupled with the phosphatidylinositol cycle and
diacylglycerol: muscarinic receptors, receptors A1, and growing
factors.

Table II — Main G-protein families

1) Gs- stimulates adenylate cyclase through beta-adrenergic receptors
and increases calcium conductance in the heart.

2) Gi - seems to have multiple forms of inhibiting adenylate cyclase
through alpha2-adrenergic receptors.

3) Gt - also known as transducin; binds the photoreceptor in the
retina.

4) Go - can regulate calcium channels.

5) Gk - regulates potassium channels.

6) Gp - not yet well defined, can regulate phospholipases.
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proteins can activate several intracellular processes. The
identity of thisG-proteinanditsrelationwiththe G-proteins
involving thea phal-adrenergic stimulation of phospholi-
pases C areunknown 6,

Unlike the intracellular receptors, the membrane
receptorsdo not directly regulatethegenic expressionand
can haveindirect effects. Based on signal transduction
mechanism, therearefour classes of membranereceptors:
1) neurotransmittersbound withion channel sof nervesand
muscles (ex. nicotinic cholinergic receptors, GABA
receptors, and receptors of glycine); 2) catalytic receptors
related to theenzymatic activity aspart of itsstructure, and
in the majority of the casesthe enzymatic activity isa
tyrosine-specific protein kinase (ex. insulin receptors); 3)
receptorsrelated to intracellular secondary messengers,
which act asreal signal amplifiers, because onemolecule of
thereceptor activatesseveral moleculesresponsiblefor the
intracellular effects. Inthiscase, many ion channelsarenot
directly coupled with their receptors, but work through G-
proteinaction?.

It should be stressed that the idea that G-proteins
provide the only system of signal transduction through
receptorsisfalse. Cumulativeeffortsof several laboratories
have contributed to the elucidation of signaling mecha-
nisms independent from G-proteins. These mechanisms
involve activation of severa signaling membrane mole-
cules, followed by a sequential stimulation of various
protein kinases collectively known as MAPK (mitogen-
activated protein kinase). The MAPK signaling cascade
amplifies and transmits signalsthat, eventually, activate
several regulatory moleculesin the cytoplasm and in the
nucleus to start cellular processes such as proliferation,
differentiation, and devel opment. Thiscascadeisnot only
restricted to the signaling of growing factors. Itisalso
related to pathways started by phorbol esters, ionophores,
and heat shock proteins.

Thehormones, the neurotransmitters, and thegrowth
factors can be considered signals, and the receptors
detectorsof thesesignals. Each component functionsasan
element of communication between extracel lular eventsand
chemical alterationsinsidethecell. Moleculesconsidered
“secondary messengers’ (so-called because they function
as an element of binding or transduction of the signal
originatedinthereceptorsand thefinal cellular effect) are
part of an event cascade that transformsthe binding of a
neurotransmitter or hormoneinace lular response. Thetwo
secondary messenger systemsmorewidely studied arethe
adenylate cyclase system and the cal cium/phosphatidy-
linositol system 34,

Cyclic AMP system (cAMP) - Theadenylatecyclase
isrelated to chemical signals emitted from the beta and
alpha2 receptors, whose actionsinintracellular processes
aremediated by G-proteins. Many active G-protein mole-
culesareformed from the activation of asinglereceptor.
The ability of the hormone or the neurotransmitter to
stimulate or inhibit the adenyl ate cyclase dependson the
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Fig. 1—Recognition and signal transduction related to adenylate cyclase system by coupling between receptor and Gs-protein. 1. Rest condition: free receptors do not interact with
Gs-proteins; 2. G-protein binding to the receptor activated by ahormone or neurotransmitter: the occupied receptor changesits shape and interacts with Gs-protein that releases
GDP and bindsto GTP; 3. Activation of adenylate cyclase: the alpha-subunit of Gs-protein dissociates and activates the guanylate cyclase; 4. Inactivation of adenylate cyclase:
GTPishydrolyzed in the alpha-subunit to GDP and adenylate cyclase isinactivated, returning to resting condition. (Adapted®).

G-proteintype: stimulating (Gs-protein) or inhibiting (Gi-
protein) (figures2 and 3) &%,

The next step of the cAMP “ secondary messenger”
systemisaccomplished through afamily of enzymescalled
cAMP-dependent protein kinases or protein kinases A
(PKA), which by thetransformation of ATPin ADPpromotes
the phosphorylation of the protei ¢ substrate responsiblefor
theintracellular effects. Not al protein kinases respond to
CcAMP. Therearesevera typesthat areindependent fromthis
system, such astheproteinkinase C (PKC) 34,

Many receptors respond to the action of hormones
and neurotransmitters by activation of a membrane
phosphodiesterase called phospholipase C, whichisalso
activated by the signal transduction by G-proteins. The
activation of the phospholipase C rel easestwo fragments:
1,4,5 phosphatidylinositol triphosphate (1P3) from
diphosphate (PIP2), and diacylglycerol (DAG). Thesetwo
molecules have synergic actions with the secondary
messenger molecules. 1P3 binds to receptors of the
endoplasmic reticulum, causing arapid release of calcium
fromintracellular reserves, allowing theformation of the
complex calcium-calmodulin, whichisamediator of severa
enzymatic actions. |P3isachemical signal of shortlife. It
israpidly dephosphorylated in PIP2 and PIP, which are
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inactive assecondary messengers. DAG seemstoincrease
the PK C affinity for calcium. Both secondary messengers
(IP3 and DAG) act synergically causing the protein
phosphorylation necessary for theintracellular effects®4.

