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(ABSTRACT)

Class | antiarrhythmic drugs, such as lidocaine, quinidine and procainamide,
are known to be effective membrane stabilizers. However, the mechanism of
such "membrane stabilization" has not been elucidated. In the present study we
found that all three drugs are powerful scavengers of hydroxyl radical. In
addition, lidocaine was found to be a quencher of singlet oxygen. These drugs
are also found to inhibit NADPH-dependent lipid peroxidation in bovine lung
microsomes in a dose dependent manner. Since oxyradicals are implicated in
the lipid peroxidation process and antiarrhythmic drugs were found to
scavenge/quench reactive oxygen species, we proposed that the membrane
stabilizing effects of antiarrhythmic drugs may, in part, be due to their
antioxidant properties.

Ischemia-reperfusion injury has been studied in many organs. Despite
the evidence of functional, metabolic and structural abnormalities during
reperfusion, the precise mechanism of reperfusion lung injury remains obscure.
Data from the organ models suggest that toxic oxygen metabolites play an

important role in the mechanism of reperfusion tissiie injury. Lidocaine has also
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been shown to be clinically valuable for the treatment and prevention of
ventricular arrhythmia occurring after surgical correction of myocardial
infraction. We found that the class | antiarrhythmic  drugs are effective in
ameliorating post-ischemic lung reperfusion injury in an ex vivo perfused rat
lung model exposed to both normoxic and hyperoxic conditions.

Since phagocytes are known to generate reactive oxygen species and
play an important role in causing irreversible oxidative tissue injury during
reperfusion of organs, we examined the role of antiarrhythmic agents on
macrophage function. We found that these drugs inhibit superoxide and
hydrogen peroxide production in stimulated macrophages in a dose dependent
manner. The diminished production of superoxide was found to be not due to
the inactivation of superoxide generating NADPH-oxidase enzyme but by
inhibition of the phagocytosis process by these drugs

The results of these studies indicate that the antiarrhythmic drugs, such
as, lidocaine, quinidine and procainamide, are effective antioxidants and can
protect biomembranes against lipid peroxidation injury and post-ischemic
reperfusion injury of the lung. We have investigated the mechanism(s) of action
of these drugs in ameliorating oxidative tissue injury and found that these drugs
are not only effective in removing reactive oxygen species but also cause
inactivation of pulmonary macrophage from inappropriately generating
reactive species of oxygen. The fundamental knowledge derived from these
studies could lead to enhanced functional improvement of patients following
cardiopulmonary bypass, pulmonary arterial embolectomy and acute
respiratory distress syndrome, all of which undergo a period of elective/induced

ischemia and reperfusion or oxidative stress.
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Iintroduction

Class | antiarrhythmic agents ( lidocaine, quinidine and procainamide) are
widely used drugs with significant stabilizing activity on lipid biomembranes
(Stelzner et al., 1987). These drugs have been suggested as a means of
reducing ischemic myocardial damage. Prolonged ischemia such as that
following myocardial infarction, pulmonary embolism and conditions occurring
during long-term coronary bypass procedures cause serious damage to these
tissues. The cytoprotective effects of lidocaine, quinidine and procainamide in
myocardial ischemia have been attributed to membrane stabilizing properties of
these drugs. However, the mechanism of such "membrane stabilization” has
not yet been elucidated.

Reoxygenation of ischemic tissue results in extensive tissue damage and
this phenomenon has been called reperfusion injury or reperfusion paradox or
post-ischemic tissue injury. The biochemical mechanism that underlies the
post-ischemic tissue injury involves production of superoxide radical in the
reperfused tissue. According to McCord's (McCord, 1985) hypothesis,
prolonged ischemia results in the loss of high energy phosphate compounds
manifested by a decrease in the cellular ATP levels. As the cell's energy
charge drops, it is no longer able to maintain a proper ion gradient across its
membrane and this precipitates a redistribution of calcium ions. Concomitantly,
the depletion of the cell ATP results in an elevated concentration of AMP. The
AMP s catabolized to adenosine, inosine, and then hypoxanthine. The
elevated cytosolic calcium concentration, is believed to activate a protease

capable of converting xanthine dehydrogenase to xanthine oxidase.



Hypoxanthine as well as xanthine accumulates in the cells during ischemia and
are used as substrates for xanthine oxidase. Hence during ischemia two
important changes occur in the tissue: a new enzyme activity appears, along
with one of its two substrates. Xanthine oxidase uses O2 as a second substrate
to yield both O2- and H2O2. With reoxygenation, Og is introduced and there is
a burst of O2~ production in the reperfused tissue with subsequent H202
production ( Grisham and McCord, 1986). In the presence of iron, Oz and
H2O» can participate in an iron catalyzed Fenton reaction to produce hydroxy!

radical. (Cohen, 1977):

Hydroxy! radicals are potent oxidants that cause tissue injury by initiating lipid
peroxidation in cell membranes. Lipid peroxidation mediated by hydroxy!
radicals has been suggested as a possible mechanism of pulmonary injury
(Freeman et al., 1985, Jurman et al., 1990, and Martin et al., 1986). The
activated species of oxygen (O2, H2O2, -OH) also increase pulmonary arterial
pressure (McMurtry et al., 1985, Tate et al., 1982) and increase vascular
permeability that results in the formation of a protein rich intra-alveolar edema
(Barnard et al., 1989 and Tate et al., 1982). If these toxic species of oxygen are
not properly neutralized by endogenous antioxidants, they can interact with cell
membranes to generate lipid peroxide, lipid hydroperoxide, lipid endoperoxide
and arachidonic acid metabolites (Bertrand, 1985). The generation of short

lived free radicals like superoxide anions, hydroxyl radicals and carbon



centered radicals, have been observed during myocardial ischemia and in post-
ischemic reperfused myocardium (Bertrand, 1985 and Burghuber, et al., 1984).
Lipid peroxidation provokes damage to cellular membranes (Casey et al.,
1980). It has been demonstrated that during myocardial ischemia, and
especially after reoxygenation of the heart, the concentration of lipid peroxides
in the tissues increases (Gauduel and Duvelleray, 1984., Meerson et al., 1982.,
Rao and Mueller, 1983., Shlafer et al., 1982). Lipid peroxidation mediated by
hydroxy! radicals has also been suggested as a possible mechanism of
pulmonary ihjury (Mattin et al., 1986., Kennedy et al., 1989., Freeman et al.,
1986).

Since lipid peroxidation can be initiated by reactive species of
oxygen which are produced during reperfusion of ischemic tissue, we
developed the hypothesis that antiarrhythmic agents might be exerting their
beneficial effects, in par, by a free radical scavenging mechanism.

The specific aims of this investigation were: (1) to evaluate the role of
antiarrhythmic drugs on oxidative tissue injury and (2) to evaluate their
mechanism of action.

