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ABSTRACT

The mechanism of the contractile effect of vanadate on vascular smooth

muscle was investigated in the rat aorta. Sodium metavanadate (NaV0 3) (10-5

M - 3 x 10-3 M) induced 'Contractile responses in a concentration-dependent

manner. Removal of endothelium did not affect the response to NaV03• NaV0 3

has the most efficacy agent to cause contraction as compared to vanadyl

sulphate and vanadium trichloride. The response to NaV03 was inhibited by

nifedipine, a voltage depedent Ca2+-channel inhibitor, 2-nitro-4-carboxyphenyl

N,N-diphenylcarbramate (NCDC), a phospholipase C inhibitor, H-7, a protein

kinase C inhibitor, indomethacin, a cyclooxygenase inhibitor, and AA861, a 5

Iipoxygenase inhibitor, but not by ouabain, a Na", K+-ATPase inhibitor, prazosin,

a a1 receptor inhibitor, methysergide, a serotonin receptor inhibitor,

tripelennamine, a histamine receptor inhibitor, glyburide, a KATP-channel inhibitor,

-apamin, a Kca-channel inhibitor, or Mg2+ -removal, a condition to inhibit Ca2+

ATPase activity. The response to arachidonic acid was also inhibited by

indomethacin, AA861 , nifedipine and NCDC. H-7 inhibited the response to

NaV03 but not to arachidonic acid. However, in the presence of indomethacin

and AA861 , H-7 did cause inhibition of the residual response to NaV03• In Ca2
+

free medium with EGTA (0.02 mM), NaV03 (3 x 10-4 M) induced a phasic

contraction of rat aortas. This residual response to NaV0 3 was partl):' inhibited

by NCDC and indomethacin, but not by nifedipine. The subsequent addition of

Ca 2+ (1.2 mM) in the presence of NaV03 caused sustained contraction. In
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addition, the response to Ca2
+ in the presence of NaV03 was completely

inhibited by both NCDC and nifedipine, but only partially inhibited by

indomethacin. In rat aortas, NaV03 increased the levels of inositol

monophosphate (InsP) and prostaqlandin F2a• Indomethacin, AA861 , and NCDC

inhibited the InsP increase. In addition, NCDC and indomethacin, but not

AA861 , inhibited the PGF2a increase. These results suggest that the response

to NaV03 may be due to the increased phosphoinositide metabolites and partly

due to a subsequent increase in the metabolism of arachidonic acid.
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I. INTRODUCTION

A: Regulation of Contraction in Smooth Muscle

1. Molecular apparatus of contraction

Similar to striated muscle, the contraction of smooth muscle is generated

-
by the sliding movement of the actin thin filament and the myosin thick filament,

powered by the hydrolysis of ATP. In relaxed muscle, a myosin light chain

bound between the actin thin filament and myosin head inhibits the actin-

stimulated ATPase activity.

In vertebrate smooth muscle, this process is regulated by cytosolic Ca2+

concentration. A rise in cytosolic Ca2+ concentration leads to the formation of

Ca2+-calmodulin complex (Miller & Kennedy, 1986). This complex activates a

specific protein kinase, known as myosin light chain kinase (MLCK), which in

turn phosphorylates myosin light chain (MLC). Phosphorylation of the light chain

relieves the inhibition and thus induces contraction (Perry, et aI., 1984).

Removal of Ca2+ from the cytosol through the action of Ca2+-ATPase (Ca2+

pump) either on the membrane of sarcoplasmic reticulum or on the plasma

membrane reverses the process (Schatzman, 1983).

Ca2+ enters the cytosol to act as an intracellular mediator of extracellular

signals by way of voltage-gated and ligand-gated Ca2+ channels.

2. Electrophysiological regulation of contraction

The plasma membrane of the vascular smooth muscle cell contains

voltage-gated ion channels, which are responsible for generating and

propagating the action potential which depolarizes the cell membrane.
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Depolarization opens voltage-sensitive Ca 2+ channels and increases the

membrane's permeability to Ca2+. The high extracellular Ca2+ concentration

(about 1,000 times higher than inside of the cell) causes an influx of Ca 2+ and

rapidly elevates cytosol fre~ Ca2+ concentration (Alberts et aI., 1989).

The depolarization of the plasma membrane also causes the Ca2+

channels on the sarcoplasmic reticulum (SR) to open transiently and release

Ca2+ into the cytosol. It is not known how the voltage change in the plasma

membrane signals the SR. One possibility is that the action potential spreads

to the membrane on SR, which causes the opening of the voltage-dependent

Ca2+ channels. Another possibility may be that depolarization activates the

inositol phospholipid signaling pathway (Hasselbach & Oetliker, 1983).

3. Receptor mediated regulation of contraction

The activation of a variety of cell surface receptors leads to the cascades

that transduce and amplify the initial signals into the intracellular environment

(Levitzki, 1988). In vascular smooth muscle, such cascades are considered as

the major mechanisms that regulate the vascular muscle tone, namely the

inositol-1,4,5-triphosphate (InsP3)/diacylglycerol (DAG) pathway, the cyclic AMP

pathway, and the cyclic GMP pathway. InsP3/DAG mainly mediates the

contractile responses, while cyclic AMP and cyclic GMP pathways cause

relaxation effects.

a. InsPjDAG pathway

Activation of cell surface receptors by agents known as Ca2+-mobilizing
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agonists (Gill, 1985), results in the phospholipase C (PLC)-catalyzed hydrolysis

of the phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2 ) , with

concomitant formation of InsP3 and DAG. In vascular smooth muscle, both InsP3

and DAG function as important second messengers. InsP3 induces the release
,

of intracellular Ca2
+ from SR and raises the Ca2

+ concentration in the cytosol

(Michell, 1975). The elevated level of Ca2
+ in the cytosol is the key messenger

which triggers the contractile response. Some of the InsP3 is rapidly degraded

by specific phosphatases to form inositol which combines with phosphotidic acid

to reform phosphotidylinositol. Some of the InsP3 is phosphorylated to form

inositol-1,3,4,5-tetrakinphosphate (InsP4 ) , which may mediate slower and more

prolonged responses in the cell (Irvine et aI., 1986). DAG serves the dual roles

as the activator of protein kinase C (PKC) (Nishizuka, 1984), and the precursor

of arachidonic acid (Schwartzman et aI., 1986). One of the many functions of

PKC is to phosphorylate MLC and sensitize the contractile element (House &

Kemp, 1987).

Arachidonic acid can be produced by the cleavage of DAG by DAG lipase,

or can be released from the membrane phospholipid by phospholipase A 2 (Fig.

1) (Abdel-Latif, 1986). Subsequent metabolism of arachidonic acid via

cyclooxygenase and 5-lipoxygenase, along with other down-stream enzymes

produces a host of compounds collectively termed eicosanoids. The eicosanoids

exert a variety of biological effects by binding to specific cell-surface receptors.

For example prostaglandin E, 0 and 12 are potent vasodilators in vascular
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Fig. 1: Scheme showing the two pathways through which arachidonic acid can be released from phosphoinositides: on the left,
phosphoinositides can be hydrolyzed by phospholipase C, an enzyme which hydrolyzes only phosphoinositides, followed by
hydrolysis of DAG via lipase to liberate AA; on the right, AA can be released from phosphoinositides via phospholipase A2 (Abdel
Latif, 1986).
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smooth muscle (Giles & Left, 1988), while prostaglandin F2a and thromboxin A2

are potent vasoconstrictors of pulmonary arteries and veins in man (Giles &Left,

1988, Bunting, 1987). In rat aorta, exogenous arachidonic acid itself elicits a

contractile response in vitrC!.

b. cAMP mediated pathway

The hormone receptor is coupled to adenylate cyclase via guanine

nucleotide-binding protein (G-protein). The G-protein consists of three subunits,

the largest of which (the a subunit) binds to GTP; once it is activated by the

receptor, GTP exchanges for the GOP bound to G-protein with a resultant

disassociation of the a subunit from p and y subunits. The GTP-carrying form

then binds to and activates adenylate cyclase. Hydrolysis of GTP to GOP,

catalyzed by the G protein itself, returns the G-protein to its basal, inactive form

(Stryer, 1988). Thus, the G-protein serves dual roles; as an intermediator that

relays the signal from receptor to effector, and as a molecular clock that controls

the duration of signal.

The activation of adenylate cyclase results in the formation of cAMP from

ATP (Casperson &Bourne., 1987), activation of cAMP-dependent protein kinase

(A kinase), and phosphorylation of several target proteins including MLCK.

