
[Frontiers in Bioscience, 3, e23-38, April 27, 98]

23

VASCULAR SMOOTH MUSCLE, ENDOTHELIAL REGULATION AND EFFECTS OF ASPIRIN IN HYPERTENSION

Munir A. Rahmani

Division of Science and Mathematics, Bethune-Cookman College, Daytona Beach, FL 32114

Received 3/25/98 Accepted 3/30/98

TABLE OF CONTENTS

 1. Abstract
 2. Introduction
3. Regulation of VSM Contraction and Relaxation
4. Endothelial Mediation

4.1. Endothelins
4.2. Arachidonic Acid Metabolites
4.3. Nitric Oxide

 5. Endothelium in Hypertension
6. Aspirin and its Therapeutic Usage
            6.1. Role of Cyclooxygenase in Pharmacology of Aspirin
            6.1.1. Effects of Cyclooxygenase Inhibition in SHR and WKY rats
6.2.  Effects of Aspirin on Vasoreactivity
            6.2.1. In Vitro Effects
            6.2.1.1. Vasoreactivity of aortic rings with intact endothelium
            6.2.1.2. Vasoreactivity of aortic rings denuded of  endothelium
            6.2.2. In Vivo Effects
            6.2.2.1. Intraperitoneal administration of ASA and aortic Contractility in Female SHR Rats
            6.2.2.2. Effects of in vivo administration on aortic contractility and blood pressure in male SHR rats
            6.2.2.3. Ca2+ Conductance as Measured by Active Tension Generated by Aortic Rings
            6.2.2.4. Effects of ASA on Systolic Blood Pressure
7. Significance
8 Acknowledgments
9. References

1. ABSTRACT

Dysfunction of vascular smooth muscle
(VSM) is at the center of occlusive disorders of the
cardiovascular system such as hypertension,
atherosclerosis, coronary artery disease and hypoxia.
  In addition to circulating biogenic amines and various
neurotransmitters originating from the central nervous
system and endocrine system, various autocoids of
arachidonic acid metabolism in the blood as well as in
the endothelium play an important regulatory role in
the maintenance of the tone and the contractile function
of VSM.   A monolayer of endothelial cells lining the
heart and large blood vessels is responsible for
producing and releasing both endocrine and paracrine
substances such as endothelins, nitric oxide,
prostaglandins and prostacyclins. Aspirin,
(acetylsalicylic acid/ASA) an ancient remedy against
fever and pain, is emerging as an effective drug not only
against occlusive disorders but also against various
cancers and the AIDs virus.   During pregnancy induced
hypertension (PIH) and in occlusive disorders, aspirin
provides relief through inhibition of cyclooxygenase, an
enzyme required for the metabolism of arachidonic acid
to produce prostaglandins and prostacyclins in
platelets and in endothelial cells. Because of its unique
molecular constitution, synergistic ability and solubility
in the lipidic environment, various mechanisms of
aspirin's actions are being currently

investigated. In this review, the effect of aspirin on the
regulation of VSM in the presence and absence of
endothelium are discussed.

2. INTRODUCTION

Every day, new benefits of aspirin as a
wonder drug are being discovered by investigators and
clinicians.  This review will concern itself with Vascular
Smooth Muscle (VSM) regulation via endothelial
mediation and will address the direct and indirect
effects of aspirin (acetylsalicylic acid) on the
contractility of VSM.  It is important to understand the
mechanism of aspirin action as it is being prescribed
increasingly for the management of various occlusive
disorders of the vascular system and other pathologic
conditions.  It is the acetylation and consequent
inhibition of the enzyme, cyclooxygenase, by aspirin
which renders it so effective in the management of
disorders of the vascular system.  In addition to
platelets, cyclooxygenase is found in the endothelial
lining of the heart and the blood vessels.

VSM is regulated by a wide variety of
factors including neuropeptides, biogenic amines,
prostanoids and endothelium-derived vasoactive
substances. The force generated by VSM corresponds
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to the concentration of intracellular free calcium ion
[Ca2+]i which is released  from intracellular stores or
imported from extra cellular pools of Ca2+, through
various channels (1).  The myocyte relaxes when Ca2+

returns to sarcoplasmic stores or is extruded to the
extracellular space.  Impairment of VSM functions is at
the center of an array of cardiovascular pathologies
such as arteriosclerosis, coronary heart disease, stroke
and  hypertension (2).  Most of these abnormalities are
manifested in an impedance of Ca2+ conductance to and
from intracellular and extracellular Ca2+ stores (3,4).  
Similarities exist in VSM and striated muscle
physiology.   However, unlike cardiac and skeletal
muscles, many blood vessels remain in a contracted
state for long periods of time.  There is no refractory
period or fatigue in VSM.  Also, VSM contraction is
mostly tonic in nature.  The force maintenance
mechanism in VSM termed the “Latch State” is
extremely energy efficient (5).  Maintenance of the
latch state requires Ca2+; however, the levels are
considerably lower than those measured during the
early phase of activation (6,7,8).

This review will include a short description
of the regulation of contraction and relaxation of VSM
and the role of Ca2+ in this event.   The discussion will
focus on the role of the endothelium on the conductance
of Ca2+ in VSM in normotensive and hypertensive
conditions. Since, cyclooxygenase in the endothelium is
responsible for vasoactive metabolites of arachidonic
acid, the effects and interaction of aspirin on the
regulatory functions of endothelium will be discussed.
 Finally, a discussion of some of the direct effects of
aspirin on VSM  in the absence of endothelium will be
considered and the possible mechanisms for such
effects will be suggested.