It has been shown that free radicals of oxygen are produced in post-
ischemic tissues and they are implicated as the mediator of tissue damage
during reperfusion of different ischemic organs, such as brain, heart, intestine
and kidney. The mechanism of reperfusion injury in lungs has not been clearly
understood. We investigated the effects of these drugs (1) on lipid peroxidation
of biomembranes isolated from bovine lungs, (2) on reperfusion injury of rat
lungs in an ex vivo perfused model and (3) on macrophage function. We find

that these drugs (1) effectively scavenge hydroxyl radicals, (2) inhibit lipid



peroxidation of biomembranes, (3) protect lungs against post-ischemic
reperfusion injury, and (4) inhibit macrophage function. These findings have
obvious clinical implications in managing the lung and other tissues undergoing

period of ischemia or hyperoxia.



CHAPTER-I

A review of literature

A. ANTIARRHYTHMICS

Antiarrhythmic drugs are remedies used to suppress dysrhythmic cardiac
activity regardless of their mode of action (Hartenstein and Wagner, 1986).
According to Vaughan Williams these drugs have been classified into four sub-
classes. Class | include the membrane stabilizers, class Il includes the B-
blockers, drugs in class Ill lengthen the cardiac action potential and refractory
period and class IV includes calcium blockers (Vaughan William's, 1975).

Class | antiarrhythmic drugs are characterized further by the fact that they
posses local anesthetic actions and depress myocardial contractile force.

These include lidocaine, quinidine and procainamide.

Lidocaine:

Lidocaine was first synthesized by Lofgren for use as a local anesthetic
agent in 1943 (Wielding, 1964) and it is still extensively used for that purpose
today. It was first used as an antiarrhythmic agent in 1950 by Southworth et
al.(Southworth et al., 1950) for the treatment of arrhythmias occurring during
cardiac catheterization. This drug is believed to be an effective and safe drug

for termination of ventricular arrhythmias.



Chemical structure and properties:

Lidocaine consists of a lipophilic aromatic residue (2,; 6 Xylidide)
connected through an amide link to diethylglycine, which is the hydrophobic
group containing the active tertiary nitrogen (Fig. 1). The non-ester amide link
provides stability by preventing hydrolysis by esterases (Hullanger, 1960).
Lidocaine is a weak base (pKa = 8.7), and it is marketed in the form of its water
soluble salt, lidocaine hydrochloride, which is an acid form of the drug. At pH
7.4, less than 20 percent of lidocaine is believed to be in the form of the free

base and it is this nonpolar form that penetrates vascular membrane.

CHi o H C,H, CH: o H H
[ | 4
N—C—C—N —— N—C—C—N
H AN H | N\
H QHS H Csz
CH; ) CH3
Lidocaine | MEGX

(Monoelhylglycylxylldlde)

|
N—C-—-C—N\
H }l{ g

CH,

GX (Glycyixylidide)

Fig. 1. Lidocaine and its metabolites.



Pharmacokinetics:

More than 70% of orally administered lidocaine is metabolized by the
liver before reaching the systemic circulation. Dizziness, nausea, and vomiting
may occur in humans after oral lidocaine administration, probably due to the
results of high circulating plasma concentrations of the mono-N-deethylated
and the di-N-deethylated metabolites of lidocaine, i.e., monoethylglycine
xylidide and glycine xylidide, respectively (Fig. 1). Lidocaine is more rapidly
absorbed after intramuscular injection into the deltoid muscle (absorption half
lite 11.7 min.), than into the vastus lateralis and gluteus maximus (absorption

half life 25.7 min; Lucchesi and Patterson, 1984).

Metabolism and excretion:

The drug is degraded in the liver by deamination and deethylation, and
kidney excretes less than 10 % of the drug unaltered. The first product
monoethylglycine xylidide, is formed by N-deethylation of lidocaine and has
similar convulsant activity. Monoethylglycine xylididie has a plasma half life of
120 min. and is eliminated from plasma primarily by a second N-deethylation to
form glycine xylidide, the second major metabolite of lidocaine. Glycine xylidide
possess both antiarrhythmic and convulsant activity, although it is only 10 to
20% as potent as lidocaine. Glycine xylidide is both metabolized and excreted

by the kidney. It has a plasma half life of 10 hours.



Doses:

Lidocaine is usually administered intravenously for the treatment of
ventricular arrhythmia. In humans after a single intravenous bolus injection, the
drug disappears rapidly from the plasma because of redistribution of drug to
other tissues. Because of these pharmacokinetic properties, lidocaine is
administered as an intravenous bolus followed by a constant intravenous
infusion. Injection of 300 to 400 mg/kg gives persistent therapeutic levels

lasting for 2 hours (Lucchesi and Patterson, 1984).

Quinidine:

Quinidine has been in active clinical use since 1918 (Frey, 1918). For
centuries the quinidine alkaloids from the bark of Cinchona officinalis have
been used for treatment of malaria. Clinical investigation shows that of the
three major alkaloids present in the bark of the Cinchona tree (quinine,
quinidine, and cinchona), quinidine is the most effective antiarrhythmic agent
(Hartenstein and Wagner, 1986). The efficacy and long history of quinidine use
in the treatment of disorders of the cardiac rhythm led to the establishment of

quinidine as the prototype antiarrhythmic agent.

Structure and chemical properties:

The chemical structure of quinidine consists of a substituted quinoline
ring connected through an alcohol bridge to a quinuclidine ring containing the
critically active tertiary nitrogen (Fig. 2). The quinoline ring's strong affinity with

proteins, contributes to its slow release from tissue protein sites and it's longer



half life. Quinidine, with its two ionizable ring structures has two dissociation
constants (pKa = 4.0 and 8.6). Quinidine may be considered as a weak base,
and its net dissociation constant (pKa) is 8.0. This means that in body fluids
(pH 7.4) quinidine exists primarily in the ionized form. Quinidine has the same
chemical structure as quinine, and these two compounds are optical isomers

with opposite stearic configuration at the alcohol bridge (Moss and Patton,

1973).
HOCH CH N CH;
|
CH30 N C|H2
N7 ~ CH,
H,C CH—CHCH==CH,
Fig. 2. Chemical structure of Quinidine

Pharmacokinetics:

Quinidine is almost completely absorbed from gastrointestinal tract after
oral administration. Peak plasma levels absorbed after intramuscular injection

are greater than those absorbed after oral administration.



Metabolism and excretion:

Quinidine is extensively metabolized in the body, primarily by the liver.
Major metabolites include 3-hydroxyquinidine and quinidine-N-oxide. Minor
metabolites include 2'-oxyquinidine and o-desmethylquinidine. The 3' hydroxy
metabolites of quinidine possess antiarrhythmic activity. Urinary excretion of
conjugated or free metabolites of quinidine accounts for 75 to 95% of

administered quinidine. Renal excretion of unaltered quinidine accounts for the

remainder.