Cyclic GMP system —cAMPand calciumarethetwo
most widespread secondary messengers. However, thecells
have more specialized signaling systems, including the
guanylatecyclasesystem (cGMP) and thenitric oxide(NO).
cGMPissmilartothecAMPsysteminmany ways, including
themembranereceptorsand G-proteins. Guanylatecyclase,
however, differsfrom adenylate cyclasebecauseit canbean
integral part of thereceptor, being, therefore, similar tothe
tyrosine-specific protein kinases. Many tissues contain a
form of cytosolic guanylate cyclase, non-coupled with
membranereceptors. UnlikecAM B which affectsawideran-
geof processes, cGM Pfunctionsasaspeci alized messenger,
related to smooth musclerel axation, platel et aggregation, and
thevisual system34,

ThecGMP system beganto beexhaustively studiedin
regard to the pathophysiology of the cardiovascular
diseases becauseit isthe final effector system of the NO
action and al so because of theimportance of therecognition
of theendothelial dysfunction asacauseor consequence of
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Fig. 2 - Simplified sketch of adenylate cyclase system including stimulating and
inhibiting receptor systems. Adenylate cyclase (AC) is activated by betal-
adrenergic receptors (betal-AC) viastimulating G-proteins (Gs) and inhibited by
inhibiting receptor systems (M2 — M2 muscarinic receptors; A1 — A1 adenosine
receptors) viainhibiting G-proteins (Gi). Adenylate cyclase activation can be
prevented by betal-blockers or, aternatively, by the activation of inhibiting recep-
tor systems. (Adapted'?).
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Fig. 3- Inhibiting G-proteins and their relation with varied types of receptors and
cellular responses. Gi - inhibiting G-protein; DAG - diacylglycerol; IP3 - inositol
triphosphate.

cardiovascular diseases. The event cascade that partici-
patesintheproduction andreleaseof NOisessentially Simi-
lar to the event cascade of the CAMP system. Thereisalso
the parti cipation of the G-proteinsbinding theinformation
coupled withmembranereceptorsof theendothelial cell to
the phosphatidylinositol pathway, whichreleasescalcium
fromitsendoplasmicreserves. After theagonist stimulation
of the endothelial cell, viareceptor/G-protein, the Pl P2
phosphodi esterase acts on the phosphatidylinositol 4,5-
diphosphate (PI P2) to generatediacylglycerol (DAG) and
inositol-triphosphate (IP3). Then, IP3 mobilizesthe
intracellular calcium while the PKC activated by DAG
promotes the influx of the extracellular calcium. This
hypothesisisconsistent with thefinding that, in culture of
endothelial cells, bradykinin or ADP stimul ates phospho-
lipase C to release | P3. In addition, the exogenous phos-
pholipase C can cause endothelium-dependent rel axation,
while the phospholipases B and D cannot. Furthermore,
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the endothelium-dependent vasodil atationisempowered
by theinhibition of diacylglycerol kinase. Theenzymethat
startsthe conversion of L-arginine to NO by the endo-
thelium, called nitric-oxide synthetase, isactivated by the
increase of the cytosolic calcium, which is mediated by
calmodulin.

G-proteins, endothelium, and nitric oxide - The
releaseof EDRF/NO (endothelium-derived relaxing factor/
nitric oxide) or other EDRFs, becauseit is postul ated that
there are more than one endothelial factor, can occur
through different pathways involving G-proteins and
independent mechanisms. The Gi-proteinisresponsiblefor
the mediation of inhibitory effects of receptorsin the
adenylatecyclasepathway. Littleisknownabout thesignal
transduction involving the synthesis or release of EDRF/
NO. An early stage of the majority of the responses
mediated by receptorsistheactivation of G-proteinsinthe
cellular membrane, which caninitiatethemodulation of a
variety of intracellular events(figure4) 2.