3. REGULATION OF VSM CONTRACTION AND
RELAXATION

The contraction and relaxation of VSM is
regulated by the [Ca2+]i.  Free [Ca2+]i makes a complex
with calmodulin which activates myosin light-chain
kinase (MLCK).   The activated MLCK
phosphorylates LC20, one of the two light-chain
subunits of myosin.  Phosphorylation of LC20 is the
signal that activates cycling of actin and myosin cross
bridges, which in turn initiates contraction in VSM
(1,9).  The relaxation of smooth muscle comes about
with the decomposition of acto-myosin cross bridges.
 For this to happen, myosin is dephosphorylated by a
phosphatase that is not Ca2+ dependent (10). 
Relaxation of VSM requires re-sequestering of calcium
by the sarcoplasmic reticulum (SR).  The re-
sequestration of calcium is assisted by a Ca2+pump at
the plasma membrane (1) and  extrusion by a different
Ca2+ pump (11,12).

4. ENDOTHELIAL MEDIATION

Large blood vessels and the heart are lined by
a monolayer of endothelial cells.   Under normal
conditions endothelial cells are the only cell type that
are in direct contact with the blood (13-16).  Since
Furchgott and Jawadzski demonstrated in 1980 that
acetylcholine-evoked relaxation of blood vessels is

dependent upon the presence of intact endothelium, it
has become  increasingly clear that the endothelium
plays a major role in the control of regulation of vascu-
lar tone, growth, and adhesion (14,17-33).  Endothelial
cells synthesize vasoconstrictor and vasodilator
substances, inactivate circulating hormones, convert 
inactive precursors into vasoactive mediators and
growth factors. The endothelium also responds to flow
and /or shear stress, blood borne agents and cells. 
Consequently, it exerts influence on VSM tone, and
plays a role in angiogenesis, VSM proliferation and
differentiation (13,14,16,17,21,22,25,27,28, 31,34-36).
 Both contracting and relaxing types of vasoactive
substances are produced and released by the
endothelium in blood vessels and affect VSM. 
Contracting factors of endothelial origin are:   a.  Three
types of Endothelins which are peptides that contain
21-amino acids and two disulfide bridges (30). b.
Metabolites of arachidonic acid (AA), prostacyclins
and prostaglandins synthesized through the mediation
of cyclooxygenase such as thromboxaneA2 (TXA2),
prostaglandin H2 (PGH2), Prostacyclins (PGI2 ,PHE2),
and prostaglandin F2 (PGF2) (15,33,37-39). c.
Endothelium-derived contracting factor (EDCF1) during
hypoxia (32,38,40) and prostaglandin H2 also known as
endothelium-derived contracting factor 2 (EDCF2) (41).
  A major vasorelaxant of endothelial origin is
endothelium-derived relaxing factor (EDRF)  which has
been identified as nitric oxide (NO) (15,42). Other
known vasoactive substances are a hyperpolarizing
factor of unknown nature named endothelium-derived
hyperpolarizing factor (EDHF) (43,44) and angiotensin
II (ATII )  (15,33,45).   Additionally, mechanical
processes like shear stress due to circulating blood in
vessels can up-regulate the nitric oxide synthase gene in
endothelium and can also induce VSM relaxation during
exercise.   The latter response is immediate and is not
regulated at the gene expression level, but has been
proposed to involve tyrosine kinase activity (15,46,47).

4.1 Endothelins
Endothelins are a powerful family of

vasoconstrictors that contain 21 amino acids (30).  
Analysis of endothelin (ET) genes has revealed the
existence of three distinct ETs, designated ET-1, ET-2
and ET-3.   Because of structural similarities with
certain neurotoxins, ET-1 is thought to activate directly
the voltage-operated Ca2+ channels (26) and
phospholipase C (48), thus bringing about contraction.
  ET-1 is also reported to activate phospholipase A2
(48,49).   Three receptors, ETA, ETB and ETC, have
also been described for ETs on the VSM cells.   Of
these, ETA has been identified as the receptor that
regulates tone and growth in VSM cells through the
action of ET-1 (18,30,48, 50,51).  It has been proposed
that ET-1 is a mediator of the pressor response to hy-
poxia and endothelium plays a modulatory role in these
responses (40).   In porcine arteries, ET-1 was
determined to be capable of attenuating its own
vasoconstrictive activity,  and PGI2 could attenuate
ET-1-induced contraction without altering cAMP levels
(52). However, in the rabbit abdominal aorta, ET-1 is
reported to stimulate the liberation of vasorelaxant NO
(33).   In rat aortic rings, ET-1-induced contraction and
PGI2 release maintained in part  by Protein Kinase C is
due to increased influx of extracellular calcium (49). 
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Studies have shown that, during hypoxia, ET-1 release
is augmented in humans (53).   It is thought that
endothelium-derived relaxing factor, nitric oxide, and
angiotensin-(1-7) mechanisms may act synergistically
 to buffer the increase in vascular resistance during
renovascular hypertension (54).   ET-1 was shown to
induce the release of prostaglandin H2, which is also
known as EDCF2, from the endothelial cells of rat aorta
(41).  Increased synthesis of ET-1 is reported during
cyclosporin-induced hypertension in rats (55).  
Isolated rat thoracic aortic rings have been reported to
relax in response to ET-3 induced NO release from
endothelium via ETB receptor.  As a result of NO
release, soluble guanylate is activated which
subsequently produces cyclic GMP. The enzyme
contributing to NO formation is suspected to be of the
calcium-calmodulin-dependent, constitutive type (56).
 ET-1 in humans is shown to have a transient
vasodilatory effect followed by a pronounced
constrictive effect when applied luminally.  The
vasodilator effect also involves the endothelial
cyclooxygenase pathway, suggesting that there is a
complex interplay of endothelial mechanisms for
vasoconstriction as well as vasodilation (35,57).