Doses:

In humans, the initial dose is usually 200 mg/kg, i/v, followed by five
doses of 200 mg daily for the treatment of arrhythmia. On this regimen, plasma
quinidine concentrations of approximately 4.0, 5.0 and 5.8 ug/ml are attained
with doses of 200, 400, and 600 mg/kg, respectively (Lucchesi and Patterson,
1984).

Procainamide:

Procaine hydrochloride was introduced as a local anesthetic in 1905,
and in 1936 Mautz, a thoracic surgeon, demonstrated that procaine decreased
myocardial excitability when applied directly to the surface of the heart (Mautz,

1936). But the use of procaine for treatment of cardiac arrhythmias had several
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drawbacks. The drug was rapidly hydrolyzed in plasma by butyrocholinesterase
and thus had very short duration of action, making it difficult to achieve and
maintain therapeutic plasma concentrations. A systematic search of
compounds structurally similar to procaine, but with antiarrhythmic actions like

quinidine, resulted in the isolation of procainamide.

Chemical structure:
Procainamide differs structurally from procaine in that para-
aminobenzoic acid and a tertiary nitrogen compound (diethylaminoethanol) are

bound through an amide rather than an ester linkage (Fig 3).

o
I

C,H,
H,N C—NH—CHzCHz—N

/

C, H,

Fig. 3. Chemical structure of procainamide
Pharmacokinetics:
Oral doses of procainamide are well absorbed from the gastrointestinal
tract with bioavailability of approximately 75%. Peak plasma concentrations are

achieved 60 to 90 minutes after oral administration.
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Procainamide is metabolized extensively in the liver by enzyme N-
acetyltransferase to N-acetylprocainamide. The rate of metabolism of
procainamide varies widely between patients and assumes a bimodal
distribution of rapid and slow acetylators. Despite differences observed in the
rate of procainamide metabolism by N-acetyltransferase, the plasma clearance
and therapeutic responses to procainamide are not markedly different in rapid
and slow acetylators. The renal clearance of procainamide is proportional to

creatinine clearance (Lucchesi and Patterson, 1984).

Doses:
In humans, maintenance doses for treatment of atrial and ventricular
arrhythmias are between 500 and 1000 mg/kg administered every 4 to 6 hours

(Lucchesi and Patterson, 1984).

B. FREE RADICALS:

Free radicals are, by definition, species that contain an odd number of
electrons. They may be positively charged, negatively charged, or neutral.
Radicals vary in their reactivity and are influenced by temperature, pH and by
concéntration of molecules in their environment. The importance of free
radicals in living systems is now clearly established, and impressive evidence
has been presented in a number of recent volumes and reviews by Pyror
(1973), and Pyror (1977). Most of the radicals that are important in biological

systems are oxidants.
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Oxygen free radicals:

The thermodynamic properties of oxygen make it an excellent acceptor of
electrons. When pairs of electrons are transferred from reduced nutrients such
as glucose to oxygen through a series of redox reactions, energy is released
due to the large differences in electrochemical potentials between the two
molecules. The reactions ultimately result in the reduction of oxygen to water
and the simultaneous oxidation of the organic nutrient to carbon dioxide. The
energy obtained from these reactions is used to drive the metabolic process of
animals (McCord, 1979).

The electrons in the outer shell of an oxygen atom are shared with those
of another oxygen atom to form the covalent bond of molecular oxygen (O2).
The orbitals more central to the molecule, such as the 2s orbitals as well as the
first three 2p orbitals, are completely filled by electrons. According to the
physical rules that govern electron configuration, only two electrons may occupy
any atomic orbital, and to do so they must have opposite spins. These electrons
are said to be spin-paired. It is actually the opposite spins on the two electrons
which counteract their tendency to repel each other and permit them to coexist
in an orbital. However, the outer two orbitals (n*2p) of ground state oxygen are
incompletely filled. The molecule attains maximal stability by spreading out the
outer two electrons across orbitals in an unpaired arrangement with paraliel
spins ( Hasan and Fridovich, 1979; Fee and Valentine, 1977; Brady and

Humiston, 1975). A schematic diagram is presented in Fig. 4.
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During metabolic redox reactions, electrons are generally donated to the
outer orbital of oxygen in a spin-paired arrangement. These oppositely
spinning electrons can not enter the available p orbital of molecular oxygen
without one of the outer electrons undergoing a spin inversion. A non-catalyzed
spin reversal is slow and unlikely to occur at temperatures that sustain life; thus
molecular oxygen is kinetically more stable due to its electronic configuration
than it would appear on a thermodynamic basis (McCord, 1979; Fridovich,
1979)

This spin reversal is avoided if oxygen accepts a single electron (a
univalent reduction), thereby forming the free radical, superoxide anion
(Fridovich, 1979). During non-enzymatic oxidations, organic compounds will
more readily transfer an electron pair to two oxygen molecules in two
successive univalent reactions than transfer the pair in a single divalent
reaction (McCord, 1979). Through a series of non-enzymatic univalent
reactions, a molecule of oxygen can ultimately accept four electrons to form two
water molecules (Fridovich, 1978). Although oxygen and water are fairly
unreactive, the intermediate products (superoxide, hydrogen peroxide and the
hydroxy| radical) formed in the intervening reduction and the spin altered
species (singlet oxygen) are thought to be responsible for oxygen toxicity
observed in both microorganisms, mammalian cells, tissues and whole
organisms. (Fridovich, 1976: Fridovich, 1978).

Therapeutic administration of oxygen has found success for nearly 200
years; however, prolonged deliverance of high oxygen concentrations proves
deleterious (McCord, 1979; Pfenning, 1979). Administration of 100% oxygen to

adult rats up to 72 hours causes diffuse pulmonary capillary endothelial
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swelling, degeneration and necrosis, followed by pulmonary edema,
hypoxemia and death (Crapo, 1977). The toxic effects of oxygen prove to be
more acute under increased pressure. The'delivery of 100% oxygen to rats in a
chamber pressurized to five atmosphere causes convulsions and death in less
than 30 minutes (McCord, 1979; West, 1979). In humans, oxygen toxicity is
exacerbated by the high pressure as in deep sea diving. On extremely deep
dives, oxygen concentrations must be reduced to under one percent of the
inspired gas mixture to avoid deleterious effects (West, 1979).

To prevent pathological changes at normal oxygen concentrations,
aerobic organisms have adapted enzymatically to avoid the whole series of
univalent reduction reactions and prevent the formation of superoxide,
hydrogen peroxide and hydroxyl radical. Oxidative enzymes such as
cytochrome oxidase catalyze the tetravalent reduction of oxygen to water
without the release of detectable intermediates (Hassan and Fridovich, 1979;
Fridovich 1976). Although aerobic cells use cytochrome oxidase pathways for
most of their oxygen consumption, many other biological oxidations result in the

formation of reactive intermediates.