Therole of G-proteinsin the pathophysiology of the
vasospasm after global ischemiaand reperfusionisalso
unknown. Their participation was documented through
comparativestudy of vascular relaxation caused by sodium
fluoride, which could produce biphasic responsesin
human, bovine, and porcine coronary arteries, causing
specifically an endothelium-dependent relaxation and an
endothelium-independent contraction. Fluoride seemsto
releasean EDRFwith characteristicssimilar toNO. Italso
seemsto release a prostanoid that is sensitive to indome-
thacin and can besimilar tothe onedescribed. Fluorideacts
stimulating G-proteins to release these EDRFs. The
dysfunction of G-proteinsin theendothelium hasalso been
postulated asresponsiblefor theendothelial dysfunctionin
conditions of endothelial cell regeneration after injury,
atherosclerosis, and coronary vasospasm (figure5) 82,

G-proteins, cyclic AMP system, and
cardiovascular diseases

Myocardial ischemia —Severa alterationsseemtobe
responsible for the loss of function of adenylate cyclasein
theischemic myocardium. Thereisareversiblephaseof this
process characterized by the uncoupling of the G-protein
receptorsand asupposed all osteric dteration of thecatalytic
subunit, causing an increase of calcium in acompartment
nexttotheenzymaticactivity. Theirreversibleaterationof the
adenylate cyclase function, observed inischemiathat lasts
more than 30 minutes (global nhormothermal ischemia), is
assumedto bemainly, if not exclusively, caused by theaction
of freeradicals.

Severa studieshavedescribed anincrease, instead of
adecrease, in the density of beta-adrenergic receptorsin
the plasmatic membrane of ischemic hearts. Duetotheloss
of high-energy phosphatesin acute myocardial ischemia,
the coupling of betareceptors and signal transductionis
completely halted, with a preponderance of external
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Fig. 4 - Nitric oxiderelease pathway. R - receptor; Gp - G-protein; PLC - phospholipase
C; PIP2 - inositol diphosphate; IP3 - inositol triphosphate; NO - nitric oxide.
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Fig. 5- Intheischemialreperfusioninjury, thereisan impairment of nitric oxiderelease
dueto adefect of signal transduction through the membrane. The endothelial cells
maintain their capacity of nitric oxide production and release. Thisis apattern of
response toinjury inal cardiovascular diseases. R - receptor; Gp - G-protein; PLC -
phospholipase C; C-kinase - protein kinase C; PIP2 - inositol diphosphate; I1P3 -
inositol triphosphate; NO - nitric oxide. (Adapted from Evora®®).
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phenomenain relation to internal ones, leading to an
increaseof beta-receptorsinthecellular surface. Inthefirst
pathophysiological step of myocardial ischemia, duringthe
early desensitization, theuncoupling of G-protein receptors
iscompletely halted. Eventhe exogenousadministration of
catecholaminesto ischemic hearts cannot compensate for
this effect %10,

Asaready mentioned, adenylate cyclaseisregulated
by stimulating andinhibiting vias. Beta-adrenergicreceptors
activate G-proteinsincreasing enzymatic activity, whilethe
activation of theM 2 muscarinic receptorsand of the A 1 ade-
nosine receptors leads to activation of Gi-proteins, which
reduce the enzymatic activity. This adenylate cyclase
inhibition reduces both its basal and stimulated activities.
Therefore, atonic increase of theinhibiting activity of Gi-
proteinsresultsin a decrease of the response of adenylate
cyclase to stimulating hormones. The loss of the tonic
inhibition, ontheother hand, leadsto anincreased responsi-
veness or sensitivity of the adenylate cyclase system. This
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functional imbalance of G-proteins has been observedin
many model sof acutemyocardid ischemia WhileGs-protein
levelsremainintact during along period after theonset of an
ischemicinjury, Gi-protein levelsrapidly loosetheir func-
tiona activity. Themolecular mechanism of thisfunctional
impairment needs further study. With the extension of
ischemia, ageneral decreasein adenylate cyclase activity
was detected in many experimental models of acute myo-
cardial infarction (AMI). Recent studies detailing the
evolution of theacuteischemiahave shownavery rapid but
transitory activity of adenylate cyclase independent from
beta-adrenergic receptorsand G-proteins. Thisactivity can
beassociated with protein kinaseactivation 1.

Oneof themgjor complicationsof myocardial ischemia
istheoccurrenceof malignant tachyarrhythmias, which can
be partially explained by atransitory increase of cellular
sensitivity to the stimulation of adenylate cyclase by
catecholamines. Consequently, the prevention of the
stimulation of this enzyme by beta-blocking agentsis
efficient in the reduction of the incidence of these arrhy-
thmias. Therefore, the activation of guanylate cyclase can
also be prevented by endogenous mechanismsthrough Gi-
protein activation mediated by M 3 muscarinic receptors, by
A1 adenosinereceptors, and perhapshby a pha2-adrenergic
receptors. The activation of Gi-proteinsin myocardial
ischemiamay have some advantages, because they not
only represent an inhibition of the adenylate cyclase but
also promote hyperpolarization in the atriaand in the
conducting system. According to these considerations,
there isincreasing evidence that the activation of the
cholinergic system may prevent tachyarrhythmiasinduced
by ischemia. The potential benefits of the cholinergic
stimulus, however, can be attenuated because the inhibi-
tion of the pre-synaptic release of noradrenaline, mediated
by muscarinic receptors, is reduced during ischemia. In
addition, the response of the ischemic myocytes to
cholinergic stimuli mediated by M2 muscarinicreceptorsis
reversibly reduced during short periods of ischemia. This
can lead to reduction of the adenylate cyclase inhibition
and, therefore, contributeto themechanismsof arrhythmia
induced by ischemia. The prevention of the alterations
induced by ischemiain signal transduction by Gi-proteins
and/or selective activation of M2 muscarinic receptors
could be, with somerestrictions, apharmacol ogical alterna-
tiveinthetreatment of acute myocardial ischemial®,