4.2. Arachidonic Acid Metabolites
Arachidonic acid (AA) metabolites

synthesized through the mediation of cyclooxygenase
are prostacyclins (PGI2), prostaglandins PGH2, PGE2,
and PGF2 (33,38,58,170).  Another AA metabolite
synthesized by cyclooxygenase is thromboxaneA2
(TXA2).  However, the site of TXA2 synthesis is the
platelets.  Endothelium-dependent contraction can also
be mediated by activation of cyclooxygenase and PGH2
and TXA2 receptors (38,41,59,60).  The endothelial
pathway has been implicated in ET-1 induced
vasodilation in humans, suggesting a complex interplay
between the vasoactive agents of endothelial origin (57).
 It has been reported that E-series prostaglandins
produce relaxation and at the same time, increase [Ca2+]i
levels in isolated rat aortic muscle, leading to activation
of Ca2+-dependent K+ channels. Very low effective
concentrations of PGEs (50-100 nM) support the idea
of receptor-activated mechanism in the VSM (61).  For
the most part, the vascular endothelium functions in a
paracrine fashion.  However, the endocardial
endothelium has been found to produce copious
amount of PGI2 during hypoxia.  The spillover from
hypoxia-induced endocardial secretion of PGI2 has been
found to affect the vessel muscles downstream from the
heart.  Thus, endocardial endothelium acts in an
endocrine manner in addition to its paracrine effect on
myocardium (62).  In the endothelium, arachidonic acid
metabolism mediated by the enzyme cyclooxygenase is
known to be inhibited by acetylsalicylic acid and
indomethacin (63-68).

4.3. Nitric Oxide (NO)
Exposure to increased NO desensitizes VSM

to vasoconstrictors (69,70) and attenuates the relative
rate of protein synthesis in the endothelium and VSM
(71).  NO is an inhibitor of platelet aggregation and is
produced in the endothelium as well as in the plasma
membrane of VSM cells via  the mediation of the
enzyme, NO-synthase (NOS) (30).  In the endothelium,
NO is synthesized when hormones and autocoids like

acetylcholine, bradykinin and substance P act on
specific receptors or when the endothelium experiences
increased flow and shear stress (15,46,47,72).   The
release of NO by calcium ionophore is independent of
receptor activation (33,34).    In rat aortic rings, NO is
 also reported to be produced in response to ET-3
stimulation (73).  It is now well established that NO
accounts for all oxygenated nitrogen species such as,
dinotrosyl-Fe2+ or S-nitrosothiol, synthesized
enzymatically from L-arginine (20,34,72, 74-76).   NO-
Synthase the NO producing enzyme is a reduced
NADPH-dependent dioxygenase.   Three isozymes of
inducible and constitutive types exist as isoform I, II
and III (72,77).  The inducible isoform II is Ca2+-
independent and found mostly in cytokine-activated
cells such as macrophages, smooth muscle cells and
endothelial cells.  The constitutive isoform I and
isoform III of NO-synthase are found mainly in
neuronal and endothelial cells respectively and are
Ca2+/calmodulin dependent (77,78). The constitutive
type has a basal level of production in endothelial cells.
 However, higher levels of the constitutive type can be
produced in the endothelium through receptor
dependent as well as independent stimulation (72).  
Human genes for these three isozymes have been
localized on chromosome number 12 region 12q24.1 to
12q24.3 for isoform I (79), chromosome number 17
region 17p11-17q11 for isoform II (80) and
chromosome number 7 region 7q35-7q36 for the
isoform III (81).   Endothelial dysfunction associated
with aging and hypertension results in reduced
production of NO in heart and large blood vessels
(30,45,52,77,82).   Recently, it was demonstrated that
NO from the endothelium, through the mediation of
cGMP, inhibits ET-1 activated Ca2+-permeable non-
selective cation channels in rat aortic VSM (52,83) and
activates both ATP- and Ca2+-dependent K+ current in
 small mesenteric arteries of rat (84).   Thus, it is clear
that NO of endothelial origin is an important agent for
the regulation of vascular reactivity.

5. ENDOTHELIUM IN HYPERTENSION

Under normal physiological conditions, the
endothelium plays a protective role in the circulation
by releasing substances that prevent platelet
aggregation, vasoconstriction, and smooth muscle
proliferation.   During pathological conditions, the
protective role of endothelium is diminished and the
activity of the contracting factors becomes more
pronounced (38).  The precise onset of endothelial
dysfunction has not been determined yet as
acetylcholine and nitroprusside induced relaxation is
unimpaired in arteries of young hypertensive (10 to 14
week-old) SHR rats (22).   As reviewed by Hughes, in
response to increased blood pressure, endothelial cells
undergo changes in shape, increase in height, and
develop non-uniform nuclei (1).  Endothelial cell
replication is reported to be increased in aorta.  
Morphological changes are accompanied by functional
changes in the endothelium.   Hypertension results in
increased permeability of the intima to albumin
lipoproteins, horseradish peroxidase and ferritin. 