Phosphorylation of MLCK reduces its activity by decreasing its affinity for the

Ca2+-calmodulin complex (De Lanerolle et aI., 1984) and hence, muscle relaxes.

c. cGMP mediated pathway

Similar to cAMP, guanylate cyclase catalyzes the formation of cyclic GMP

from GTP. One of the interesting modulators of guanylate cyclase is nitric oxide
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(NO), which can be generated from L-arginine-containing precursors via NO

synthase, or from exogenous nitrovasodilators such as nitroglycerin and

nitroprusside (Arnold et aI., 1977; Kimura et aI., 1975).

Cyclic guanosine monophosphate (cyclic GMP) participates in intracellular

signaling, and an increase in cGMP levels in smooth muscle is thought to cause

relaxation mediated by cGMP-dependent protein kinase (G kinase) (Murad,

1986). Although the mechanism by which G kinase causes relaxation has not

been clearly established, cyclic GMP has been shown to decrease PLC activity;

this effect appears to be mediated by G kinase (Hirata et aI., 1990; Rapoport,

1986). A decrease in the activity of PLC results in lower cytosolic concentration

of free Ca2
+ , followed by reduced phosphorylation of MLCK, which leads to

muscle relaxation (Arnold, 1977).

B: Vanadium in the Biological Systems

1. History

Vanadium is a pervasive element in the biological systems, being widely

distributed in the food supply. The role of vanadium in biological systems has

long been puzzling and controversial.

Vanadium was discovered in 1831 by the Swedish scientist N .G.

Sefstrom. He named it "Freya Vanadis", meaning "the Scandinavian goddess

of beauty, youth, and luster" (Nechay et aI., 1986). This is because vanadium

containing crystals emit striking colors. Several biological roles of vanadium
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have been investigated and proposed during this century, but without definitive

proof. In 1911 Henze discovered that certain marine ascidians accumulate

unusually large quantities of vanadium in their blood cells (Nielsen & Uthus,

1990) and this has attrac!ed research focusing on the role of vanadium in

biology. In the last two decades vanadium has been found to be present in

almost all living organisms. Vanadium, thus, appears to be an essential element

for plants, animals, and microorganisms etc. (Crane, 1981).

2. Metabolism of vanadium

Vanadium, a group V element with an atomic weight of 50.9, belongs to

the first transition series and forms compounds mainly in the valence states 3+,

4+ and 5+ and can readily change its oxidation state. In the presence of oxygen,

air, or in oxygenated blood under experimental conditions, or in the presence of

oxidizing agents, such as diamide, vanadium is in the 5+ oxidation state

irrespective of the nature of the original compound (Nielsen & Uthus, 1990). In

the presence of reducing agents, such as ascorbic acid, vanadium is in the 4+

oxidation state. Vanadium compounds can also change their charge depending

on the ambient pH. Under physiological conditions at pH 7.4, vanadium in the

5+ oxidation is in the form of an anion, vanadate (V03' ; V04
3

. or its

isopolyanions), while vanadium in the 4+ oxidation state is predominantly in the

cationic form, vanadyl (V02+) (Schmitz et aI., 1982). At low pH, orange-colored

decavanadate predominates and acts as a powerful oxidant of aldehydes,
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catechol, olefin and sulfhydryls. Overall, vanadium chemistry is similar to that

of phosphate (Ramasarma & Crane, 1981).

Vanadium is widely distributed in the earth's crust (around 0.05 g/kg). It

is found in a wide range o~ foods; the richest dietary sources of vanadium are

a select group of foods, particularly mushrooms, parsley, dill, and black pepper

(Hendler, 1990). Much less is found in fresh fruits, vegetable and beverages,

and intermediate levels in seafood and cereals (French & Jones, 1992). Dietary

vanadium is absorbed from the upper gastrointestinal tract (Patterson et aI.,

1986; Nielsen, 1988). In animal studies, its absorption is influenced by the

gastrointestinal metabolism of chloride, iodide, chromium, iron, copper, ascorbic

acid, cysteine, methionine, riboflavin, and some proteins (Nielsen & Uthus,

1990). The distribution of ingested vanadium to tissue compartments is highest

in liver (13 ng/g), followed by kidney (5 ng/g) and bone (3 ng/g) (Nechay, et aI.,

1986, Mangold et aI., 1990). Bone is the apparent long-term storage

compartment (Hansard et aI., 1978). Vanadium is known to bind transferrin

intracellularly (Harris et aI., 1984) and to compete with iron for both

gastrointestinal absorption and cellular receptor sites. The low vanadium level

in blood results from its rapid transfer to long-term storage sites or excretory

pathways, such as bile, urine or hair (Nielsen & Uthus, 1990). The total body

pool for an adult is estimated to be about 1 mg, with a daily intake of 10 - 60 pg

(Nechay et aI., 1986) and the levels of vanadium in plasma are regulated

homeostatically (Venugopal & Luckey, 1978).
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In plasma, vanadium apparently exists as metavanadate (V03-) . It is

reduced to vanadyl (V0 2+) inside the cell (Rubinson, 1981). Nearly 90% of total

intracellular vanadate is trapped by phosphates in several types of cells in the

form of vanadyl (V02+), vyhich appears to be protected from oxidation to

metavanadate that mighfoccur spontaneously at intracellular pH (Nechay et aI.,

1986). Erythrocytes take in V0 3- from the environment by two mechanisms: one

that is sensitive to anion transport inhibitors and another unidentified (Heinz et

aI., 1982). Within the cell, V03- is normally bound to proteins, so the intracellular

concentration of free V0 3- is 30 times less than that outside (Nachay et aI.,

1986).

3. Biological effect of vanadium

The splitting of high energy compounds (usually ATP) provides the cell

. with energy, which is mainly used in: a) the synthesis of large molecules or

cellular structures; b) the transport of material into or out of the cell, especially

against concentration gradients; and c) the movement of organelles and the cell

itself. The structural similarity between vanadate and phosphate prompted

research that focused on the interaction of vanadium and phosphate

metabolizing enzymes. It was discovered in the 1970's that vanadate is a potent

inhibitor of Na", K+-ATPase from the cytoplasmic side (Cantley et aI., 1978),

followed by similar observations on other ATPases. The biological effects of

vanadium on individual animals have also been studied. Of particular interest
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are studies on the generation and regulation of cell motility, which will be

described briefly below.

a. On ATPase

The ATPases studie:,d have included ion transporters (such as Na"IK+

ATPase, Ca2+-ATPase and proton pump) and motor proteins (myosin, dynein

and kinesin). All of these are inhibited by micromolar to millimolar

concentrations of vanadate.

The mechanisms of inhibition of these enzymes share some common

features: in the catalytic cycle, binding of ATP to enzymes results in the

formation of an enzyme-ADP-inorganic phosphate (Pi) complex. The binding of

a modulator, such as K+ or actin, triggers the release of Pi with concomitant

translocation of the modulator. Thus, the energy of ATP is converted into

chemical potential or mechanical movement. The structural resemblance of

vanadate to inorganic phosphate enables it to act as a potent inhibitor of

ATPase: it forms an enzyme-ADP-vanadate complex which prevents the

recycling of enzymes.

1). On Na+, K+-ATPase

The membrane-spanning Na", K+-ATPase is an oligomeric protein which

contains two copies each of a glycosylated small subunit and a large subunit

(Fig. 2). The large subunit performs ion transport and has sites for two K+ as

well as for the inhibitor ouabain on its extracytoplasmic surface, and sites for

three Na" and one ATP molecule on its cytosolic side. This large subunit
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Fig. 2: Structure and function of the Na", K+-ATPase (Albert et aI., 1989).

(a) The enzyme contains two copies each of a glycosylated small subunit (m.w. 55,000) and a
large subunit (m.w. 120,000). The large subunit performs ion transport and has sites for two K+
ions and also the inhibitor ouabain on its extracytoplasmic surface and sites for three Na' ions
and one ATP molecule on its cytosolic side.

(b) Hydrolysis of one molecule of ATP to ADP and Pi is coupled to the outward transport of three
Na' ions and inward transport of two K+ ions.
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exhibits two conformational states termed E, and E2• In a Na+-K+ exchange

cycle, Na" and ATP-Mg2+ first bind to the E, state, and the V-phosphate of ATP

is transferred to an aspartyl residue, forming a high-energy acyl phosphate bond,

which causes E, to underg~ a conformational change which results in Na' being

pumped out of the cell. The binding of K+ to sites on the extraplasmic surface

induces inward movement of K+ which facilitated by the resultant reversal of

conformational status and the hydrolysis of acyl phosphate. The E2 to E,

reconversion also recreates the Na" ion and ATP binding sites on the inner

surface (Sweadner & Goldin, 1980).