The occurrence of malignant arrhythmias and the
extension of theinfarcted areafollowed by heart failure
(HF) determine the clinical evolution of the AMI. The
activity of the adrenergic system playsamajor roleinthis
evolution because acute myocardial ischemiaon severa
levelsleadsto an inadequate activation of the adrenergic
systemwitharapidincreaseof beta-adrenergicactivity and
functional impairment of Gi-proteins. Inadditiontothese
two mechanisms, thetransitory sensitization of adenylate
cyclasein the acute myocardial ischemiaoccursdueto a
changeintheenzyme, which canonly betotally blocked by
an inhibition of the protein kinase C. So, in addition to
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functional alterations of receptors and Gi-proteins, the
acutemyocardia ischemialeadsto arapid activation of the
protein kinase C by mechanisms not yet completely
understood. This process can directly activate theion
channels and the change Na+/H+, and influence in the
evolution of AMI.

To completethe specific review onmyocardia ische-
mia, something about remodeling should be said. Large
transmural infarctions lead to impairment of cardiac
remodeling, increasing therisk of congestive heart failure
(CHF). Angiotensin |1, endothelin, and al phal-agonist
receptorsareimplicatedinthe devel opment of myocardial
hypertrophy, interstitial fibrosis, and HF following AMI.
Duetothefact that these agonistsare coupled and activate
aGg-dpha-proteinintheheart, itispossiblethat thisprotein
isinvolved in remodeling mechanisms and HF following
AMI. Studieson experimental myocardial infarctioninrats
show anincrease of Gg-al pha-protein concentrationinthe
normal myocardium, intheborder of theinfarcted area, and
inhealing tissuesafter 8 weeksof evolutionwith moderate
HF. Anapparent increasein expression of phospholipaseC
was a so observed, aswell asasignificant elevation of the
activity of the phosphatidylinositol cyclein the borders of
theinfarct and healing tissues. These observationsindi-
catethat Gg-alpha/PL C-betacan play asignificant rolein
scar remodeling, aswell asin cardiac hypertrophy and
fibrosisof the survivingtissuefollowing AMI, suggesting
that this pathway may be a new target in altering the
remodeling process®,

Arterial hypertension - The impairment of beta-
adrenergicresponsivenesscan play asignificantroleinthe
development or maintenance of hypertension, or both. This
defect has been associated with aterationsin receptor/G-
proteininteraction. Consequently, afunctional impairment
of the vasodilating tonus can be significant in the patho-
genesis, maintenance, or both of the peripheral vascular
resistance elevated in hypertension®3,

Studies of hypertensive patients have shown an
impairment of parallel beta-adrenergicvasodilatationand a
reduction of adenylate cyclase activity in lymphocytes
stimulated by beta-adrenergic agents. Thisimpairment can
berelatedto adefect in G-proteinfunction, assuggested by
some studies conducted on lymphocytes of young hyper-
tensive patients 4,

Other studies on hypertensive and elderly patients,
also using human lymphocytes, have documented the
impairment of G-protein function even though unknown
and controversial factors still exist. Lymphocytes of both
hypertensiveand elderly patientshave shown adecrease of
the adenylate cyclaseactivity stimulated by isoproterenal.
However, the adenylate cyclase activity stimulated by the
aluminum/fluoride complex (that stimulates directly G-
proteins) was reduced only in hypertensive patients, and
this effect wasinversely proportional to the values of the
mean arterial pressure. |nyoung hypertensive patients, the
titration of Gs-proteinswith choleratoxinwassignificantly
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increased, but the immunodetected Gi-proteins did not
change. On the other hand, in elderly patients, the Gs-
proteinstitrated with pertussis toxin were significantly
increased. Unlikethislast finding, the Gi-proteinstitrated by
immunol ogical methodsdid not change.

It has been shown that G-proteins have asignificant
influence on platel et function, including abnormal activity
levelsin humans having non-insulin dependent diabetes.
A recent study on the adenylate cyclase activity in platel et
membrane preparations, where the levels of G-protein
subunits were measured by immunological methods (Gs-
alpha, Gi-alpha2 and beta), did not show any alterationin
their values. Thesedatado not agree with thetheory that a
common defect in G-proteinsmay explain the association of
hypertension and non-insulin dependent diabetes®®.