  Endothelium-dependent relaxation is
attenuated in several animal models of hypertension
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both in vivo and in vitro.  This reduction in
endothelium-dependent relaxation is associated with a
reduced production of NO and a reduced
responsiveness to acetylcholine (14,15,38,46,82,85).
  Aortic smooth muscle cells in Spontaneously
Hypertensive Rats (SHR) have been reported to
accumulate greater amounts of cGMP than Wistar
Kyoto (WKY) cells in response to endogenous or
exogenous NO, possibly because of increased levels of
soluble guanylate cyclase (86).  Elevated levels of ET-1
are observed in hypercholestrolemia, atherosclerosis,
pulmonary hypertension, experimental renal
hypertension and scleroderma (15,26,30, 50,87).  A
possible mechanism has been proposed by Chua et al
 (88) for short lived TXA2 to induce the long lasting
ET-1, thus, suggesting a role for ET-1 in the
pathogenesis of coronary atherosclerosis and
hypertension.   However, in both the experimental
animal and human hypertension, endothelin levels are
not consistently reported to be elevated which can be
ascribed to poor methodology and non-specific assays.
  Therefore, the data on circulating endothelin
concentrations are not satisfactory.   The influence of
endothelin on the pathogenesis of hypertension is not
clear (27,89).   As reviewed by Calver, et al (34) and
described by Neild (89), abnormalities of L-arginine-
NO system have been identified, although the
clarification of mechanisms for these abnormalities
awaits further research.   Arteriosclerosis and
hypertension are reported to accompany an imbalance
of growth-regulatory substances of endothelial origin,
thereby causing excessive proliferation of VSM cells
(71,90).  Studies have shown that aortic rings from
SHR rats produce larger amounts of prostaglandin H2
than the WKY control rats and this release is modulated
by ET-1 (41).  The increased basal tone in aortic
coarctation in rat has been shown to be primarily due to
PGH2 and consequent decrease in NO levels (35,91).
Hypertension, in combination with aging, has been
documented to induce an endothelial dysfunction in
conduit arteries (aorta), but not in resistance vessels of
the rat (82,92).  Pulmonary hypertension in humans is
accompanied by endothelial dysfunction, reduced NO
levels and accompanied hypertrophy, abnormal
proliferation and increased extracellular matrix in
vessels (71,72,76).  Developmental dynamics of
endothelial and neuronal control of thoracic aorta in
dogs demonstrated that the vasoactive function of the
endothelium is already fully developed in the fetal
stage, whereas neuronal control is minimal and becomes
increasingly detectable as the puppies grow (93).

It has been suggested that one reason why
women of reproductive age have lower incidence of
coronary heart disease is the fact that NO release in the
endothelium may be modulated by estrogen and
estrogen receptor modulators like LY117018 (94).  
Female SHR rats were reported to produce more
EDRF/NO and less EDCF than male rats in aortas.  
This suggests a less severe endothelial dysfunction in
females which could be attributable to the female sex
hormone, estrogen (93,95).

6. ASPIRIN AND ITS THERAPEUTIC USAGE

 The analgesic properties of willow bark

which are due to salicylates were known to cultures as
ancient as the Greeks and as isolated as the Indians of
North America.  Aspirin (acetylsalicylic acid) became
available in 1899 through the work of Felix Hoffman at
Bayer Industries (96).   By 1960, aspirin became the
most commonly used medicine for the treatment of
pain and fever.  The widespread use of aspirin brought
to light a serious side effect, gastrointestinal bleeding.
  This led to an increase in the use of other anti-
inflammatory drugs which were less gastrotoxic and
nephrotoxic.  The evidence that Reye's syndrome was
somehow related to the use of aspirin was another
negative aspect of aspirin.   The discovery, by John
Vane in 1971, that aspirin and other non-steroidal anti-
inflammatory drugs blocked the synthesis of
prostaglandins by cells and tissues and the report by
Smith and Willis that inhibition of platelet aggregation
by aspirin was related to aspirin's ability to interfere
with prostaglandin synthesis in the platelets (67,68) led
to a complete change in the reputation of aspirin.

Acetylsalicylic acid, (ASA/aspirin) has been
shown to prevent pregnancy induced hypertension
(PIH) in humans (48,97-106), and low dosages of ASA
are prescribed to manage occlusive disorders like angina,
myocardial infarction and to prevent re-stenosis
(9,13,56, 58,63,75,86,97,102,107-124).  Aspirin has
also been found to be beneficial against vascular
disorders associated with diabetes (9,110,125).  Aspirin
has found a therapeutic use against several types of
cancers of digestive tract (18,105, 126,127), and AIDS
(128).  Recently, aspirin was found to have
neuroprotective properties (125,128-130).

The beneficial effect of ASA during PIH and
occlusive vascular disorders has been ascribed to its
inhibition of the synthesis of the vasoconstrictor,
TXA2.   TXA2 is produced in blood platelets from
arachidonic acid by cyclooxygenase.  In the
endothelium, cyclooxygenase converts arachidonic acid
to prostacyclins which are vasodilators.   One of the
prostacyclins, namely PGI2 is stable enough to elicit
hypotensive action (39).   Low doses of aspirin are
known to inhibit cyclooxygenase in platelets, but not in
the endothelium, thus, preventing PIH (39,97-102,104-
106,131).   A great deal of work is being conducted to
investigate and understand various mechanisms through
which aspirin provides relief  in so many different
metabolic and pathologic disorders.   Recently, it was
demonstrated that the therapeutic efficacy of aspirin is
enhanced when it is administered in association with
zwitterionic phospholipids such as dipalmitophos-
phatidylcholine (DPPC).   Several molecular
mechanisms are being examined to explain this DPPC-
dependent increase in aspirin's antipyretic, anti-
inflammatory and analgesic activity observed in rodent
model systems (65,132-134). 

In the body, ASA is metabolized within 6
hours and the physiological concentrations of 0.2-0.6
mMole in the blood of subjects taking the drug have
been reported (125).  Two esterases called aspirin
esterase-I and esterase-II have been identified in  mice,
rats and humans. These esterases promote the
metabolism of aspirin by hydrolysis to salicylic acid
(135-137).
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The analgesic and antinociceptive effects of
ASA have been ascribed to ASA mediated changes in
firing discharges in brain areas associated with the
release of 5-hydroxytryptamine (serotonin) and 5-
hydroxyindole acetic acid, a metabolite of serotonin
(125), and thus establishing its involvement in
serotonergic and opioid pathways (138).   Aspirin is
considered to be a mild analgesic because it interferes
with the production of prostaglandins which are known
to accentuate rather than mediate pain producing
activity of agents such as bradykinin and 5-
hydroxytryptamine (139).