Vanadate has been shown to enter the cell via an anion transport system

(Erdmann, 1984) and to inhibit Na", K+-ATPase on the cytoplasmic side (Cantley

et aI., 1978; Mcilhinney et aI., 1978). The inhibition of the Na", K+-ATPase by

vanadate is probably a result of the formation of a enzyme-ADP-vanadate

complex analogous to the transition state for phosphate hydrolysis (Cantley et

aI., 1978).

2). Ca2+-dependent ATPase

The utilization of the Ca2+ as one of the intracellular second messengers

(Hasselbach et aI., 1983) makes it important that Ca2+ be removed from the

cytosol rapidly after each message relay. This is accomplished by the

membrane bound calcium transporter which pumps Ca2+ from the cytosol either

into some specific cellular compartments or out of the cell, insuring a low

intracellular Ca2+ concentration.
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The inhibitory effect of vanadate on Na", K+-ATPase was initially thought

to be specific for this enzyme alone, and was said to have no effect on SR Ca2+-

ATPase (Josephson & Cantley, 1977). Careful examination, however, revealed

that low concentrations of Ca2+ protected the enzyme against vanadate inhibition
,

(O'Neal et aI., 1979). Wang (1979) reported a 50% inhibition of the Ca2+-

ATPase in isolated dog heart and rabbit skeletal muscle SR by 5 pM of

vanadate. Similar results were obtained with isolated pig heart sarcoplasmic

reticulum and human red cell membranes (Wierichs et aI., 1979, Barrabin et aI.,

1980). Furthermore, the inhibitory effect of vanadate was enhanced by Mg2+

(Wierichs et aI., 1979).

3). Dynein ATPase

Dynein ATPase is one of the energy-transducing enzyme, which converts

chemical energy to mechanical movement. This enzyme is the molecular motor

that underlies the contraction of muscle, the beating of cilia and flagella, and

other forms of cell motility. Vanadate has been found to inhibit these ATPases

with somewhat different kinetics. Dynein ATPase is strongly inhibited by

millimolar concentrations of vanadate. Vanadate does not compete with ATP

and the effect is reversible by removing vanadate (Gibbons, et aI., 1978).

Inhibition of myosin requires millimolar concentration of vanadate in the presence

of ADP over a period of minutes to hours, and is antagonized by ATP (Goodno,

1979). The inhibition of these enzymes are thought to share similar

mechanisms, involving the formation of a very stable enzyme-ADP-vanadate
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transition-state analog complex at the active site, which prevents the

conformational change and the turnover of enzyme and substrates (Goodno,

1979).

b. Adenylate cyclase:

Adenylate cyclase" is an enzyme which is bound to the inner (cytosolic)

surface of the plasma membrane. The activation of adenylate cyclase by a

receptor-coupled G-protein enables the formation of cytosolic cyclic adenosine

monophosphate (cAMP), which then acts as an intracellular second messenger

to modulate cellular processes (Gilman, 1987).

Vanadate has been shown to stimulate adenylate cyclase in isolated rat

fat cells (Schawabe et al., 1979) and in guinea-pig cardiac membranes (Kraweitz

et al., 1979) in a concentration-dependent manner. GppNHp, the

non hydrolyzable nucleotide that stimulates adenylate cyclase in a concentration

dependent manner with a half-maximal effect as low as 0.25 uM (Schawabe et

al., 1979), gave the same Vmax as that obtained with vanadate (10-6 - 10-3 M)

alone, but including 10 pM GppNHp in the reaction medium abolished the

vanadate effect (Schawabe et al., 1979).

In intact cat papillary muscle, addition of vanadate elevates intracellular

cAMP, concomitant with the positive inotropic effect, but without inhibition of

phosphodiesterase activity (Hackbarth et al., 1980). These effects are

presumably mediated by the nucleotide regulatory unit of adenylate cyclase
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(Kraweitz et al., 1982). These findings suggest that vanadate may play a

regulatory role in a biological systems, acting via adenylate cyclase.

c. Insulin mimetic activity

Insulin modifies the movements of Na" and K+ ions across the cell,

membrane, causing increased intracellular K+, decreased Na' concentration, and

hyperpolarization of the cell membrane (Czech, 1977). Vanadate was observed

to have a similar effect, at least in rat skeletal muscle and mouse diaphragm

(Clausen et al., 1981) .

Several reports have demonstrated that vanadate stimulates glucose

transport and glucose oxidation in rat adipocyte (Dubyak & Kleinzeller, 1880), rat

skeletal muscle (Clausen et al., 1981), rat and human heart muscle cells and in

other human non-muscle cells (Werdan, et al., 1982). These effects are similar

to those of insulin. In diabetic rat, insulin induces pancreatic amylase (Ben et

al., 1965). Vanadate also has been shown to induce pancreatic amylase mRNA

synthesis (Johnson et al., 1990). These effects are linked to vanadate induced

increase of phosphorylation and tyrosine kinase activity of the insulin receptor

(Gherzi et al., 1988; Kadota et al., 1987). Thus, vanadate is thought to have

insulin mimetic activity.

d. Cardiovascular effects

Studies have indicated that vanadate elicits positive inotropic effects in

cardiac muscle. This effect could be due to: 1) inhibition of Na+, K+ pump

(Cantley et al., 1979); 2) stimulation of adenylate cyclase and subsequent
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accumulation of cyclic AMP (Schawabe et aI., 1979); 3) enhancement of Ca2+

influx during action potential (Bruckner et aI., 1980); 4) inhibition of Ca2+ efflux

via Ca2+ -ATPase (Takeda et aI., 1980).

Vanadate has been shown to increase vascular smooth muscle tone,,

which may be more sensitive than cardiac muscle (Jandhyala & Hom, 1983).

Oral treatment of rats with vanadate has been shown to increase rat blood

pressure (Steffen et al., 1984). Intravenous infusions of cumulative doses of

vanadate causes significant increases in arterial pressure, accompanied by

marked increases in the resistance of pulmonary, renal and coronary vascular

beds (Inciarte et aI., 1980). In isolated rat aortic smooth muscle, vanadate

increases contraction in a dose-dependent manner (Rapp, 1981). Treatment

with the anion transporter blocker, 4,4'-diiosthiocyanostilbene-2,2'-disulfonic acid

(OIOS), completely abolished this effect (Sunano et aI., 1988a), indicating that

internalization of the vanadate was required. In various studies of vascular

smooth muscle, vanadate has been demonstrated to increase cytosolic Ca2+

concentration from both intracellular and extracellular sources, these effects of

vanadate can be (partially) blocked by the Ca2+ antagonists (Sunano et aI.,

1988b, Sanchez-Ferrer etaL, 1988). Inhibition ofCa2+-ATPase was also thought

to be involved in the induction of contraction. Inhibition of Na", K+-ATPase, or

the contractile apparatus was not considered to be a substantial mechanism

although NaV03 was known for its potent inhibitory effects in several membrane

Na', K+-ATPase systems and myosin ATPase (Shimada et aI., 1986).
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Vanadate has also been known to potentiate hypoxic pulmonary

vasoconstriction, an effect similar to that of phorbol myristate acetate (PMA).

Such an effect may occur independent of voltage-dependent Ca2
+ entry (Voelkel

& Czartolomna, 1991).

c: Objectives of Dissertation

Vanadate is an essential nutrient element in biological systems and its

possible role in biological system has attracted much attention. Most studies

have concentrated on examining the biochemical properties of vanadate or

vanadium-containing compounds. The mechanisms involved in the contractile

responses to vanadate in vascular smooth muscle or vascular intact cells,

however, are not very clear. Proposed mechanisms so far have centered on the

ability of vanadate to raise intracellular Ca2
+ concentration through increasing

membrane (plasma or SR) permeability without identifying the pathways that

lead to this response. Based on studies of an isolated membrane system, the

inhibition of Ca2
+-ATPase by vanadate has also been implicated. Other possible

mechanisms that may be involved in the regulation of smooth muscle tone have

not clearly been examined. Particularly, the sequence of cellular events which

finally produce the contractile response to vanadate have not been investigated

at all. Therefore, the objectives of this study are: 1) to characterize the

molecular events that lead to NaV0 3-stimulated rise in intracellular Ca2
+
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concentration; 2) and to determine the involvement of the major regulatory

pathways and their relationship in NaV03-induced contraction.
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II. MATERIALS AND METHODS