Hydroxyl radical: Hydroxyl radicals (.OH) have been implicated in a number
of biologic phenomenon, generally from the viewpoint of their cytotoxic actions.
For example, cellular damage induced by ionizing radiation and the destruction
of microorganisms by phagocytes have been attributed, in par, to the action of
hydroxyl radicals (Mayers, 1‘973; Salin and McCord, 1975). There are
examples of potentially beneficial actions of hydroxyl radicals, namely, its

requirement in prostaglandin biosynthesis (Pangaramala et al.,, 1976) and ,
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indirectly, as protective agents against superoxide mediated lipid peroxidation
in liver (Taylor, 1975).

Hydroxyl radicals have not been observed directly in biologic systems.
Their presence is generally inferred from the blocking action of hydroxy! radical
scavengers. The reaction mechanism leading to formation of .OH in a
biological system are a matter of some controversy. One mechanism that has

achieved a level of general acceptance is the Fenton reaction (Walling, 1975):

H2O02 + Fe2+--amemmmmenanns > OH + OH- + Fe3+

A second reaction, suggested by Haber and Weiss (1934), is the interaction of

superoxide radical (O2™) with hydrogen peroxide.
H202 + Og --mrmmmemememe >:OH + OH- + O3

This later reaction has sparked considerable debate (Agar and Dainton, 1947;
Weiss, 1947, Beauchamp and Fridovich, 1970; Cohen 1977; Fee and
Valentine, 1977). It has now generally been believed that the reaction is

catalyzed by metal ions such as Fe3+ :

Fed+ + Qo ------- > Fe2+ + Oy

Fe2+ + HoO2-----> -OH + OH- + Fe3+

Hydroxyl radical is one of the most reactive radicals known. It reacts very

quickly and indiscriminately with all classes of molecules found in biological
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systems including sugars, amino acids, phospholipids, nucleotides and organic
acids. Hydroxyl radical reacts in three major ways: Hydrogen abstraction,
addition, and electron transfer. These radicals react with ethanol by hydrogen
abstraction or by removing a hydrogen atom to form water and ethanol radical.
The ethanol radical thus contains an unpaired electron on one of the carbons
and tends to react with surrounding compounds. Hydroxyl radicals can also
react by addition to an aromatic ring. Hydroxyl radical reacts with the aromatic
nucleotide bases of DNA and RNA by adding to a double bond. This causes
damage to the molecular structure and may include strand breakage. Cells
often die after this form of damage or those that survive may undergo mutations.
Hydroxyl radical transfers electrons to inorganic compounds such as chloride
ion, causing the formation of chloride radicals that are capable of propagating

chain reaction (Halliwell and Gutteridge, 1985).

Singlet Oxygen:  The potential role of singlet oxygen (102) in biological
systems has attracted many investigators over the past 20 years. It was the first
review by Foote (1968) that began focusing the attention of biochemists and
biologists on this unique electronically excited species of oxygen. The reactions
that have been reported to generate 102 are represented in the pattern of a
clock‘in Fig. 5.

The singlet oxygen (102), species are much less stable than ground state
oxygen. Singlet oxygen is less stable because the two outer electrons are not
spread across the two outer orbital, but are spin paired in a single p*2p orbital

(Fig. 4). 102 is 22.4 kcal above ground state oxygen. The second form of 10,
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which has an energy of 37.5 kcal above the ground state, has two single

electrons in the outer orbital spinning in opposite directions ( Fig. 4).
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Fig. 5: Photochemical, chemical and biological reactions
reported to produce 102 (After Khan,1978)

The highly energetic 102" tends to decay to the 10o form that is the only
significant species of 102 in biological system. These oxygen species do not
have the spin restriction found in ground state Oz and therefore are kinetically
much less stable and more ready to accept electron pairs from non radicals.
102 is not itself a free radical, but is a product of some reactionswv\;irtrhr
radicals and tends to form radicals. 10> may be formed when hypochlorite ion,

a product of phagocyte myeloperoxidase, reacts with hydrogen peroxide. It may
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also be generated by photosensitization reactions where a photosensitizer
molecule absorbs certain wavelengths of light, raising it to an excited state.
This energy is transferred to molecular oxygen to form 102 Riboflavin, a flavin
mononucleotide, flavin adenine dinucleotide, chlorophylls a and b, bilirubin,
retinol and porphyrins may act as photosensitizers. Singlet oxygen may react
with surrounding molecules or it may react with and damage the
photosensitizer. Singlet oxygen may either combine with molecules in an
electron transfer process or transfer its energy to molecules. Singlet oxygens
have been shown to peroxidize lipids and damage proteins by these methods

(Halliwell and Gutteridge, 1985).

Superoxide radical: The inability of ground state oxygen to accept
electron pair is avoided if oxygen accepts electrons one at a time. The addition
of an electron to molecular oxygen causes superoxide radical formation. The
electron affinity of molecular oxygen has been determined to be between 0.2 -
1.3eV (Khan, 1978). In aqueous solution O2- exists in equilibrium with the

hydroperoxy radical -OOH
O2™+ H+ ----> -OOH

A pK of 4.88 for this ionization has been determined by Behar et al. (1970) from

studies of -OOH and Oz solutions generated by reactions:
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in the pulse radiolysis of oxygenated water. At neutral pH the ratio [[OOH]/[O27]
is roughly 1:100. A second protonation occurs at lower pH, yielding OOH?2+ (pK
1.2; Bielski and Allen, 1967). In aqueous solution at acid and neutral pH
ranges, the decay of the Oz or -OOH species is due to the disproportionation
reaction. This was shown by following decay of Oz and -OOH optical
absorption in pulse radiolysis studies of oxygenated water:

‘O0OH + -O0OH------- > 02 + H2O»

‘O0OH + .05 -------- > 02 + OOH-
The O2 is unstable in an aqueous environment , spontaneously dismutating to
produce HoO2 and O by the reaction:

202 + 2H+ --omeeeeen > Ho02 + O2

The rate constant for Op™ dismutation at pH 7.4 is 2 X 109 M/s (Fridovich, 1976).
Because of this relatively rapid rate of dismutation, production of Oz in vivo is
always accompanied by production of HoO2. The Oz is a relatively weak
oxidant; it oxidizes only a few compounds, including ascorbate (Nishikimi and
Yogi, 1977), sulfhydryl compounds (Quintiliani et al., 1978), sulfite, and certain
catecholamines (McCord and Fridovich, 1969). On the other hand Sawyer and
Valentine (1981) demonstrated that Oz is a potent reductant with a redox
potential close to that of sodium hydrosulphite. The O2- reduces a variety of
compounds, including ferric iron and its complexes (Bielski and Gebicki, 1974),
hemeproteins ( cytochrome ¢, methemoglobin, metmyoglobin, and peroxidases
(McCord and Fridovich, 1969), and quinones (Patel and Wilson, 1973).