As described by Lecomte, et al  (64) there are
two isozymes of prostaglandin endoperoxide synthase,
PGHS-1 and PGHS-2 that exhibit both cyclooxygenase
and endoperoxide synthase activities, respectively
(140). Cyclooxygenase-1 is expressed constitutively
and cyclooxygenase-2 is expresses as an immediate
early response to growth factors, cytokines and tumor
promoting factors (140). Cloning of cDNA and
mutagnesis studies of these isozymes have shown that
inactivation of cyclooxygenase-1 is brought about by
its acetylation at amino acid  residue ser-530 and that of
 cyclooxygenase-2 at ser-516 by ASA (64).

The tumor or cancer preventing mechanisms
of action of ASA are not  yet well characterized.  Most
of the positive effects have been determined as the
result of population or randomized trial studies
(17,126,127,140).  In a study (126) involving a BJ6
mouse epidermal cell line, it was reported that  aspirin
and aspirin-like salicylates inhibit transcription factor
protein 1 (AP-1).   This inhibition of AP-1 did not
involve the prostaglandin or the mitogen-activated
protein kinases, Erk 1 and Erk 2 pathways.     This
study also reported that H+ ion  pump inhibitor
diethylstilbestrol (DES) caused a dose-dependent
inhibition of AP-1 activities which led to the 
hypothesis that elevated intracellular H+ concentrations
 may be responsible for inhibition of AP-1 in this
mechanism (126).  Based on the fact that ASA and
other non steroidal anti-Inflammatory drugs (NSAIDs)
inhibit tumor induced ornithine-decarboxylase activity,
it was proposed that prostaglandin E2 may be a
mediator for reduced morbidity from colon cancer with
aspirin treatment (18,33).

Aspirin was found not to increase the risk of
bleeding during macular degeneration (141) and, a
Nurses Health Study (118), showed no increase in the
risk for cataract formation.  Recently, beneficial effects
of ASA have been reported in HIV infection (128). 
Aspirin, because of its ability to inhibit
cyclooxygenase, seems to have a considerable effect on
hypothalamic controlled and released hormones such as
GnH, LH and ACTH via the opiatergic and cholinergic
pathways (142).   Aspirin is reported to severely
curtail the production of prostaglandins in the gall
bladder without any decrease in its contractility or
stone formation (143).   Both beneficial and adverse
effects of ASA upon the immune responses have also
been documented in the  literature (18,131,144-147).

Aspirin has been reported to release

significantly more prostaglandin F-alpha into the
plasma in aspirin sensitive asthma patients than non-
sensitive patients (147).  Serum tryptase levels of
patients who were desensitized to ASA were not
increased indicating that mast cell (MC) activation may
be caused by aspirin in aspirin-sensitive asthma
patients (144,148).  A double blind placebo controlled
study has suggested that aspirin is associated with
suppression of antibody response which may be
mediated via its effect on monocytes or mononuclear
phagocytes (145,146).

There are numerous reports of enhanced
efficacy in a myriad of its therapeutic functions when
aspirin is used in conjunction with other
pharmacological agents.  For example, a phospholipid
(DPPC)-induced increase in anti-inflammatory and anti-
pyretic activities is suggested to be due to accelerated
diffusion of aspirin across lipidic membranes and into
target cells at the neutral pH of the blood (134).  
Alternatively, the aspirin-DPPC complex has an
increased affinity to bind to and inhibit specific
isoforms of cyclooxygenase that catalyze the rate
limiting steps in prostaglandin synthesis.  A possible
third mechanism may be that the chemical association
with DPPC increases the half life of aspirin by reducing
its conversion to salicylic acid (65).   Anti-thrombotic
activity of aspirin is enhanced when it is used in
conjunction with dipyridamole (9,110).  Reduced
platelet deposition on the sub-endothelium is observed
when ASA is administered together with Ticlopidine
which is an indication of reduced aggregability and
thrombotic activity (119).   In anti-thrombotic therapy,
the inclusion of limolenne in an aspirin patch has been
proposed to reduce gastric toxicity and to improve
permeability for drug delivery through the skin (149).
 In a randomized controlled trial, the use of ketanserin
and aspirin in combination was found to be more
effective against pre-eclampsia and severe hypertension
than aspirin alone (150).   A phenolic compound, trans-
resveratal,  found in red wine, was recently reported to
have added an inhibitory effect on platelet aggregation
via reduced serotonin production which does not
involve the prostaglandin pathway (121).

Recently, it was reported that therapeutic
concentrations of aspirin do not interfere with
transcriptional processes.  However, at high
concentrations of 10-20 mM, aspirin does  interfere
with the transcriptional machinery. This was shown by
the failure of [35S]-methionine incorporation into total
rat islet proteins and by inhibition of rabbit reticulocyte
expression by Bromo mosaic virus mRNA (151). ASA
is reported not to interfere with the cardioprotective
agent ifetroban, which is a potent and selective
antagonist for the thrombaxane/prostaglandin
endoperoxide receptor (117).