A: Mechanical Responses

Male Wistar rats weighing 200 - 250 g sacrificed by cervical dislocation

under ether anesthesia. The aorta was removed and cleaned of excess fat and..
connective tissues. Isolated aorta was cut into rings of about 3 mm in width, and

the rings opened to form a muscle strips. Each preparation was mounted

vertically in an organ bath containing 20 ml of modified Krebs-Henseleit solution

of the following composition in mM: NaCI 120.3, KCI 4.8, CaCI2 1.2,

MgS04-7H20 1.3, KH2P04 1.2, NaHC03 24.2, and glucose 5.8 at pH 7.4. The

tissue bath solution was maintained at 37°C and aerated with a 95% 02 and 5%

CO2 gas mixture. Calcium-free medium was prepared by omitting CaCI2 from

the normal Krebs solution. Ligatures were placed at both ends of the muscle

strip, attaching one end of the muscle to a metal holder, the other to a force

displacement transducer (Fig. 3). The initial stretch tension was adjusted to 1.0

g. When necessary, endothelium was removed by rubbing the tissue on a wet

filter paper. Presence of a functional endothelium was inferred when

acetylcholine (3 x 10.7 M) caused more than 80% relaxation in aortic strips in

which contraction had been induced with 3 x 10.8 M phenylephrine. Isometric

tension change was recorded through a force displacement transducer (Grass

FT-03) connected to a six channel Grass polygraph. The tissue was allowed to

equilibrate for a minimum of 60 min with two changes of fresh medium during

this period.
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Tissue Preparation & Tension Measurement

killed Wistar rat by
cervical dislocation under ether anesthesia

~
isolated rat aorta & excess fat
and connective tissue removed

•cut vessel into rings
about 3 mm in width

~
rings opened into strips

~
mount strips vertically in organ bath containing 20 ml

of modified Krebs-Henseleit solution at pH 7.4

~
maintain tissue bath at 37°C for 1 hr
and bubble with 95% 02 and 5% CO2

~
place ligatures on each end of strip,

one attaching the muscle to a metal holder
another attaching the muscle to a transducer

~
adjust transducer to give 1 g preload

i
record isometric tension changes through

force-displacement transducers (Grass FT-03)
connected to a 6-channel Grass polygraph

Fig. 3: A schematic representation for tissue preparation and tension measurement.
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In experiments where pretreatment was needed. aortic muscle strips

without endothelium incubated with the pretreatment agents for 20 minutes

before the sodium metavanadate (NaVQ3: 10-5 - 3 x 10-3 M) or arachidonic acid

(10-6 - 3 X 10-4 M) was added to induce contraction. All concentrations indicated..

were the final concentrations in the tissue bath medium.

B: Measurement of Inositol Monophosphate

The tissue level of inositol monophosphate (InsP) was determined by

modification of a method reported by Brown and Brown (1983) and Rapoport

(1986), illustrated in Fig. 4. Incubation of [3H] myo-inositol with the tissue

samples resulted in the incorporation of [3H] myo-inositol into inositol phosphate

derivatives. After being separated from unincorporated [3H] myo-inositol by

anion exchange chromatography, the labeled inositol phosphates were recovered

and quantified by a liquid scintillation counter (LSC). In live tissue, InsP3 is

rapidly converted to inositol by sequentially specific phosphatases. The addition

of LiCI (10 mM) prevents the loss of inositol-1-monophosphate by inhibiting the

inositol-1-monophosphotase and thus improves both the reliability and the

sensitivity of the assay.

1. Sample processing

The rat aortic muscle strip was weighed and incubated at 37°C for 3

hours in 1 ml modified Krebs-Henseleit solution containing [3H] myo-inositol (4

pCi/1.0 ml/1 ring) and aerated with a 95% 02 and 5% CO 2 gas mixture. The
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Measurement of Inositol Monophosphate

obtain aortic ring. open, weighed and ET-free

~
tissue incubated at 37°C for 3 hrs in

Krebs solution. [3H] inositol and 95% °2 , 5% CO 2

~
transfer the tissue into Krebs solution

with 10 mM LiCI and experimental drugs**

3x wash with ice cold Kreb solution, transfer
the strips into 1.5 ml of ice cold 10% TCA

j

Sample

l
supernatant

~
Discard

pellet

~

homogenized with a handheld homogenizer,
centrifuged at 3000 x g for 15 min

I

Fig. 4: A schematic sample processing for inositol monophosphate measurement.

TCA = trichloroacetic acid
ET = Endothelium

**Drugs:
Control
NaV03 3 x 10. 3 M _
NaV0

3
M + Indomethacin 10'" M

NaV0
3

M + AA861 10.5 M
NaV0

3
M + NCDC 3 x 10'5 M



Supernatant

~
extract x5 with 2.0 ml ether

4ml of 5 mM NaHC03 added to 1ml of aqueous phase

~
mixture run through anion-exchange column

~
column washed with 10 ml of dH20

~
eH] inositol monophosphate eluted with

6 ml of 200 mM ammonium formate
100 mM formic acid

1 ml eluate mixed with 5 ml of
scintillation cocktail

counted in a liquid scintillation counter

Fig. 5: Assay procedure for the measurement of incs.tol monophosphate.
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tissue was then transferred into 2 ml of oxygenated Krebs solution containing 10

mM LiCI, NaV03 (3 x 10-4 M) and other drugs, indomethacin, AA861, or NCDC

and incubated at 37°C for 60 minutes. After incubation, the muscle strip was

immediately transferred into the tube containing 1.5 ml of ice cold 10%

trichloroacetic acid (TCA), homogenized with a handheld homogenizer (Tissue

Tearor, 985-370), and finally centrifuged at 3000 x g for 15 minutes to separate

the aqueous phase from debris (Fig. 4).

2. InsP determination

The supernatant was extracted 5 times with 2.0 ml of water-saturated

ether. One milliliter of the aqueous phase was neutralized by mixing with 4 ml

of 5 mM NaHC03; this was passed through a column packed with 1 ml-anion

exchange resin (AGI-X8, 100-200 mesh, formate form, Bio-Rad, Richmond, CA).

The column was then washed with 10 ml of water to remove unbound [3H]

inositol. The bound [3H] inositol monophosphate was eluted with 6.0 ml of 200

mM ammonium formate with 100 mM formic acid. One milliliter of the eluate

was mixed with 5.0 ml of scintillation cocktail (Aquasol-2, New England Nuclear,

Boston, MA) and [3H] counted in a liquid scintillation counter (LS 6,000 SE,

Beckman) (Fig. 5).

3. Calculations:

The tissue level of inositol monophosphate was expressed as counts per

minute per milligram wet tissue (cpm/mg wet tissue). Calculation are as follows:
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cpm/mg wet tissue =sample cpm - blank cpm x 6
tissue weight

where 6 is the dilution factor.

c. Measurement of Pr,ostaglandin F2•

Tissue levels of' prostaglandin F2a (PGF2a) were determined by a

radioimmunoassay system (Amersham Corporation), based on the competitive

binding between unlabelled PGF2a and a fixed quantity of [3H]-labelled PGF2a to

a limited quantity of antibody which has high specificity and affinity for PGF2a'

The amount of radioactive ligand bound by the antibody is inversely proportional

to the concentration of non-radioactive ligand. This procedure is illustrated in

Figure 6.

1. Sample processing and PGF2a measurement

The tissue was prepared in the same manner as described for the

measurement of InsP. The tissue was incubated at 37°C for 30 minutes in 1.0

ml of Krebs solution containing NaV03 (3 x 10.3 M) with various inhibitors.

Fifty microliters of the above incubation medium was mixed with 50 pi of

the [3H] prostaglandin F2a tracer, 50 Jll of the antiserum, 50 pi of assay buffer in

a polypropylene test tube (11 x 75 mm), mixed well and incubated overnight at

4°C. To the sample tube, placed into ice-water bath for 10 minutes, 250 pi of

ice-cold charcoal suspension was added with gentle mixing, incubated for an

additional 10 minutes, and centrifuged at 2,000 x g for 10 minutes at 4°C. The

supernatant was transferred into scintillation vials, mixed with 5 ml scintillation

cocktail, and the radioactivity counted in a liquid scintillation counter.
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Measurement of PGF2a with radioimmunoassay system:

a. Day 1

obtain samples of isolated rat aorta.
weighed and cleaned of ET

t
incubate in Krebs solution containing NaV03

with various inhibitors, bubble with 95% O2

and 5% CO2 at 37°C for 30 min.