Biologically Oz~ may be produced by the autoxidation of epinephrine,
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hemoglobin, flavins and quinones or enzymatically by xanthine oxidase ( Misra
and Fridovich, 1971; Misra and Fridovich, 1972a; Misra and Fridovich, 1972b;
Misra and Fridovich, 1972c; Misra, 1974, Fridovich, 1979).

Because of the potentially harmful effects initiated by reactive O
metabolites, nature has provided several antioxidant enzymes and scavengers
to protect tissue from oxidative insult. They include superoxide dismutase
(SOD), catalase, and glutathione peroxidase. Superoxide dismutase exists as
an Mn-containing protein in mitochondria and as a CuZn-containing enzyme in

the cytoplasm of most mammals.

Spin trapping of free radicals:

A free radical is a species containing unpaired electrons and as such is
paramagnetic. When this free radical is placed in a magnetic field, its magnetic
moment is directly detected by an electron paramagnetic resonance
spectrometer (EPR). Since EPR can only detect free radicals, its use in
biological systems is most apparent. Many free radicals of biological interest
are so reactive that they never reach the necessary steady state concentration
to be detected directly by EPR methodology. Spin trapping can overcome many
of these difficulties. This technigque consists of using a spin trap, i.e., a
compound which forms a stable nitroxide by reacting covalently with an
unstable radical. In this way, the unstable radical is trapped as a long lived
species which can be observed at room temperature using conventional EPR
spectroscopy (Rosen and Rauckman, 1981). The hyperfine splitting constants
of the adduct provide information that can aid in the identification and

quantification of the original radical. Since the relatively stable nitroxide free
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radical accumulates, spin trapping in combination with EPR specroscopy has
been an integrative method for measuring free radicals, and is inherently more
sensitive than procedures that detect only i'nstantaneous, or steady state, levels

of free radicals.

C. PULMONARY OXYGEN TOXICITY:

Most mammalian species die after prolonged exposure to 100% oxygen
even at normobaric conditions. The primary damage is to the lung and the
clinical signs are those of progressive respiratory distress until death.
Ultrastructure studies indicate that major insult is to the alveolar capillary
endothelium (Thet, 1986). The mechanism of Oz induced pulmonary toxicity
has only recently been delineated. Cenrtain autoxidizable compounds such as
hydroquinones or reduced flavins reduce O2 by one electron transfer
mechanism to form Oz (Misra and Fridovich, 1972) In normal mitochondria,
1% of the electrons that pass down the electron transport chain "leak off" to
molecular Oz by reaction with ubisemiquinone ( Coenzyme Q), resulting in a
small but significant production of O™ in the mitochondria ( Fig 6a). The rate of
electron leakage or Oz-- production is directly proportional to the partial
pressure of Oz in the mitochondria. Therefore, when an animal is exposed to
100% oxygen the mitochondria of pneumocytes may produce as much as five
times the amount of O2-- produced in normoxic conditions. The O2-- so
generated could undergo a dismutation reaction to produce H2O2 and possibly
metal-catalyzed reaction to form -OH. Most evidence suggests that pulmonary

oxygen toxicity is due to increased rates of Oz and H2O2 production.
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D. POST-ISCHEMIC TISSUE DAMAGE:

Reoxygenation of ischemic tissue results in extensive tissue damage and
this phenomenon has been termed as reperfusion injury or reperfusion paradox
or post -ischemia tissue injury. The biochemical mechanism that underlies the
post-ischemic tissue injury involves production of superoxide radical in the
reperfused tissue. Prolonged ischemia results in the loss of high energy
phosphate compounds manifested by a decrease in the cellular ATP levels. As
cell's energy charge drops, it is no longer able to maintain a proper ion gradient
across its membrane and this precipitates a redistribution of calcium ions.
Concomitantly, the depletion of the cells ATP results in an elevated
concentration of AMP. The AMP is catabolized to adenosine, inosine, and then
hypoxanthine (Fig 6b). The elevated cytosolic calcium concentration, is
believed to activate a protease capable of converting xanthine dehydrogenase
to xanthine oxidase which in turn acts on hypoxanthine and oxygen to
generated uric acid and Oz ( Grisham and McCord, 1986). It is also possible
that the mitochondrial "leak off" of electrons is enhanced during reperfusion of
ischemic tissue. During hypoxia and ischemia the reducing equivalents in the
mitochondria remain at high concentrations. Reperfusion introduces oxygen to
the ischemic tissue which, inturn, is reduced by univalent pathways to generate

Oo-.

Post-ischemic injury in the lung:

Reperfusion injury mediated by oxygen free radical has been reported in
heart, brain, intestine, liver, pancreas, kidney and skin. The reperfusion injury

has also been reported after reexpansion of atelectatic lung (Jackson et al.
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1986) or reperfusion of mechanically occluded pulmonary artery (Bishop et al.
1986). Investigators have generally felt that the lung is relatively immune from
reperfusion injury because oxidative metabolism does not decrease and ATP
levels do not fall until alveolar Poz drops below 1mm Hg (Fisher and Dodia,
1981). However, other reports indicate that lung is susceptible to reperfusion
injury. The source of this injury have been suggested to be reactive oxygen
species, such as Oz generated during reperfusion. Superoxide dismutase has

been shown to protect the lungs from reperfusion injury.

Macrophage and oxidative tissue damage:

The fundamental driving force responsible for oxidative damage by leukocytes
is the flow of electrons down the potential gradient from NADPH to a variety of
intracellular and extracellular acceptors. The NADPH oxidase, membrane
bound enzyme, of phagocytes, is a powerful generator of superoxide radical.
The production of superoxide by the leukocyte is normally highly regulated and
requires the assembly of a large macromolecular complex of proteins from
different cellular compartments after stimulation of the cell. If the leukocyte is
appropriately stimulated by invasive microbes or cell debris, the powerful
system is used to the advantage of the host to oxidatively kill the microbial cells
or degrade the cellular debris. If the phagocyte is inappropriately stimulated
then unwanted toxic oxygen species are produced in the host and oxidative
tissue damage ensues. Virtually any organ that becomes inflamed,
traumatized, or subjected to ischemia or anoxia followed by reperfusion or

reoxygenation, will suffer tissue damage from toxic oxygen species originating,
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at least in part, as phagocyte-generated superoxide radicals (Jessaitis et al.