6.1. Role of Cyclooxygenase in the Pharmacology
of Aspirin
 Pregnancy-induced hypertension (PIH) in
humans has been shown to be prevented by ASA
administration (48,97-102,104-106).   Increasingly low
aspirin dosages are being prescribed to manage and
prevent various occlusive disorders such as angina,
myocardial infarction and re-stenosis after angioplasty
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(58,63,97,101,113,115, 116,120, 123,131,152).  
Aspirin reduces coronary hyperreactivity to autocoids
aftert angioplasty and thus prevents re-stenosis
(56,58,109,153).   Aspirin, together with other
NSAIDs, has been suggested to inhibit the growth of
colon tumors and to decrease the mortality rate from
cancer of the colon in humans (18,105,126,127,140). 
 Recently, ASA was found to suppress epithelial cell
proliferation in rat colonic crypts (17).  The beneficial
effects of aspirin in vascular occlusive disease and PIH
are ascribed to its blockade of the enzyme,
cyclooxygenase, during the synthesis of platelet TXA2,
a potent agonist of vascular smooth muscle contraction
(37,60,63,75,108,109,112,115,116,120,122,123,139,
150, 152, 154,155).  Indomethacin, another
cyclooxygenase inhibitor has been found to depress
norepinephrine-induced constriction in rat abdominal
aorta, but not in thoracic aorta, thus, indicating that
norepinephrine constriction is mediated by a
constrictor prostanoid of VSM origin that is different
from TXA2

 (156-158).   ASA has been reported to
induce alterations in membrane proteins and to induce
reorganization of lipid assembly which, in turn, brings
about conformational changes in membrane proteins in
blood cell membranes (125).   As cited by Watala (125),
aspirin was found to cause alterations in alpha-2-
adrenoceptors of platelets (159).  More recently, pre-
treatment with acetylsalicylic acid is reported to
improve post-hypoxic recovery of neuronal function
and neuroprotection (130,160).

Following the publication of contradictory
reports concerning the effects of prostaglandins on the
contractility of vessels in SHR and experimental
hypertensive rats, by Yin, et al  (161) and Roson, et al
(66), effects of cyclooxygenase inhibition with ASA
and indomethacin on rat aortic ring contractility were
evaluated and reported (157,158,162).   A brief account
of these and some additional studies from author's
laboratory are described below.

6.1.1. Effects of Cyclooxygenase Inhibition in SHR
and WKY Rats

The effects of cyclooxygenase inhibition on
the contractile response of aortic smooth muscle to
alpha1- and alpha2-agonists were investigated in male
and female SHR animals.  Indomethacin and
acetylsalicylic acid (ASA) were used as inhibitors of
cyclooxygenase.   Exposure durations of 10, 20 and 30
minutes to 0.2 mM  ASA prior to eliciting contractions
with KCl, PE and NE did not alter the intensity of
contractile responses which is contrary to the reported
results of the inhibition of contractile response due to
ASA (66).

6.2. Effects of Aspirin on Vasoreactivity
 Effects of ASA on the aortic vascular smooth
muscle contractility were assessed both in male and
female SHR and WKY rats.   These effects were
studied both for in vitro (0.2mM) as well asin vivo (10
mg/kg) administration of the drug.   For the in vivo 
administration, two routes were employed, IP
injections and inclusion of aspirin in the drinking water.
  The contractile responses of aortic rings were
measured with and without endothelium.  Also,
experiments were conducted to evaluate the effects of

ASA on intracellular Ca2+ release as well as its import
from the extracellular gradient.

6.2.1. In vitro  Effects
6.2.1.1. Vasoreactivity of aortic rings with intact
endothelium

A comparison of the dose response curve for
Phenylephrine (PE) by aortic rings with intact
endothelium from SHR and WKY rats in the presence
or absence of 0.2 mM ASA with a Krebs solution
bathing the tissues showed that aortic rings from SHR
animals produced significantly higher active tension in
the range of 10-8-10-4 M PE concentration than the rings
without ASA treatment.   The active tension of rings
from WKY animals was not affected by ASA.  The
calculated ED50 of PE for SHR rings in the presence of
0.2mM ASA was 10-7 M; for the rings without ASA
treatment the ED50 was 5x10-7M (157).  These
observations were consistent in both male and female
rats.

6.2.1.2. Vasoreactivity of Aaortic Rings Denuded of
Endothelium

The removal of endothelium generally
rendered the rings more responsive to lower
concentrations of KCl.   In the presence of ASA, the
dose response curve to  cumulative concentration of
KCl was significantly higher in denuded rings than in
non-denuded rings.   However, the enhancement of
response to the maximal dose of KCl in denuded rings
of SHR did not equal the normal response of WKY
control rats.   Both in male and female rats, the denuded
rings from SHR animals produced significantly higher
active tension in the presence of ASA in response to
alpha1-adrenoceptor stimulation by PE concentrations
of 10-7-10-4 M than did the intact rings.   The calculated
ED50 for PE in the presence of ASA was approximately
8x10-7 M  which is one log less than in the absence of
ASA (157) indicating a positive effect of aspirin on the
efficacy of alpha2-adrenoceptors.  Identical results were
obtained with aortic rings from female rats.

6.2.2. In Vivo Effects
6.2.2.1. Intraperitoneal Administration of ASA and
Aortic Contractility in  Female SHR Rats

This study was designed to investigate the
effects of in vivo  administration of ASA on the blood
pressure in female SHR rats and contractility of aortic
smooth muscle in response to  KCl, a non-specific
membrane depolarizing agent and alpha1- and alpha2-
adrenergic  stimulation using agonists such as PE,
clonidine and NE (158).   Young adult SHR and WKY
rats were administered intraperitoneal injection (IP) of
10 mg/kg ASA twice weekly for three weeks.   Systolic
blood pressure of each animal was monitored two times
during  each week of drug administration.