Transfer 50 pi of above medium,
add 50 pi tracer and 50 pi antiserum

t
vortex and incubate at 4°C overnight

b. Day 2

Place tubes and charcoal with stir bar
in ice-water bath for 10 min

~
add 250 pi of charcoal suspension

and vortex

~
incubate in ice-bath for 10 min

f
centrifuge at 2000 x g at 4°C for 10 min

~
transfer supernatant into scintillation vial,

add 5 ml of cocktail and count

Fig. 6: A schematic representation for measurement of prostaglandin F:a'
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2. Calculation of PGF2a level

A standard curve was prepared by carrying several aliquots of

predetermined quantities (3.1 - 100 pg) of unlabelled PGF2a through the assay,

and plotting the normalized percent bound as the function of the log10 PGF2a.
concentration (Fig. 7). The normalized percentages of standard solution were

calculated using the following formula:

%8/Bo = (standard cpm - NSB cpm) x 100
B, cpm - NSB cpm

where NSB cpm represents the non-specific binding, and Bo is the zero

standard which contained no unlabelled PGF2a' The radioactive count of each

unknown sample was converted to percentage bound using the above formula

and the quantity of PGF2a (QP) was obtained from the standard curve.

The amount of PGF2a released by the tissue was expressed as picomoles

per milligram wet tissue (pmol/mg wet tissue), and was calculated as indicated

below:

PGF 2jmg wet tissue = QP (pmo!) x 20
wet tissue weight (mg)

where 20 is the dilution factor.

0: Chemicals

The following drugs and chemicals were used: sodium metavanadate

(Sigma, St. Louis, MO), vanadyl sulfate hydrate (Aldrich, Milwaukee, WI),

vanadium chloride (Aldrich, Milwaukee, WI), indomethacin (Sigma, St. Louis,

MO); AA861 (Takeda Pharmaceuticals, Japan), nifedipine (Pfizer, New York,
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Fig. 7: Representative standard curve for prostaglandin F2a determination
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NY), prazosin (Pfizer, New York, NY), methysergide (Sandoz, Hanover, NJ),

tripelennamine (Sigma, St. Louis, MO), arachidonic acid (Sigma, St. Louis, MO),

ouabain (Nutritional Biochemical, Cleveland, OH), glyburide (Upjohn, Kalamazoo,

MI), apamin (Sigma, St. Louis, MO), H-7 (Research Biochemicals International,

Natick, MA), 2-nitro-4-carboxyphenyl-N, N-diphenylcarbamate (Sigma, St. Louis,

MO), phenylephrine (Sigma, St. Louis, MO); acetylcholine (Sigma, St. Louis,

MO), myo-[2-3H(N)]-inositol (New England Nuclear, Boston, MA), prostaglandin

F2a [3H] assay system (Amersham, Arlington Heights, IL). Nifedipine was

dissolved in acetone. Indomethacin and 2-nitro-4-carboxyphenyl-N, N

diphenylcarbamate were dissolved in ethanol. AA861 and .methysergide were

dissolved in dimethyl sulfoxide (DMSO) and methanol, respectively.

All drugs were prepared as stock solutions and diluted to various

concentrations, in moles per liter with deionized water as appropriate for each

experiment.

E: Statistical Analysis

Data were presented as mean ± SEM. Normalized percent contraction

was calculated and the maximal contraction induced by NaV03 (3 x 10-3 M) in

the absence of inhibitors was taken as 100%. In the calcium-free medium, the

maximal contraction induced by NaV03 (3 x 10-4 M) was taken as 100%.

Statistical analysis was performed using student's t test. A P value of less than

0.05 was considered significant.
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III. RESULTS

A: Mechanical Responses

1. Effects of NaV03 and other vanadium compounds in smooth muscle

In rat aortic muscle strip, sodium metavanadate (NaV03 : 10.5 - 3 X 10-3 M)
,

induced contraction in a concentration-dependent manner. Removal of

endothelium did not significantly affect the contractile responses. The maximal

contractile force generated in the muscle strip after administration of NaV03 (3

x 10-3 M) was 1.24 ± 0.15 g regardless of the integrity of endothelium (Fig. 8).

In rat aortic muscle strips denuded of endothelium, vanadium trichloride (VCI3)

and vanadyl sulfate (VaSa4) (10.5 M - 3 x 10.3 M) also induced contractile

responses, but only about 70% of the efficacy comparing to the contraction

induced by NaVa3 (Fig. 9). Therefore, NaV0 3 was used for the further

experiments.

2. Effects of NaV03 on receptors and J< channels

In rat aortic muscle strips denuded of endothelium, pretreatment of the

tissue with ouabain (10'3 M), prazosin (10.6 M), methysergide (10.6 M),

tripelennamine (10.6 M), glyburide (3 x 10.6 M) or apamin (10.6 M) had no

significant effect on the contraction induced by NaV03 (3 x 10-4 M) (Table I). Nor

did deletion of Mg2
+ from the medium have any significant effect on NaVa3 (3 x

10-4 M)-induced contraction either (Table I).

3. Effects of indomethacin and AA861 on the responses to KGI

In rat aortic muscle strips denuded of endothelium, indomethacin (10.5 M)
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Fig. 8: Effect of NaV03 on the contraction with and without endothelium

Contractile effects of NaV03 (10.5 M - 3 X 10.3 M) on rat aorta in the
presence (. , n=7) and absence (0 , n=7) of endothelium. Maximal
contraction induced by NaV0 3 (3 x 10.3 M) (1.24 ± 0.15 g) in the presence
of endothelium was taken as 100%. Values represent the mean ± SEM.
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Effect of various vanadate and vanadium containing compound on the
contractile responses

Contractile effects of NaV03t VCI3 and VOS0 4 on rat aorta. Rat aortas
denuded of endothelium were contracted by NaV03 (., n=6), VCI3 (0, n=4),
and VOS04 (At n=4) (10'5 M - 3 X 10'3 M). Maximal contractions induced by
NaV03 (3 x 10'3 M) (1.28 ± 0.23 g) were expressed as 100%. Values
represent the mean ± SEM. ·Significantly different from the tissue contracted
by NaV0 3 (p < 0.05).
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Effects of various inhibitors on the response to NaV03 in rat aorta

Pretreatment (M) Maximal Contraction (%)b

Ouabain 10.3 4 93.3 ± 9.45

Prazosin 10-6 4 106.1 ± 7.47

Methysergide 10-0 ·5 128.3 ± 12.1

Tripelennamine 10-6 4 116.4±9.14

Glyburide 3 x 10-6 5 112.4 ± 13.89

Apamin 10-6 4 106.7 ± 8.56

Mg2+-free 4 119.5±2.7

Rat aortas denuded of endothelium were contracted by NaV03 (3 x 10-4 M). Tissues
were pretreated by various inhibitors for 20 min before the addition of NaV03 .

"Number of experiments.

bThe response to NaV03 (3 x 10-4 M) in the absence of inhibitors (0.6 ± 0.07 g,n =31)
was expressed as 100%.
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and AA861 (10-6 M, 10-5 M) did not significantly affect the contraction induced by

KCI (40 mM). At a higher concentration, indomethacin (10-4 M) inhibited KCI (40

mM) induced contraction by 50% (Fig. 10). In order to avoid other mechanisms

which interfere with the det~rmination of NaV03 responses, indomethacin at 10-5

M and AA861 at 10-5 M were used in the experiments that followed.

4. Effects of indomethacin and AA861 on the responses NaV03

In rat aortic muscle strips denuded of endothelium, pretreatment of the

tissue with indomethacin (10-5 M) or AA861 (10.5 M) significantly shifted the

dose-response curve to the right at ED50 level and the combined treatment with

indomethacin and AA861 was significantly greater than that produced by any

single treatment (pKs value in control: 3.68 ± 2; indomethacin 10-5 M: 3.21 ± 2.7;

AA861 10-5 M: 3.1 ± 4; indomethacin 10-5 M plus AA861 10-5 M: 2.71 ± 2.1) (Fig.

11). The pA2 value of indomethacin was calculated as 4.85 ± 3.2, with a slope

of 0.82, and AA861 was calculated as 5.75 ± 3.5, with a slope of 0.58.

5. Effects of H-7, nifedipine and NCDG on responses to KGf

In rat aortic muscle strips denuded of endothelium, pretreatment with H-7

(10-5 M) or nifedipine (10-6 M) significantly inhibited KCI (40 mM)-induced

contraction. Pretreatment with 2-nitro-4-carboxyphenyl-N,N-diphenylcarbamate

(NCDC: 3 x 10-5 M) did not significantly affect contraction responses to KCI (Fig.

12).