1991).
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CHAPTER-II

LIDOCAINE: A HYDROXYL RADICAL SCAVENGER AND SINGLET
OXYGEN QUENCHER

(Accepted for publication in Molecular and Cellular Biochemistry)

ABSTRACT

Lidocaine, a local anaesthetic, has been shown to reduce ventricular
arrhythmias associated with myocardial infarction and ischemic myocardial
injury and its protective effects have been attributed to its membrane stabilizing
properties. Since oxygen radicals are known to be produced during ischemia
indu’ced tissue damage, we have investigated the possible antioxidant
properties of lidocaine and found that lidocaine does not scavenge Oz radicals
at 1 to 20mM concentrations. However, lidocaine was found to be a potent
scavenger of hydroxyl radicals and singlet oxygen. Hydroxyl radicals were
produced in a Fenton type reaction and detected as DMPO-OH adducts by
electron paramagnetic resonance spectroscopic techniques. Lidocaine
inhibited DMPO-OH adduct formation in a dose dependent manner. The
amount of lidocaine needed to cause 50% inhibition of that rate was found to be
approximately 80uM and at 300uM concentration it virtually eliminated the
DMPO-OH adduct formation. The production of OH--dependent TBA reactive
products of deoxyribose was also inhibited by lidocaine in a dose dependent

manner. Lidocaine was also found to inhibit the 102-dependent 2,2,6,6-
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tetramethylpiperidine N-oxyl (TEMPO) formation in a dose dependent manner.
10, was produced in a photosensitizing system using Rose Bengal or
Methylene Blue as photosensitizers and was detected as TEMP-102 adduct by
EPR spectroscopy. The amount of lidocaine required to cause 50% inhibition of
TEMP-10, adduct formation was found to be 500uM. These results suggest that
the protective effect of lidocaine on myocardial injury may, in part, be due to its
reactive oxygen scavenging properties. These results may also explain the
"membrane stabilizing actions" of lidocaine by scavenging OH. and 10> that

are implicated in membrane lipid peroxdation.
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INTRODUCTION

A major concern during cardiopulmonary bypass procedures is
minimizing ischemic damage to the myocardium, thereby avoiding depressed
mydcardial performance in the post operative-period. Membrane stabilizing
agents have been suggested as a means of reducing ischemic myocardial
damage. Lidocaine (d-diethyl-amino-2, 6-acetoxylidide), a local anaesthetic,
has been shown to be clinically valuable for the treatment and prevention of
ventricular arrhythmias occurring after myocardial infarction and cardiac
surgery (1-4). More recently lidocaine has been shown to reduce myocardial
infract size (5) and ischemic myocardial injury (6). It has been reported that
lidocaine is rapidly and extensively metabolized (over 90%) into
monoethylglycylxylidide and glycylxylidide which may also have antiarrythmic
activity (7).Prolonged ischemia such as that following myocardial infarction or
occurring during long-term coronary bypass procedures causes serious
damage to the myocardium. It has been suggested that free radicals are
involved in the patho-physiology of ischemia-induced tissue damage (8-11).
During ischemia, increased reducing equivalents are produced(8) due to the
decreased concentrations of oxygen, and this may favor the production of
superoxide anion and other free radical species upon reoxygenation (3). The
generation of short-lived free radicals, like superoxide anion, hydroxyl radicals
and carbon-centered radicals, have been observed during myocardial ischemia
and in post-ischemic reperfused myocardium(13-14). Since lidocaine has a
protect ve role in ischemic myocardial damage (15-17, 19), and has been used

in cardioplegic solutions (26), we investigated the possible antioxidant
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properties of lidocaine. We report here evidence of singlet oxygen quenching
and the hydroxyl radical scavenging properties of lidocaine as detected by

colorimetric and spin trapping EPR spectroécopic techniques.
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MATERIALS AND METHODS

5,5-dimethyl-1-pyrroline N- oxide (DMPO) was obtained from Sigma
Chemical Co. The DMPO was further purified by stirring aqueous solutions of
DMPO (900mM) with activated charcoal at 10 mg/ml and filtered through 0.22u
Millipore filter catridges and centrifuged at 1000 X g for 2 minutes. The purified
DMPO did not give any EPR signal when scanned at a concentration of

1.12mM.

Rose bengal, methylene blue, bovine erythrocyte superoxide dismutase,
cytochrome c (Type Ill), histidine, mannitol, thiourea, xanthine, xanthine
oxidase, lidocaine, deoxyribose, thiobarbituric acid (TBA), trichloroacetic acid
(TCA), ferrous sulfate, B-carotene, boric acid, sodium borate and hydrogen
peroxide were obtained from Sigma Chemical Company. 2,2,6,6-
Tetramethylpiperidine (TEMP) was obtained from Aldrich. Lidocaine was

dissolved in 0.1N HCI and adjusted to pH 7.8 by boric acid-borax buffer.

Hydroxyl radicals were generated in a Fenton type reaction and were
detected as DMPO-OH adduct. The reaction mixture contained the following
reagents at the final concentration: 31uM H2O2, 33.2uM ferrous sulfate,
0.83mM EDTA, 1.12mM purified DMPO in 0.2M boric acid-borax buffer pH 7.8 .
The reaction was initiated by adding ferrous sulfate. Various levels of lidocaine,
or other scavengers of hydroxyl radicals were used in the above system.
Lidocaine did not react with H,O2 at indicated concentrations. This is in
agreement with previoulsy reported studies (20). Lidocaine had also no effect

on the stability of DMPO-OH adduct. The adduct remained stable for at least 30
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minutes. Addition of 300 uM lidocaine to the reaction mixture at the end of 10
minutes incubation had trivial effect on the above adduct. The studies were
repeated for at least three times. The generation of hydroxyl radicals was
observed as DMPO-OH adduct on a Bruker D-200 X-Band EPR spectrometer.
Scan conditions, unless indicated otherwise, were as follows: microwave
frequency, 9.78 KHz; power, 10mW; modulation amplitude 1.0; modulation
frequency, 100 KHz; time constant, 0.64s, scan time 200s; receiver gain 4.0

X102 ; field setting 3483G.

Hydroxyl radicals are known to damage deoxyribose which in turn
produces a TBA reactive chromogen that can be monitored at 535nm (21).
The reaction system contained 1.6mM deoxyribose in phosphate buffered
saline, pH 7.4. The reaction was initiated by adding freshly prepared ferrous
ammonium sulfate (42 pM) and the mixture was incubated at 370C for 15
minutes. One ml of 1%(w/v) TBA was added along with 1 ml of 2.8% (w/v)TCA.
The mixture was heated at 1000C for 10 minutes, cooled and the chromogen
concentration was determined by a Shimadzu 160UV spectrophotometer at
535nm. Lidocaine had no effect on the chromogen when added after the

incubation and before the addition of TBA and TCA.

Photolysis studies were performed at room temperature, in the presence
of dissolved air, in quartz capillary tubes. Samples were irradiated for 5
minutes at a distance of 30 cm from the lens of a Viewlex VR-25 remote
controlled slide projector. EPR measurements were made on a Bruker D-200
X-Band spectrometer using a magnetic field modulation frequency of 100KHz.