The maximal KCl-invoked contractile
responses of rings from SHR controls were
significantly less than the maximal response of rings
from WKY controls.  However, the rings from ASA-
treated SHR animals produced contractions either equal
to or exceeding the contractions produced by healthy
WKY controls.  The contractile responses of rings from
ASA-treated SHR animals were significantly enhanced
as compared to those of rings from the
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Figure 1.Transient  (T) contraction in response to 10-

6M PE in Ca2+ free Krebs decays to a sustained  (S)
component within 2 minutes.  When extracellular 
gradient of Ca2+ is restored by injecting 2.5 mM Ca2+, a
much larger phasic (P) contraction is elicited as a
consequence of Ca2+ import from the extracellular
spaces.

non-treated SHR animals in the range of 20-80 mM
KCl. The PE induced alpha1-adrenoceptor stimulated
aortic contractions due to ASA treatment of SHR rats
were restored to the level of active tension that was
produced by aortic rings of non-hypertensive WKY
controls.   Clonidine, a preferential alpha2-agonist,
invoked similar aortic responses from ASA treated
SHR as well as non ASA-treated WKY control female
rats which were significantly higher than the responses
generated by non-treated SHR.   It was interesting to
note that ASA treatment showed gender differences for
its effect on alpha2-adrenoceptor mediated contraction,
aortic rings from female SHR rats generated
significantly higher responses than male SHR rats to
clonidine.   Pharmacologic doses of NE, a potent
generalized alpha-agonist, in the concentration range of
10-6-10-4 M, elicited significantly higher tensions in
ASA treated SHR rats than the non-ASA treated SHR
rats.  However, these enhanced contractions did not
equal to those generated by aortic rings from control
WKY animals (158).

6.2.2.2. Effect of in vivo ASA Administration on
Aortic Contractility and the Blood Pressure in
Male SHR Rats

In these experiments, ASA was administered
intraperitoneally, and in drinking water to different
groups of male rats .   During the ASA treatment
period, blood pressure was monitored and, at the end of
drug administration period, aortic rings were assessed
for their release as well as import of Ca2+ as measured
by their contractility in response to Ca2+ from these
reservoirs.

The maximal response to KCl (8-80 mM)
from rings of SHR controls (no ASA treatment) was
significantly less than the maximal response of rings
from WKY controls.  However, the rings from ASA-
treated SHR animals produced contractions
significantly exceeding those of non-ASA-treated SHR
controls in the range of 20-80 mM KCl.   The
responses of rings from ASA-treated WKY rats were
somewhat depressed when compared to the non-treated
WKY controls.   Significantly higher active tensions
were induced by PE in aortic rings from ASA-treated
SHR rats than by the aortic rings from the non-treated

SHR rats.   ASA treatment  however,  did not affect
significantly the responses of WKY control rats (158).

Administration of ASA, either IP or in the
drinking water did not affect alpha2-agonist  clonidine
 induced aortic contractions in male SHR rats.   Both
ASA treated and non-treated WKY rats produced
significantly higher contraction in response to alpha2-
adrenoceptor stimulation via clonidine.   However, the
responses of ASA treated WKY rats were suppressed
in the pharmacologic concentrations of 10-6-10-4 M.  
This indicates that alpha2-adrenoceptor stimulation in
male SHR is not modulated by any of the processes or
mechanisms that ASA affects in the VSM or in the
endothelium (162).

6.2.2.3. Ca2+ Conductance as Measured by Active
Tension Generated By Aortic Rings

Figure 1 is an actual recording for the Ca2+

conductance protocol.   Adrenergic stimulation with 10-

6 M alpha1- specific agonist phenylephrine in calcium-
free Krebs solution caused the release of Ca2+ from
intracellular stores  to produce a transient  (T)
contraction which decayed rapidly to a residual
sustained (S) contraction.   The addition of 2.5 mM
Ca2+ to the tissues  bathing in Krebs solution resulted in
the import of Ca2+ from extra cellular spaces, causing an
increase in the concentration of intracellular free calcium
[Ca2+]i  and further enhanced the active tension generated
by the vascular smooth muscle.   This latter response
was used to assess the Ca2+ import mechanisms through
the cell membrane.   The phasic contraction due to the
import of extracellular calcium is reported to have two
components.   One component is under the control of
IP3 cascade and protein kinase C.   The other
component is dependent o Ca2+ import from the
extracellular stores through the nifedipine sensitive Ca2+

channels (163).   The results of the protocols to
evaluate effects of ASA treatment, and absence or
presence of endothelium at the time of adrenergic
stimulation of aortic rings from SHR and WKY rats are
presented in figure 2.  A reference contraction response
by rings from various groups of animals was generated
to a concentration of 10-6 M PE.   The results presented
in figure 2 shows that the DND rings from SHRs that
were administered ASA produced an active tension
comparable to the intact rings from WKY controls (rats
that were not administered ASA).   Also, the intact
rings  from non-treated (-ASA) SHR animals produced
the least active tension of all groups.   Similar patterns
were observed for the transient (T) and sustained (S)
contractions in response to release of internally stored
Ca2+ alone.  There were no significant differences among
transient and sustained  contraction in rings from ASA-
treated SHRs.  Upon the restoration of extracellular
Ca2+, aortic rings from all groups with the exception of
SHR(-ASA) cEndo (i.e. the non-ASA-treated SHR 
rings containing endothelium) produced phasic
contractions comparable to the reference tension.  The
response of non-ASA-treated SHRs with intact
endothelium was slightly higher than their response for
 the reference contraction.  Significantly higher
contractile response to adrenergic stimulation was
elicited by the DND rings from ASA-treated SHRs
under normal concentrations of internal in response to
intracellular calcium and external Ca2+ when compared
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Figure 2. A comparison of the active tension produced
 release and due to calcium import from extra-cellular
spaces in endothelium denuded and non-denuded SHR
and WKY rat aortic rings that were administered ASA
for ten weeks .   The data represents means of 8 rings
for each group of animals.  The hats represent ±SEM.

with rings that contained intact endothelium (cEndo).
They  produced phasic contraction equal to that of the
reference tension.   The non-ASA-treated intact rings
with endothelium produced slightly higher response
than their reference contraction.   The rings with ablated
endothelium from ASA-treated SHR animals produced
63.7% more contraction than rings with intact
endothelium.   The minimal contraction in response to
Ca2+ imported from extracellular spaces was observed in
DND rings from non-treated SHRs (115).   These
results clearly show that ASA enhances the contractile
responses of aortic rings without the endothelial
mediation in rats.   It was also noted that because of its
ability to induce alteration in membrane protein
conformation and corresponding fluctuations of lipid
fluidity during in vitro incubation as noted in platelet
membranes (125), ASA may be able to correct the
defects in the permeability of VSM plasma membrane
associated with hypertension (157,158,164,165).