Studies of rats demonstrated arole of the altered
expression of G-proteinsin the regulation of adenylate
cyclase activity in the contraction force of cardiomyo-
pathiesof SHRrats. Thisstudy showed that the quantity of
Gi-alpha-protein, and not only the pertussissubstrate, was
increasedinthe membranesof hypertrophic heartsof SHR
rats without HF. The results of this study, using titration
with the pertussis toxin, were strongly dependent on the
quality of Gi-aphasubstrate. Theincreaseintheexpression
of thisG-protein subunit and the decreasein the number of
beta-adrenergic receptors reveal apossible role of these
binding proteinsin the regulation of adenylate cyclase
activity andinthecontractionforcein SHRrats. Therefore,
an increase in the expression of Gi-alphacan have a
pathophysiological rolenot only interminal HF, but alsoin
hypertrophic cardiomyopathy aswell %,

It isknown that cardiac hypertrophy induced by
hypertensionisapredictor of HF development. No cellular
marker isknown to contributeto the progress of compen-
sated hypertrophy to HF. In HF, several defects of signal
transduction lead to adesensitization of adenylate cyclase
such as proven by the downregulation of beta-adrenergic
receptors, increase in Gi-protein expression, and beta-
adrenergic receptor uncoupling, probably duetoanincrease
in kinase receptor activity. The mgjority of the studies of
hypertensive heart disease have been conducted using ex-
perimental modelsin rats. The mechanismsin model sfor
acquired and genetic hypertension arefrequently different,
but Gi-protein alteration and beta-adrenergic receptor
downregul ation have been often observed. These studies
suggest that the subjacent mechanisms of enzymatic
desensitization should be morerelated to the sympathetic
activity as a cause of hypertension than the genetic
alterations of the signal-transducing proteins. So far, the
available data have suggested that a beta-adrenergic
desensitization can represent amechanism that contributes
totheprogression of hypertrophy to heart failure. Themain
guestion remains if those patients who develop HF are
more predisposed to beta-adrenergic desensitization or if an
early intervention in the reduction of the sympathetic
activity ismore effectivein the prevention or delay of the
progress of compensated hypertrophy to overt HF 7.
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Through the analysis of the concepts abovereviewed,
it isevident that the role of G-proteins, when the cAMP
systemisconsidered, isstill very obscure with extremely
controversial questions, mainly when data of human
hypertensive patients are considered. Although thereis
evidenceof G-protein dysfunction, theresultsaredivergent,
revealing the nonexistence of adequate methodsof study in
thisarea.

Diabetes mellitus - Intheliver, thehormoneglucagon
increasesthe concentration of CAMP by adenylatecyclase
activation through a Gs-protein-mediated process. This
effect of glucagon is antagonized by insulin, through
molecular mechanismsthat are not well-known. However,
insulin receptorsexhibit tyrosinekinase activity and seemto
interact with G-proteins, maybe through the phospho-
rylation of theseproteins. Intypel diabetes, thecirculating
insulin levelsare abnormally low, allowing several meta-
bolicalterations, aswell asavariety of complicationssuch
asionic disorders, neuropathies, and respiratory and
cardiovascular alterationsthat are predisposed to infection.
Experimentally, it hasbeen demonstrated that type| diabe-
tescausesalossof Gi-protein expression. AsGi can couple
with receptorsbound to potassium channelsand exert an
inhibitory effect on adenylate cyclase, it is probable that
thistransduction protein can berelated to the alterations
of type| diabetes.

Integration of information between the pathways
mediated by tyrosinekinase and G-proteinsisnecessary for
insulinaction, but littleisknown about it. Experimentswith
transgenic rats show acritical participation of Gi-al pha2-
proteinintheinsulinaction. Deficiency of thisG-proteinin
the adipose and hepatic tissuesisrelated to hyperin-
sulinemia, impairment of glucose tolerance, and in vivo
resistancetoinsulin. Resistanceto insulin affects glucose
transportation activity, lipolysisregulation and glycogen
synthetase activation. Deficiency of Gi-alpha2-protein
influencestheactivity of protein-tyrosine phosphataseand
attenuatestyrosine phosphorylation stimulated by insulin.
Deficiency of thisGi-protein crestesamodd of resistanceto
insulin characteristic of the non-insulin-dependent diabe-
tesmellitus, implicating Gi-alpha2-protein asapositive
regulator of insulinaction .

The consequence of the metabolic alterations of dia-
betesisanincreasein therel ease of vasoactive substances
and proliferative agonists, which promote glomerular
hyperfiltration, hypertrophy, increase of matricial depo-
sition, and finally glomerulosclerosis. Several of these
autocrineand paracrineactionsarerelated to the receptor/
G-protein coupling with an increase of the tendency to
diabetic nephropathy 22,

The expression of tyrosine-kinase activity of the
insulin receptor represents an essential step inthe signal
transduction of insulin through target cell membrane.
Signal transduction beyond tyrosine-kinase levelsis not
yet understoodin details. Thepossiblemechanismsinvolve
phosphorylation of protei c substrates, activation of serine-
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kinase, interaction with G-proteins, phospholipases, and
phosphatidyl-kinases. Studies of multiple models of
insulin-resistant cells demonstrate that an impairment of
tyrosine-kinase responsetoinsulin stimulusisapotential
mechanism of insulin resistance. An impairment of the
effect of insulin on tyrosine-kinase in the major insulin
target tissues, particularly skeletal muscle, was demons-
tratedintypell diabetic patients (non-insulin dependent).
There is no evidence that the functional alteration of
tyrosine-kinasein the skeletal muscleisaprimary defect.
However, it isvery probablethat an abnormality in signal
transduction of theinsulin receptor by G-proteins signifi-
cantly contributesto the pathogenesisof insulin resistance
intypell diabetes®.