6. Effects of H-7, nifedipine or NGDC on the responses to NaV03

In rat aortic muscle strips denuded of endothelium, pretreatment with H-7
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Fig. 10. Effect of indomethacin and AA861 on the contraction induced by KCI (40
mM)

Inhibitory effects of indomethacin and AA861 on the responses to KCI (mM)
in the rat aorta removal of endothelium. Indomethacin (10.5 M, n=5; or 10.

4

M, n=4) or AA861 (10.6 M. n=4; or 10.5 M, n=4) was added to the tissue bath
20 min prior to addition of KCI (40 mM). Maximal contraction induced by KCI
(40 mM) in the absence of inhibitors (0.71 ± 0.09 g, n=9) were taken as
100%. Values represent the mean ± SEM. *Significantly different from the
control in the absence of inhibitors (p < 0.05).
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Fig. 11. Effect of indomethacin and AA861 on the contraction induced by NaV03 .

Dose-response relationship.

Inhibitory effects of indomethacin and AA861 on the responses to NaV03 (10
5 _ 3 X 10-3 M) in rat aorta denuded of endothelium. Indomethacin (0:10-5 M,
n=6), AA861 (A :10-5 M, n=5) or indomethacin plus AA861 ~ :10-5 M, n=4)
were added to the bath 20 min prior to addition of NaV03• Maximal
contractions induced by NaV0 3 (3 x 10.3 M) in the absence of inhibitors (1.3
± 0.12 g) were taken as 100%. Values represent the mean ± SEM.
*Significantly different from the control (e, n=6) in the absence of inhibitors
(p < 0.05). +Significantly different from single treatment with indomethacin
or AA861 (p < 0.05).
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Fig. 12. Effect of NCDC, H-7 or nifedipine on the contraction induced by KCI (40 mM)

Inhibitory effects of H-7, nifedipine or NCDC on the responses to KCI (40
mM) in the rat aorta removal of endothelium. H-7 (10.5 M, n=4), nifedipine
(10.6 M, n=4) or NCDC (3 x 10.5 M, n=5) was added to the tissue bath 20 min
prior to addition of KCI (40 mM). Maximal contraction induced by KCI (40
mM) in the absence of inhibitors (0.86 ± 0.1 g, n=9) were taken as 100%.
Values represent the mean ± SEM. *Significantly different from the control
in the absence of inhibitors (p < 0.05).
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(10-5 M), nifedipine (10-6 M) or NCDC (3 x 10-5 M), significantly shifted the dose-

response curve of NaV03 to the right at EDso level (pKB value in control: 3.5 ±

0.04; H-7 10-5 M: 2.93 ± 0.11; nifedipine 10-6 M: 2.53 ± 0.03; NCDC 3 x 10-5 M:

2.63 ± 0.01) (Fig. 13).

7. Effects of H-7 or NCDC on the responses to NaV03 in the presence of

indomethacin and AA861

The residual response to NaV0 3 in the presence of indomethacin (10-5 M)

and AA861 (10-5 M) was studied. In such experiments, H-7 (10-5 M) shifted the

residual contraction of NaV0 3 to the right at EDso level (pK B value in residual:

3.71 ± 0.01; H-7: 2.55 ± 0.09) (Fig. 14). NCDC (3 x 10-5 M) also shifted the

residual contraction of NaV0 3 to the right at EDso level (pK B value in residual:

3.20 ± 0.007; NCDC: 2.51 ± 0.06) (Fig. 15).

8. Effects of indomethacin and AA861 on the responses to arachidonic acid

In rat aortic muscle strips denuded of endothelium, pretreatment with in

domethacin (10-5 M) and AA861 (10-5 M) markedly inhibited arachidonic acid (10

6 to 3 X 10-4 M)-induced contraction in a non-competitive manner. Indomethacin

(10-5 M) nearly abolished the arachidonic acid-induced contraction, while AA861

(10-5 M) reduced the maximal response to arachidonic acid by 40% (Fig. 16).

9. Effects of H-7, nifedipine or NCDC on the responses to arachidonic acid

Pretreatment of the tissue with H-7 (10-5 M) did not significantly affect

arachidonic acid (10-6 - 3 X 10-4 M)-induced contraction (Fig. 17). Nifedipine (10-6

M) and NCDC (3 x 10-5 M) both significantly shifted the concentration-response
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Fig. 13. Effect of H-7, nifedipine and NCDC on the contraction induced by NaV03•

Dose-response relationship.

Inhibitory effects of NCDC, H-7 and nifedipine on the responses to NaV03

(10.5
- 3 X 10.3 M) in rat aorta denuded of endothelium. H-7 (0 :10. 5 M, n=5),

nifedipine (&:10.6 M, n=4) or NCDC (L:.:3 x 10.5 M, n=6) were added to the
bath 20 min prior to addition of NaV03• Maximal contractions induced by
NaV03 (3 x 10.3 M) in the absence of inhibitors (1.3 ± 0.12 g) were taken as
100%. Values represent the mean ± SEM. *Significantly different from the
control (e, n=6) in the absence of inhibitors (p < 0.05).
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Fig. 14. Effects of H-7 on the contraction induced by NaV03 in the presence of both
indomethacin and AA861. Dose-response relationship.

Inhibitory effect of H-7 on the contractile responses to NaV03 (10.5 M - 3 x
10.3 M) in the presence of both indomethacin and AA861 in rat aorta
denuded of endothelium. NaV03 was applied following 20 min incubation
with indomethacin (10.5 M) and AA861 (10.5 M) (e, n=5). In some tissues.
H-7 (10.5 M) (0, n=5) was added to the bath, in addition to indomethacin and
AA861 , 20 min prior to addition of NaV03 . Maximal Contraction induced by
NaV03 (3 x 10.3 M) in the absence of H-7 (1.1 ± 0.08 g) were taken as
100%. Values represent the mean ± SEM. "'Significantly different from the
control (e) in the absence of H-7 (p < 0.05).
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Fig. 15. Effects of NCDC on the contraction induced by NaVO J in the presence of
both indomethacin and AA861. Dose-response relationship.

Inhibitory effect of NCDC on the contractile responses to NaVOJ (10.5 M - 3
x 10.3 M) in the presence of both indomethacin and AA861 in rat aorta
denuded of endothelium. NaV03 was applied following 20 min incubation
with indomethacin (10'5 M) and AA861 (10. 5 M) (e. n=6). In some tissues,
NCDC (3 x 10.5 M) ( 0 , n=6) was added to the bath, in addition to
indomethacin and AA861, 20 min prior to addition of NaV03• Maximal
Contraction induced by NaVO J (3 x 10'3 M) in the presence of indomethacin
(10.5 M) plus AA861 (10.5 M) and absence of NCDC (0.85 ± 0.06 g) were
taken as 100%. Values represent the mean ± SEM. *Significantly different
from the control (e) in the absence of NCDC (p < 0.05). .
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Fig. 16. Effect of indomethacin and AA861 on the contraction induced by arachidonic
acid. Dose-response relationship.

Inhibitory effects of indomethacin and AA861 on the contractile responses to
arachidonic acid (10.6 M - 3 X 10.4 M) in rat aorta denuded of endothelium.
In some tissues, indomethacin (0 :10.5 M, n=4) orAA861 (.&:10. 5 M, n=4)
were added to the bath 20 min prior to addition of arachidonic acid. Maximal
contractions induced by arachidonic acid (3 x 10.4 M) in the absence of
inhibitors (1.0 ± 0.29 g) were taken as 100%. Values represent the mean
± SEM. kSignificantly different from the control (e, n=11) (p < 0.05).
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Fig. 17. Effect of H-7, nifedipine and NCDC on the contraction induced by
arachidonic acid. Dose-response relationship.

Inhibitory effects of H-7, nifedipine and NCDC on the contractile responses
to arachidonic acid (10.6 M - 3 X 10-4 M) in rat aorta denuded of endothelium.
In some tissues, H-7 (0 :10.5 M), nifedipine (6:10.6 M) or NCDC (~:3 x 10-5

M) were added to the bath 20 min prior to addition of arachidonic acid.
Maximal contractions induced by arachidonic acid (3 x 10.4 M) in the absence
of inhibitors (1.0 ± 0.29 g) were taken as 100%. Values represent the mean
± SEM. *Significantly different from the control (e) (p < 0.05).
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curve of arachidonic acid to the right in a non-competitive manner and also

inhibited the maximal response by 50% or 15%, respectively (Fig. 17).

10. Effects of pertussis toxin on responses to NaV03

In rat aortic muscle strips denuded of endothelium, pretreatment with..
pertussis toxin (5 pg/ml) "did not significantly affect the contraction induced by

either NaV03 or serotonin (5-HT: 10-a to 3 x 10-5 M) (Fig. 18).