6.2.2.4. Effect of ASA on Systolic Blood Pressure
Aspirin did not have any effect on the course

of  blood pressure development either in SHR or WKY
animals.   The route of ASA administration, for that
matter, did not  make any difference either.  Although,
we observed a slight initial lag in the rate of blood
pressure rise in ASA treated SHR animals, subsequent
to 5 weeks of treatment, the treated animals had
relatively higher blood pressure than the non-treated
WKY animals (115,1157).

7. SIGNIFICANCE

Since alpha1-adrenergic receptors are the
predominant type of adrenergic receptors in the
thoracic dorsal aorta of the rat (166-168),
phenylephrine, a preferential alpha1-adrenergic agonist,
was employed in eliciting the contractile response in
these experiments.   A concentration of 0.2 mM ASA

has been reported to inhibit cyclooxygenase in in vitro
 procedures (66).  It is a well established fact that aortic
contractility is significantly impaired in SHRs (167-
169).   In our experiments, IP injection of ASA for
three weeks in female SHR animals restored the
contractile response of aortic smooth muscle to the
levels exhibited by non-ASA treated females WKY
control animals(158).  In that study, we observed that
ASA, in vitro, enhanced aortic contractility in response
to PE in SHR rats.  In WKY rats however, the
adrenergic responses were not affected.  This enhanced
responsiveness can not be attributed to interaction of
ASA with platelets and the consequential decrease in
the production of TXA2 by platelets, because these
responses were elicited  in vitro.  The involvement of
PGI2 and other EDRFs is also discounted as ASA was
able to enhance the contractility in denuded rings from
SHR animals.  As noted by Schiff et al  (52), synthesis
of cyclic endoperoxidases from arachidonic acid is 
reduced when cyclooxygenase is inhibited. 
Accordingly, selective inhibition of platelet-derived
cyclooxygenase due to low dosages of aspirin may
inhibit cyclooxygenase activity in platelets, but not in
the  endothelium, thereby diminishing the synthesis of
thromboxane and not of prostacyclins in the
endothelium.  In our experiments, both these avenues of
cyclooxygenase-mediated synthesis were effectively
eliminated.  The ED50 for PE did not show marked
differences for ASA treated or non-treated rings from
SHR animals.  An analysis of ED50 indicated that the
contractile ability of aortic smooth muscle is not fully
restored with ASA alone.  The enhanced
responsiveness of aortic smooth muscle observed in
these studies suggests that ASA either affects the
regulation of intracellular free calcium ion [Ca2+]i
through alpha1-adrenoceptor gated calcium channels, or
ASA influences prostaglandins, especially prostacyclin
(PGI2) which modulates vascular reactivity.  The latter
conclusion is not in agreement with the results of
Roson et al. (66) who concluded from their studies on
a two kidney-two clip hypertension protocol that
prostaglandins do not play any significant role in
altered vascular reactivity in hypertensive rats.  
However, we have observed that indomethacin
significantly decreased the responsiveness of aortic
tissues to PE in female SHR animals, which strongly
suggests that cyclooxygenase inhibition in aortic
endothelium modulates VSM contractility in rat.

The SHR animals used in experiments
designed to investigate the involvement of paracrine
products of endothelium were two weeks younger than
the animals employed for comparison of SHR and
WKY vascular reactivity.   This difference in age
between the two groups is not of any consequence,
because it is known that the SHR animals have reduced
aortic reactivity as compared to WKY from the onset
of hypertension which is at the age of six weeks (167-
169,171).

These studies strongly suggest that ASA
could affect aortic contractility that involves pathways
other than the metabolism of arachidonic acid.  Since
ASA is soluble in lipids, it most probably corrects, to
some extent, the defect in permeability of plasma
membranes associated with hypertension by bringing
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the rigidity back to the plasma membrane.   This mode
of action for ASA is more plausible since it has been
found to change the conformation of plasma proteins
when incubated in vitro with platelet plasma
membranes (125).

Since ASA is lipid soluble, the in vitro 
treatment of aortic rings with ASA may bring about
conformational changes in one or several of the plasma
membrane proteins such as adrenergic receptors, ion
channels or exchangers.   The same might be true for
sarcoplasmic channels and pump proteins.   The
enhanced contractility in aortic rings denuded of their
endothelium from rats that were given ASA either by
injection or in drinking water for extended periods of
time, can not be explained based on the lipid solubility
of ASA.   The half life of ASA in physiological
systems (in animal or human body) is about six hours,
and the drug is eliminated from a physiological system
in less than twenty four hours.  Therefore, the
enhanced contractility observed in the in vivo treated
aortic rings  suggests a longer lasting effect of ASA on
the conductance mechanisms of calcium.

The complex nature of endothelial
participation and the role of AA metabolites in the
regulation of VSM tone are abundantly evident from
the above account and the literature sited.   Yet, much
work needs to be done to fully understand the interplay
between the endothelium and VSM in normal and
pathophysiological conditions.   To answer the
questions "How can aspirin, a cyclooxygenase
inhibitor, in the absence of endothelium which is the
main source of vasoactive metabolites of arachidonic
acid, augment the alpha-adrenoceptor mediated aortic
ring constriction" and "What role does the
administration of ASA play in, and during, the
development of genetic hypertension in SHR rats",
more research needs to be done.
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