The microwave power was maintained at 10 milliwatts and scans were traced
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with a modulation amplitude of 1.0G, time constant of 0.64s, scan rate of 200s,

and the receiver gain of 4X105 .
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RESULTS

Effects of lidocaine on Superoxide Anion:

Superoxide anion (O2-) is known to be produced when xanthine oxidase
acts on xanthine in the presence of molecular oxygen. The O2- radicals so
generated can reduce ferricytochrome c. Superoxide dismutase inhibits this
reaction by effectively competing with ferricytochrome ¢ for the flux of O2-. This
reaction has been used as a convenient assay for superoxide dismutase (22).
When 10-9M xanthine oxidase was added to 10-5M ferricytochrome ¢, 5 X 105 M
xanthine in 0.05M potassium phosphate, pH 7.8 plus 10-4M EDTA and was
monitored at 550nm, a linear rate of reduction of ferricytochrome c was
observed (AAbs at 0.025/min) for at least 5 minutes and superoxide dismutase at
0.1ug/ml inhibited this rate by 50%, indicating that the reduction of
ferricytochrome ¢ was dependent on O2-. We tested the effects of lidocaine in
this system as possible superoxide dismutase mimics. Lidocaine at 1 to 20mM
concentrations did not inhibit the rate of ferricytochrome ¢ reduction. We further
tested the Oz~ scavenging activities of lidocaine in an epinephrine autoxidation
assay. Thus, when 2.8mM epinephrine was added to a 0.05M bicarbonate
buffer at pH 10.2 and monitored at 480nm (23) a linear rate of accumulation of
adrenochrome, after a short lag, was observed. Lidocaine did not inhibit the
rate of adrenochrome formation at 1 and 20mM. These results indicate that

lidocaine is not an effective superoxide scavenger.
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Effects of Lidocaine on Hydroxyl Radical:

The hydroxyl radicals generated in a Fenton type system ( Fe2+ + H2O; --
> OH- + OH- + Fe3+) yield a spin adduct with DMPO(21). Thus, as presented in
the Figure 1 (line 1), a well characterized 1:2:2:1 pattern of DMPO-OH with Ay =
AHB =14.92 G was obtained when 33.2uM ferrous sulfate was added to 31uM
H202 in presence of 1.12mM DMPO and 0.83mM EDTA in 0.2M borate buffer,
pH 7.8. The EPR signal of DMPO-OH adduct was stable for several minutes.
Addition of OH- scavengers inhibited the signal in a dose dependent manner,
and 1mM thiourea and 3mM mannitol inhibited the signal almost completely
The effects of lidocaine was tested in this system. As shown in Figure 1,
lidocaine inhibited the DMPO-OH adduct formation in a dose dependent
manner. Thus, lidocaine at 300puM concentration virtually eliminated the DMPO-
OH adduct formation. The molar concentration of lidocaine required to cause
50% inhibition in this system was found to be 80uM. Compared to the molar
concentration of inhibitors required to cause 50% inhibition of the rate of DMPO-
OH adduct formation, lidocaine was found to be 18 times more sensitive than
mannitol and 1.6 times more sensitive than thiourea. That lidocaine is a potent
OH- scavenger was further confirmed in another assay in which OH- reacts with
deoxyribose to generate a TBA reactive substance. As shown in Figure 2, OH-
generated in a Fenton type reaction oxidized deoxyribose to produce a TBA-
reactive product that can be monitored at 535nm and lidocaine inhibited this
reaction in a dose dependent manner. The molar concentration of lidocaine

required to cause 50% inhibition in this system was found to be 3mM.
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Effects of lidocaine on Singlet Oxygen:

The generation of singlet oxygen by photochemical reactions of
rose bengal or methylene blue was studied by EPR spectroscopy using TEMP
as a singlet oxygen trap. We have demonstrated the formation of TEMPO as a
nitroxyl radical by the attack of singlet molecular oxygen, generated during
photoactivation of Rose Bengal, on TEMP (24-25). The characteristic EPR
spectral pattern of three equal intensity lines of TEMPO nitroxide radical was
observed when an air saturated aqueous solution of rose bengal was irradiated
in the presence of TEMP at room temperature ( Fig 3 ). The hyperfine splitting
constants and g-value of the radical were found to be AN=17.2 G and g=
2.0056, respectively, consistent with our previously reported values (24-25).

The formation of TEMPO during photoirradiation of rose bengal and
TEMP was further charcterized. The known singlet oxygen scavengers such as
B-carotene, sodium azide and histidine had profound inhibitory effects on the
TEMPO formation, consistant to our previous report (25). As shown in figure 3,
lidocaine inhibited the TEMPO formation in a dose dependent manner. Singlet
oxygen dependent TEMPO signal was virtually eliminated at 1mM lidocaine.
Lidoéaine inhibited this reaction more effectively than the above singlet
scavengers. Thus, compared to histidine, azide and B-carotene, lidocaine was
20, 12 and 1.2 times more sensitive in this system respectively. When Rose
Bengal was replaced with Methylene Blue (600uM) as a photosensitizer and
TEMPO accumulation was monitored for a period of 10 minutes, lidocaine at

4.18mM concentration inhibited this reaction by 50%. This difference probably
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depends on the rate of 10, generation by the two photosensitizers, which have

been discussed in another context (24).
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DISCUSSION:

In the present study we have shoWn that lidocaine is not an effective
superoxide radical scavenger. This was confirmed by using two different
assays. In cytochrome c assay O," acts as a reductant where as in epinephrine
assay this radical acts as an oxidant. In both these assays lidocaine up to
20mM concentration had little effect. Our results are in accord with Mark and
Weglicki (17), who reported that lidocaine did not inhibit Oz -dependent lipid

peroxidation.

Lidocaine was found to be a potent scavenger of hydroxy! radicals. This
was shown in two different assays. Thus, when OH. radicals were generated in
a Fenton-type reaction and detected as DMPO-OH adduct by EPR
spectroscopic techniques or as OH.-dependent TBA reactive products of
deoxyribose, lidocaine inhibited these reactions in a dose dependent manner.
It is noteworthy to indicate that the rate of reaction of DMPO with OH. is
extremely fast, 3.4 X109M-1 sec-? (18), and 80uM lidocaine was able to compete
with 1.12mM DMPO for the available OH. to cause a 50% reduction on the rate
of DMPO-OH adduct formation. Compared to some of the known hydroxyl
radical scavengers, lidocaine was found to be 1.6 times more sensitive than
thiourea and 18 times more sensitive than mannitol. The amount of lidocaine
required to cause 50% inhibition was different in two different systems because
the sensitiveness of the spin-trapping study and deoxyribose assay were
different as determined by known OH. scavenger intervention. In spin-trapping
study 3mM mannitol virtually eliminated the DMPO-OH signal, where as in

deoxyribose assay 10mM mannitol caused 80% inhibition.
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Lidocaine was also found to be a potent quencher of singlet oxygen.
Using two different sensitizers, rose bengal and methylene blue, we have
shown that lidocaine inhibits 10,-dependent TEMPO formation in a dose
dependent manner. TEMP reacts with 102 to form TEMPO at 5.3X105M-1 sec"!
(24). In this reaction 500uM lidocaine was able to compete with 65mM TEMP
for the available 10, to cause a 50% reduction in the rate of formation of
TEMPO. When compared with other known scavengers/quenchers of 105, the
singlet oxygen scavenging ability of lidocaine was found to be 20 times better
than azide and was 1.2 times more effective than B-carotene in these reaction

systems.