11. Effects of NCDC, nifedipine or Indomethacin on the responses in Ca2
+

free medium

Rat aortic muscle strips denuded of endothelium were incubated in Ca2
+

free medium containing ethyleneglycol-bis-(p-aminuteso-ethyl ether) N, N'-tetra

acetic acid (EGTA: 0.02 mM) for 15 minutes. Addition of NaV03 (3 x 10-4 M)

induced a phasic contraction equal to 23.4 ± 1.44% of that observed in the

normal Ca2
+-containing medium (Fig. 19A). A subsequent addition of 1.2 mM

Ca2
+ in the presence of NaV03 induced a tonic contraction equal to 97.3 ±

13.15% of the contraction seen in the normal Ca2
+ medium (Fig. 19B).

Pretreatment oftissue with either NCDC (3 x 10-5 M) or indomethacin (10-5

M) in calcium-free medium significantly inhibited the phasic contraction induced

by NaV0 3 (3 x 10-4 M). Nifedipine at 10-6 M had no effect (Fig. 19A). The tonic

contraction induced by the reconstitution of normal medium in the presence of

NaV03 (3 x 10-4 M) was completely abolished by NCDC. In addition, it was also

inhibited by nifedipine up to 90% or indomethacin up to 50% (Fig. 19B).
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Fig. 18. Effects of pertussis toxin on the contraction induced by NaV03 and 5-HT

Inhibitory effects of pertussis toxin on the contractile responses to NaV03

(10.5
- 3 X 10,3 M) (A) and 5-HT (10'8 - 3 x 10.5 M) in rat aorta denuded of

endothelium. In some tissues, pertussis toxin (0:5 pg/ml, n=4) was added
to the bath 20 min prior to addition of NaV03 (A, n=4) or 5-HT (B. n=4).
Maximal contractions induced by (A) NaVO 3 (3 x 10.3 M) in the absence of
inhibitors (0.99 ± 0.07 g) and (B) 5-HT (3 x 10'5 M) were taken as 100%.
Values represent the mean ± SEM.
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Fig. 19. Effects of NCDC, nifedipine and indomethacin on the contraction in Ca2
+ 

free medium.

Inhibitory effects of NCDC, nifedipine and indomethacin on the residual
NaV03 responses in Ca2

+ -free medium containing EGTA and subsequent
Ca2

+ -responses in rat aorta denuded of endothelium. Tissues were
incubated in a Ca2

+ -free medium containing EGTA (0.05 mM) for 15 min
before addition of NaV03 (3 x '10-4 M). Ca2

+ (1.2 mM) was added to the bath
15 min thereafter. NCDC (3 x 10.5 M, n=4), nifedipine (10.6 M, n=9) or
indomethacin (10.5 M, n=9) was added to 15 min prior to the addition of
NaV03• Maximal contractions induced by (A) NaV0 3 (3 x 10.3 M) and (B)
Ca 2

+ (1.2 mM) in the presence of NaV03 were expressed as 100%.
*Significantly different from the control in the absence of inhibitors (p < 0.05).
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B: Effect of NaV03 on InsP Level

In rat aortic muscle strips denuded of endothelium, NaV03 (3 x 10-5
- 3 x

10-3 M) increased the tissue level of inositol monophosphate (InsP) in a

concentration-dependent manner (Fig. 20). Incubation of the tissues with NaV03,

(3 x 10-4 M) significantly raised the InsP level. Indomethacin (10- 5 M), AA861

(10-5 M) or NCDC (3 x 10-5 M) significantly inhibited the increased level of InsP

level by NaV0 3 alone (Fig. 21).

c: Effect of NaV03 on the Level of Prostaglandin F2a

In rat aortic muscle strip denuded of endothelium, incubation of the tissue

with NaV03 (3 x 10-3 M) increased the level of PGF2a by 100% as compared to

the control in the absence of NaV03 . This effect was inhibited by indomethacin

(10-5 M) and NCDC (3 x 10-5 M), but not by AA861 (10-5 M) (Fig. 22).
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Fig. 20. Effects of NaV03 on the tissue level of InsP measurement

In rat aorta denuded of endothelium, NaV0 3 (3 x 10-5 • 3 X 10-3 M, n=3)
increased the tissue level of inositol monophosphate (IP) at concentration
dependent manner in the presence of Liel (10 mM).
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Fig. 21. Effects of indomethacin, AA861 , and NCDC on the level of IP caused by
NaV03•

NaV03 (3 x 10-4 M, n=5) increases in IP level (3084.9 ± 943.91 cpm/mg wet
tissue, n=6) in the presence of LiCI (10 mM). In some experiments,
indomethacin (10-5 M, n=5), AA861 (10-5 M, n=4) or NCDC (3 x 10-5 M, n=4)
was present in addition to NaV03 (3 x 10.4 M). Values represent the mean
± SEM. *Significantly different from the control basal level of IP (n=5) (p <
0.05). #Significantly different from the single treatment with NaV03 (p <
0.05).
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Effects of indomethacin, AA861 and NCDC on the level of PGF2a induced by
NaV03•

The effects of indomethacin, AA861 and NCDC on the increase in the level
of PGF2a caused by NaV03 in rat aorta. The tissue level of PGF2a was
measured in the presence of NaV03 (3 x 10-3 M, n=9). In some experiments,
indomethacin (10-5 M, n=4), AA861 (10.5 M, n=4) or NCDC (3 x 10-5 M, n=4)
was present in addition to NaV03 (3 x 10-3 M). Values represent the mean
± SEM. *Significantly different from the control basal level of PGF2a (n=9)
(p < 0.05). #Significantly different from the single treatment with NaV03 (p
< 0.05).
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IV. DISCUSSION

Results presented in this study demonstrate that sodium metavanadate

(NaV03 ) and two other vanadium-containing compounds induce contractile

responses in rat aortas in ~ dose-dependent manner. NaV03 has been shown

to have the most efficacy of the contracting, followed by vanadyl sulfate (VOS0 4)

and vanadium trichloride (VCI3) . Garcia et al. (1981) similarly found that, in rat

vas deferens, NaV03 caused greater contraction than VOS0 4 • Even though,

VCI3 was reported to cause no contractile response in rat vas deferens (Garcia

et aI., 1981), VCI3 did cause contraction in rat aortas in the present study.

Therefore, NaV03 was chosen for the present investigation. Removal of

endothelium had no effect on responses to NaV0 3 which suggests that the

contractile effect of NaV03 is not dependent on the presence of a functional

endothelium.

In the present study, NaV03-induced contraction in rat aorta was not

affected by prazosin (an Q1-adrenoceptor antagonist), methysergide (a serotonin

receptor antagonist), and tripelennamine (a histamine receptor antagonist).

These results indicate that the contractile response is not mediated by Q1

adrenoceptors, serotonin receptors or histamine receptors. Lack of effect of

prazosin on NaV03-induced contraction is in agreement with a previous report

(Sunano et aI., 1987).

It is known that vanadium compounds are one of the most potent

inhibitors of Na", K+-ATPase (Cantly et aI., 1978). It was shown that ouabain
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(a Na", K+-ATPase inhibitor) non-competitively inhibits contractile responses to

vanadate in rat vas deferens (Garcia et aI., 1981). However, it was also

reported that, in rat aorta, ouabain does not inhibit the responses to NaV03

(Erdmann et aI., 1984, Su~ano et aI., 1987). The results of the present study

also confirm the previous reports that, in rat aorta, the inhibition of Na+, K+

ATPase is not related to the response to NaV03. NaV0 3 is also known to inhibit

Ca2+-ATPase in sarcolemma (Grover, 1985). It has been reported that NaV03

may enhance cooling-induced tension development by inhibiting Ca2+-ATPase

of plasma membrane and/or sarcoplasmic reticulum from guinea-pig ureter and

2vas deferens (Sunano et aI., 1984). Because Ca2+-ATPase may also play an

important role in the regulation of vascular tone (Rapp, 1981), it is thus

conceivable that the contraction induced by NaV03 in rat aortas may be due to

inhibition of Ca2+-ATPase. It was reported that Mg2+-deletion in the external

medium caused a decrease in intracellular Mg2+ concentration (Altura & Altura,

1971) and the activity of Ca2+-ATPase in tissue is Mg2+-dependent (Popescu,

1977). The results in the present study, however, indicate that Mg2+-deletion

does not at all affect the response to NaV03 . These results, therefore,

suggested that the contraction induced by NaV03 may not be related to Ca2+

ATPase. The involvement of ATP-dependent K+-channel (KATP channel) or

calcium-activated K+-channel (KCa channel) were unlikely, since neither the KATP

channel inhibitor, glyburide, nor the Kca channel blocker, apamin, had any effect