Inregard to vascular aterationsin diabetic patients,
experimental model sfailedto providedefinitivedata. Thus,
itisnot possibleto state that these functional aterations
arerelatedto alpha-adrenergic receptorsand their coupling
G-proteins. Experimentsusingimmunol ogical methodsdid
not show differences between Gi2, alpha3-proteins, and
Gql1lal pha-proteinsamong controls, theaorta, and the cau-
dal artery of diabeticrats. Therefore, aterationsin number
of alphal-receptorsor G-proteinlevel cannot aloneexplain
theincrease of the contractileresponse of diabetic arteries
through noradrenaline action. Although thereis no
definitive proof, perhapsdueto methodol ogical limitations,
itisexpectedthat anincreasein G-protein activity coupled
with alphal-receptors and with phosphatidylinositol/
phospholipase C cycle can be related to an increased
response induced by alphal-adrenergic stimulation in
diabetic arteries®,

Dyslipidemia - Theregulation of cholesterol intra-
cellular transportation ismediated not only by extracellular
concentration of lipoproteins and transcriptional res-
ponses to alterationsin intracellular content of free
cholesterol. In addition to thesefactors, the modul ation of
cholesterol transportation is also regulated by products
synthesized after the activation of signal-transducing
pathways originated in the cellular surface. Thesefactors
havebeenidentified, and theimportance of the generation
of secondary messengers, especially eicosanoids and
cyclic AMP, which influence the specific effects of pro-
atherogenesis 24, has been demonstrated.

Atherosclerosis - There certainly are mechanisms
related to the adenylate cyclase activity in atherosclerosis,
but they are, so far, unknown. An interesting study in
humans, using membranes of erythrocytes of patients
with chronicischemic heart disease, rel atesalterations of
Gs- and Gi-proteinsto coronary atherosclerosis. Patients
with decreased Gs-proteinshad Gi-proteinsalmost normal,
and those who presented increased Gi-proteins did not
show significant alterationsof Gs-proteins. Patientswith
increased Gi-proteins (Gsnormal) showed amore severe
deterioration of their coronary arteries than those with
decreased Gs-proteins (Gi normal). Asthesetwo groups
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did not present significant differencesin serum lipid
levels, hormones, medication, and clinical history data, it
seems evident that there is participation of G-proteins,
more specifically adysfunction of Gi-proteins, in atheros-
clerosis. In addition, the generation of secondary messen-
gers, especially eicosanoids and cyclic AMP, can have
specific pro-atherogenic effects.

Heart failure - Congestive heart failureisassociated
with inotropic and chronotropic hyporesponsivenessto
adrenergic stimulation, with decrease of Gs-a pha-proteins,
increase of Gi-al pha-proteins, and areductioninadenylate
cyclase activity %.

In HF, thereisastrong sympathetic activation, which
causes areduction of beta-adrenergic activity in these
conditions. In regard to membrane receptors, thereisa
downregulation of betal-receptorsand uncoupling of beta2-
receptors. Unlike upregulation of Gi-proteins, thereisno
alterationin Gs-a pha-proteinlevel sand betagamasubunits.
Theincrease of Gi-proteins alone can suppress adenylate
cyclase activity even in the absence of downregulation of
beta-adrenergic receptors. As cardiac hypertrophy isa
strong predictor of HF, these observationsindicate that the
desensitization of adenylatecyclaseby Gi-proteinscanbea
significant pathophysiol ogical mechanismintheprogression
of compensated cardiac hypertrophy toHF . Inaddition, Si-
milar aterationscan beobservedwithaging .

Major efforts have been devoted to understanding
how pathophysiological conditions, such asischemiaand
CHF, and the therapeutical methods used to treat these
conditionsalter or regulatereceptor systems. Itisvery clear
that the problemisnot restricted to thenumber of receptors;
it isalso related to interactions between them and G-
proteins. Recent evidence suggeststhat CHF in humansis
associated with adecreasein beta-receptorsandincreasein
thequantity of Gi-protein. Understanding alterationscan
bring significant knowledge to the devel opment of new
therapeutical methods. For example, trestment with abeta-
blocker withintrinsic mimetic activity (metoprolol) restores
reduced levels of beta-receptor density. Studies using
biopsies of patients with CHF showed that the use of
metoprolol, unlikethetraditional treatment with digitalis,
diuretics, and angiotensin converting enzymeinhibitors, led
to asignificant reduction of 74% of Gi-proteinsand a
selectiveincrease of betal-receptors®. Therefore, we can
conclude that the possible beneficial effects of beta-bloto
withapartial reversion of Gi-protein upregul ation and beta-
receptor downregul ation.

G-proteins, the cyclic GMP system and
cardiovascular diseases

The cyclic GMP system began to be exhaustively
studied after the experimental conclusionwasreached that
EDRF was NO, which when spread to smooth muscle
caused vasodilatation by stimulating guanylate cyclase.
Later studiesestablished adirect link between endothelial
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dysfunction and the pathophysiology of cardiovascular
diseases.

Myocardial ischemia — After global myocardial
ischemiafollowed by reperfusion, coronary arteries|oose
their ability to express vasodilatation depending on
endothelium and mediated by receptors. Ontheother hand,
the endothelium-dependent relaxation mediated by iono-
phorecal cium A23187, which doesnot depend on receptor
stimulation, is unaltered. In addition, the endothelium-
dependent vasodilatation produced by exogenous phos-
pholipase Cisalso normal, but therel axation produced by
sodium fluoride, which acts through G-proteinsthat are
sensitive to the pertussis toxin isimpaired. These data
indicatethat theimpairment inthe production of EDRF/NO
mediated by receptorsfollowing reperfusionlesion can be
due to a G-protein dysfunction that binds the endothelial
cell receptorsto the EDRF/NO synthesis pathway. When
endothelia dysfunctionisstudiedin cardiovascul opathies,
acommonlink canbefound, similar tothat describedinthe
experiments with the global ischemiamodel followed by
reperfusion. Similar to what wasobservedinthismodel, a
pattern of functional impairment of receptors and of the
signal transduction represented by G-proteins can be
noted. On the other hand, the cell capacity to produce
EDRF/NO remains unaltered, as well asthe function of
vascular smooth muscle. This pattern of impairment is
common to arterial hypertension (AH), dyslipidemia,
atherosclerosis, diabetes mellitus, Raynaud’' s pheno-
menon, HF, AMI, etc568,

Arterial hypertension - NO stimulatesADP-ribosy-
lation of cytosolic and membrane proteins. ADP-ribosyl-
transferase alters several intracellular and membrane
proteins, including G-proteins. With ADP-ribosylation of
the G-proteinsof vascular smooth muscle, thereisactiva-
tion of adenylate cyclase and reduction of phospholipase
C, leading to vasodilatation. In AH, thechronic reduction
of cGMP activity withadecreaseinNOreleaseleadstoa
reduction in G-protein activation and an increasein
sensitivity to vasoconstricting agonists ®.

Diabetes mellitus - Vascular reactivity in diabetic
modelsisimpaired, with a higher possibility of diffuse
atherosclerotic disease. Therelease of NO is decreased,
alowingtheinference, asin other model sof cardiovascular
disease, that thereisimpairment of signal transduction at
the level of receptor/G-protein coupling in the cGMP
system, asoccursinthecAM P system. Glucose stimul ates
invivoandinvitrothesecretory and mitogenicactivitiesof
beta cells of the pancreas that produce insulin. The
mechanisms of this action remain little understood. It is
known that glucose stimulatesreplication, insulin secretion,
and cCAMP formation. These effects can be imitated by
cAMP agonists depending on protein kinase, but not by
cGMP Thepre-treatment of pancreaticidetswith pertussis
toxin, which regulates signal transduction through G-
proteinsrelated to the cGMP system, completely inhibits
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thestimulatory effect of glucose onthemitogenesisof beta
cells of the pancreas, but does not inhibit the secretion of
insulin. Thusit is possible to conclude that the activation
of protein kinase C or the synthesis of CAMPisenough to
increase mitogenesis and insulin secretion, while cGMP
does not affect these processes. There is experimental
evidencethat CAMP does not take part in the mitogenesis
andinthesecretory action of glucose. Ontheother hand, it
seems that signal transduction through G-proteins and
activation of protein kinase C is necessary to the message
induced by sugar in regard to mitogenesis, but not to the
secretory activity of betacellsof the pancreas®!.

Inamodel for type | diabetes (insulin-dependent)
produced by streptozotocin in rats, the alteration of the
mechanisms of signal transduction in the retina has been
demonstrated sincetheearliest tages. Experimenta dataare
strongly suggestiveof G-protein deterioration, especialy Gi
(senditiveto pertussistoxin), indiabeticretina®.

The alteration of vascular reactivity and predis-
position to atherosclerosisrel ated to deficient production
of NOindiabetesarevery well known. Asthismediator acts
through cGM P, the partici pation of the G-proteinsinvolved
inthissystemin the pathogenesis of diabetesisevident.

Dyslipidemia - Theexplanationsfor impai rment of en-
dothelium-dependent vascul ar relaxationin hyperchol este-
rolemiaincludeadterationsin signal transduction, deficiency
in the substrate (arginine) of the enzyme NO synthetase,
alterations of this enzyme or one of its co-factors, and
excessivedestruction of NO by the superoxideanion.