on responses to NaV03 .
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It has been reported that the involvement of prostaglandin can be

excluded, since indomethacin, a cyclooxygenase inhibitor, failed to inhibit the

responses to NaV03 (Sunano et aI., 1987). However, the present study clearly

demonstrates that the resp~>nses to NaV03 are inhibited by indomethacin. The

reason for this discrepancy is not clear, but may be due to the difference in the

concentration of indomethacin used. These present results suggest that the

responses to NaV03 may be related to metabolites of arachidonic acid via the

cyclooxygenase pathway. This is supported by our finding that NaV0 3 induces

a rise in tissue levels of PGF 2a. This is also in agreement with the report that

after its intracellular conversion of vanadyl, vanadate releases prostaglandin E2

in rabbit descending colon (Plass et aI., 1992). The involvement of arachidonic

acid metabolites through 5-lipoxygenase pathway is evidenced by the fact that

AA861 , an inhibitor of 5-lipoxygenase (Tamaki et aI., 1992), inhibits the

responses to NaV03 . In the presence of both indomethacin and AA861 , the

contractile response of NaV03 was further inhibited. At the concentrations used

in the present experiment, AA861 apparently has no significant effect on

cyclooxygenase since it failed to inhibit PGF2a level induced by NaV0 3. These

results further support the assumption that both cyclooxygenase and 5

lipoxygenase pathways are involved in the responses to NaV0 3 • In addition,

another mechanism, which is different from arachidonic acid metabolism, may

also be involved in the response to NaV03 , since the response to NaV03 can not

be fully inhibited by simultaneously inhibited by both cyclooxygenase and 5-
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lipoxygenase. A similarity in the effects of nifedipine on the responses to both

NaV03 and ar arachidonic acid also suggests involvement of arachidonic acid

in the action of NaV03 . In addition, these results suggest that the activation of

voltage-operated Ca2
+-channels (VOC) may be involved in the contractile,

responses to NaV03• This is in agreement with a previous report that, in rat

aortas, NaV03 causes contractions by Ca2
+ influx through VOC (Sunano et aI.,

1988b). However, in uterine smooth muscles and the portal vein of rats,

vanadate did not cause sufficient depolarization to induce contractions

(Mironneau et aI., 1984). In addition, in guinea-pig and rabbit aortas, the

contraction induced by vanadate was reported to be resistant to nifedipine and

verapamil (Bolton, 1979; Sunano et aI., 1988a). It was also reported that end-

products of 5-lipoxygenase may exert a positive feedback on Ca2
+-entry

(Vanhoutte et aI., 1985). Therefore, it is not clear at this time whether the

activation of VOC is caused directly by NaV03 or indirectly through arachidonic

acid metabolites.

It may be important to note that indomethacin and AA861 inhibit the

response to NaV03 differently from the arachidonic acid response. A relatively

weak inhibitory effect of indomethacin on the response to NaV03 as compared

to the response to exogenous arachidonic acid suggest a lesser or indirect

involvement of cyclooxygenase pathway in the response to NaV03 . I t is

known that activation of membrane receptors increases the metabolism of

phosphoinositol 4,5-biphosphate (InsP2) by PLC into two second messengers:
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InsP3 and DAG (Berridge, 1987). InsP3 and DAG have been reported to release

intracellular calcium and to activate protein kinase C, respectively (Berridge &

Irvine, 1984; Williamson et aI., 1984). At the same time, the rising cytosolic free

Ca2
+ concentration facilitate~ arachidonic acid release by phospholipase A2 (Van

Den Bosch, 1980). It has been suggested that the phosphatidic acid derived

from the agonist-stimulated breakdown of phosphoinositides could be deacylated

by a phosphatidic acid specific phospholipase A2 to liberate arachidonic acid

(Lapetina et aI., 1982). The results in the present study show that the contractile

responses to NaV03 and arachidonic acid are inhibited by NCDC, a PLC

inhibitor. These results also indicate the similarity in contractile mechanism

between NaV03 and arachidonic acid. In addition, these results suggest that the

contractile responses to NaV03 may be related to phosphoinositide metabolism.

Therefore, the level of inositol InsP, a metabolite of InsP3, was measured to

determine InsP3 involvement in the contractile responses induced by NaV03·

The results in the InsP measurement indicate that NaV03 increases InsP

formation, which is inhibited by NCDC. These results clearly demonstrate that

contractile effect of NaV03 is partly due to increase in InsP3 formation. This

increase in InsP3 formation caused by NaV0 3 is, at least in part, due to increase

in metabolites of arachidonic acid, since indomethacin and AA861 partly inhibited

the increase in InsP formation.

The involvement of phosphoinositide and arachidonic acid metabolism in

contractile response to NaV03 is also evidenced in the inhibitory effects of
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NCDC and indomethacin on the residual of NaV03 responses in Ca2
+-free

medium and on the response to a subsequent addition of Ca2
+. The response

to Ca2
+ appears to be due to the activation of VOC, because this response was

inhibited by nifedipine. The activation of VOC, however, appears to be the
-

consequence of PLC activation, but not direct effect of NaV03 on VOC, because

NCDC completely abolished this responses to Ca2
+.

It is conceivable that NaV03 activated at first PLC, since arachidonic acid

release from phospholipid by phospholipase A 2 may be facilitated by the rising

cytosolic free Ca2
+ as a consequence of PLC activation. This is supported by

the fact that the inhibitor of PLC inhibits the response to NaV03 much more than

that to arachidonic acid. That the inhibitor of cyclooxygenase inhibits the

response to arachidonic acid much more than that to NaV03 is also in

agreement with this assumption. In addition, the increase in the level of PGF 2a

induced by NaV03 can be inhibited completely by the inhibitor of PLC. This

clearly suggests that the formation of PGF2a is the consequence of the activation

of PLC. It has to be noted that H-7, a protein kinase C inhibitor, only inhibits the

contractile responses to NaV03 without significantly affecting the responses to

arachidonic acid. In fact, the results in the present study indicate that H-7 further

inhibits the residual responses to NaV03 following the inhibition of arachidonic

acid metabolism. Recently it was been reported that, in rats, vanadate

potentiates hypoxia-induced pulmonary vasoconstriction by activating protein

kinase C (Voelkel & Czartolomna, 1991). These results, therefore, suggest that
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the activation of protein kinase C by DAG may also contribute to the contractile

responses of NaV03• in addition to increased metabolism of arachidonic acid.

This is in agreement with the hypothesis that NaV0 3 activates PLC and as a

result it increases metabolism of arachidonic acid.

In summary, in rat aortas the primary target of NaV03 is PLC. Activation

of this enzyme causes the mobilization of PIP2 metabolism pathway resulting in

the formation of two second messengers: InsP3 and DAG. The binding of InsP3

to its receptor on the sarcoplasmic reticulum causes the release of Ca2
+ from this

intracellular Ca2
+ storage compartment. The increases in cytosolic free Ca2

+

concentration that follows is directly responsible for the induction of contraction.

Increased intracellular Ca2
+ also activates phospholipase A2 • releases

arachidonic acid from phospholipid. Arachidonic acid, the precursor of

eicosanoids, is metabolized via the cyclooxygenase and 5-lipoxygenase

pathways. The autoccidal eicosanoids bind to their specific receptors on plasma

membrane to facilitate the release of Ca2
+. DAG activates protein kinase C,

which phosphorylates the myosin light chain, thus sensitizing the contractile

apparatus. At the same time, DAG is metabolized by lipase to liberate

arachidonic acid which can form eicosanoids, as well. Under physiological

conditions, messenger molecules are quickly inactivated through their specific

metabolic pathways; e.g. InsP3 is either rapidly degraded to inositol by a series

of inositol phosphatases, or further phosphorylated by a InsP3 kinase to form

InsP4 ; DAG is either degraded by lipase or recombined with inositol to
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regenerate PI (Fig. 23). The degradation of the eicosanoids involves a first,

relatively rapid, enzymatic step which abolishes most of their biological activity,

and a second step in which these metabolites are oxidized by enzymes probably

identical to those response for the P and ta oxidation of most fatty acids.
~

In conclusion, vanadate induced contractile responses in rat aorta by

stimulating PLC activity, which resulted in the release of InsP3 and arachidonic

acid. InsP3 and the metabolic product of arachidonic acid, PGs and leukotrienes,

releases Ca2
+ and leads to contraction.
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