Thelysophosphatidic acid isanatural phospholipid
that affectstheintracellular signaing pathwaysin situations
of vascular wall aterationsthat can precedetheonset of athe-
rosclerosis. Thisphospholipid causesanincreasein cytosolic
calciuminthepresenceor absenceof extracellular calcium,
strongly stimulatesthechange Nat+/H+ andthemitogenesis-
activated protein kinase. These effects are blocked by per-
tussistoxin, demonstrating that the effects of thelysophos-
phatidic acid on signal transduction pathways and on the
action of growing factorsare mediated by G-proteins®.

Another significant fact isthat hyperchol esterolemiais
associated with areduced guanylate cyclase response
through the action of nitrovasodilatorsin smooth muscle.

Atherosclerosis - |n atherosclerosis and associated
conditions, theimportance of adefect in endothelial signal
transductionisdemonstrated by impairment of endothelium-
dependent rel axations. Theserel axations, whicharesensitive
to pertussistoxin, are markedly altered in experimental
atherosclerosisinpigs. Gi-proteinexpressionisdecreasedin
atherosclerosi sand associated conditionsin human coronary
arteries. Therefore, thedysfunction of Gi-proteins(sensitive
to pertussistoxin) can contribute to impairment of endo-
thelium-dependent relaxationin atherosclerosis®.

Pertussis toxin selectively promotes ADP-ribosy-
lation of certain G-proteins(specialy Gi). Inthemodel that
usesporcinecoronary arteries, thistoxininhibitstherelease
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of NO induced by certain agonists (serotonin, alpha2-
adrenergic agonists, leukotrienes, thrombin), but not all
(bradykinin, ADP), endothelium-dependent vasodilators,
suggesting that both Gi and Gg-proteins can be coupled
with activated receptorsto increase the cytosolic calcium
concentration necessary for NO synthetasestimulation. In
arterieswithregenerated endotheliumandinendothelia cell
culture, NO release induced by pertussis toxin-sensitive
mechanisms is markedly reduced or absent, but the
response to other agonistsis normal. Based on these
experiments, it is possible to consider that a Gi-protein
abnormal function, morethanareduction, or areductionin
membrane receptor sensitivity can predispose vessel wall
to vasospasm and onset of the atherosclerotic process®.

Lysophosphatidylcholine can activate proteinkinase
Cinintact vessdls, leadingto anincrease of superoxideradi-
cal production. Thisactivationcanasoater NOreleasein
responseto acetylcholine. Thus, asNOisclosely related to
the cyclic GMP system and its G-proteins, it isworth
stressing that the reduction of atherosclerotic vessel
relaxation can be related to a greater production of supe-
roxide radicals, with important consequences in the
atherosclerotic process®.

Heart failure - NO inhibits the positive inotropic
action to beta-adrenergic stimulation in humanswith left
ventricular dysfunction dueto idiopathic dilated cardio-
myopathy, but not inindividual swithout HF2*°,

InHF, inadditionto thealready mentionedimpairment
of vascular relaxation mediated by CAMP, thereisalso
impairment of rel axation mediated by cGMP(NO). InHF, the
spontaneousrelease of NOispreserved or increased, while
the stimulated release, including during exercise, is
impaired. Furthermore, thereisthe possibility that myo-
cardial NO production, as an activity of cytokines and
expression of theinducibleform of NO synthetase (NOS)),
can berelatedto acontractile defficiency *.

The specific bibliography, as extensive as possible,
relating HF, cGM P system and G-proteins, doesnot reveal
workswith specific mentionto signal transduction proteins.
However, asthereareinnumerableworks(much fewer than
the onesrelated to the cAMP system) showing functional
alterationsassociated with thecGM P system, onecan state
with reasonabl e saf ety that thereisimpairment of G-protein
signal transduction. It can also be speculated that this
function can be normal during rest and impaired during
exercise or other conditions of beta-adrenergic or choli-
nergic stimulation. This speculation is based on the
aterationsof impairment of NOreleaseand onthesimilarity
of the behavior of Gs-proteinsin ischemic and dilated
cardiomyopathies, wherethey arereduced 4>+,

Conclusion

Thecrucid rolethat G-proteinshaveontransmembra-
ne signal transduction has been emphasized by the rapid
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expansion of thelist of receptors and effector molecules,
which are coupled by G-proteins. These proteins are
equalized to allow discrimination and diversification of
cellular signalsin cytosolic medium. The use of an evolu-
tionarily preserved” GTPasewatch” by G-proteinsimplies
the knowledge of the basic biological rolethat these pro-
teinsmay play. Theknowledgeof thisaltered expressionor
function of G-proteinsin human diseasesis an ever-
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emerging subject. Itisnot surprising that the deficiency of
expression or altered formsof theseimportant proteinsmay
leadto global or restricted metabolic disorders, depending
onthedistribution and role of G-proteins. Human diseases
including al coholism, endocrine diseases, neoplasias, and
cardiovascular diseasesdiscussedinthistext arecurrently
recognized as partial consequences of the impairment of
expression or function of G-proteins®,
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