Although She et al (16) have presented evidence that the alveolar
epithelial fluid containing lidocaine(used as an anesthetic) quenches
hypochlorous acid, the antioxidant properties of lidocaine, however, were not
investigated in detail. We now present evidence to confirm the antioxidant
properties of this drug which is found to be a potent inhibitor of both singlet

oxygen and hydroxy! radical.

The cytoprotective effects of lidocaine in myocardial ischemia have been
attributed to its membrane stabilizing properties(19, 21 22). However, the
mechanism of such "membrane stabilization" has not been elucidated.
Recently, Woodward and Zakaria (30) and Manning et al. (31) have proposed
the hypothesis that oxygen-derived free radicals generated during the early
moments of reperfusion may initiate membrane injury, leading to the
development of severe ventricular arrhythmias. Singlet oxygen and hydroxyl

radical are proposed to be the direct initiator of lipid peroxidation by concerted
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addition-abstraction reactions with the diene bonds of unsaturated lipids giving
rise to lipid hydroperoxides(32-36). It was suggested that singlet oxygen and
OH- are involved in the propagation of Iipid peroxidation(32) which in turn can
produce membrane damage and cell dysfunctions (33). During myocardial
ischemia, especially after reoxygenation of the heart, there is an apparent
accumulation of lipid peroxides in the tissue (10,11,29,34). Canine
sarcolemmal membranes were also found to be readily peroxidized by reactive
species of oxygen and the phospholipid-rich sarcolemma of ventricular
myocytes were proposed to be a major site of free radical attack (32). The
results of the present study show that lidocaine is a powerful antioxidant which
can scavenge hydroxyl radical and quench singlet oxygen. Therefore, the
"membrane stabilization" ability of lidocaine may, in par, be attributed to the

reactive oxygen scavenging properties of this compound.

Recent studies have indicated the involvement of reactive oxygen
species in myocardial ischemia. Thus, Bernier et al. (28) found that superoxide
dismutase, catalase, mannitol, methionine, glutathione and desferroxamine
reduced the incidence of reperfusion-induced ventricular fibrillation from 80 to
0, 7,7, 7, 20, and 7%, respectively. They also demonstrated a clear dose
dependency for each intervention. In another study (29) it was found that
superoxide dismutase plus catalase enhanced the efficacy of hypothermic
cardioplegia in protecting the globally ischemic, reperfused heart. The
production of oxygen-centered free radicals during ischemia and reperfusion of
myocardium have been demonstrated and a burst of oxygen radical generation
was shown to occur within moments of reperfusion (36). Electron spin

resonance studies of free radical production in ischemic/reperfused rat hearts

47



have also been shown to produce oxygen free radicals (35). These studies
suggest that excessive free radicals are produced in the extracellular
compartment and these radicals in turn afe responsible for the sarcolemmal
membrane damage. Protective effects of lidocaine has also been demonstrated
in acute haemorrhagic shock (38). Circulatory shock induced by trauma and
endotoxin have been shown to be prevented by phenyl t-butyl nitrone (PBN), a
spin trapping agent (38). Since spin traps behave as free radical scavengers,
the protective effects of PBN provided an indirect evidence for the involvement

of free radicals in circulatory shock.

In view of our present findings, we propose that lidocaine exerts its
protective effects by scavenging highly cytotoxic reactive species of oxygen
generated during ischemia and reperfusion. Furthermore, the membrane
stabilizing properties of lidocaine can be attributed to its removal of OH- and

102 which in turn cause membrane lipid peroxidation.
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Fig 1. Effect of Lidocaine on the formation of DMPO-OH
adduct.The experimental conditions are as described under "Materials and
Methods". Lidocaine at indicated concentrations were added to 31uM H202,
1.12mM DMPQO, in boric acid-borax buffer, pH 7.8 in the presence of 33.2uM
ferrous sulfate and 0.83mM EDTA. The DMPO-OH adduct formation was
recorded immediately. Receiver gain was 4.0X 109, and the scan rate of 200
seconds. Other EPR parameters were same as described in "Materials and
Methods". Line 1: control without lidocaine; Line 2: 100uM lidocaine; Line 3:
200uM lidocaine; Line 4: 300uM lidocaine; Line 5. 1.2mM DMPO only.
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Fig 2. Effects of lidocaine on the formation of TBA reactive
substance from deoxyribose. Conditions are as described under
"Materials and Methods". Lidocaine at indicated concentrations was added to
1.6mM deoxyribose, 42uM ferrous ammmonium sulfate in phosphate buffered
saline (pH 7.4) and the mixture was incubated at 370C for 15 minutes. TBA (1ml
of 1% w/v) was added followed by 1ml of 2.8% (w/v)TCA. The mixture was

heated at 1000C for 10 minutes, cooled, and the chromogen was measured at
535nm.
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Fig 3. Effects of lidocaine on the formation of TEMP-102 adduct.
The experimental conditions are as described under "Materials and Methods".
Lidocaine at indicated concentrations were added to 40uM Rose Bengal,
65mM TEMP dissolved in ethanol ( final concentraton of ethanol was 10%), in
0.05M potassium phosphate buffer with 10 4 M EDTA. TEMP-102 adduct
formation was recorded after irradiating the reaction mixture for 5 minutes. Line
1: without lidocaine; Line 2: 200uM lidocaine; Line 3: 500uM lidocaine; Line 4:
700uM lidocaine; Line 5: 1mM lidocaine; Line 6: No photosensitizer or light.
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CHAPTER-IlI

ANTIARRHYTHMIC AGENTS:
Scavengers of Hydroxyl Radicals and
Inhibitors of NADPH-Dependent Lipid Peroxidation in Bovine Lung

Microsomes

(Published in the Journal of Biological Chemistry Vol.267, No 27, pp19172-
19178, 1992)

Abstract
Antiarrhythmic drugs, e.g. lidocaine, quinidine and procainamide have been
suggested as a means of reducing myocardial damage. The mode of action of
these drugs have been attributed to their "membrane stabilizing" properties.
However, as tissue ischemia-reperfusion is reported to generate toxic species
of oxygen, we investigated the oxygen radical scavenging properties of these
drugs and their effect on NADPH-dependent lipid peroxidation. These
antiarrhythmic drugs are found to be ineffective as superoxide radical
scavengers but are potent scavengers of hydroxyl radical with rate constants of
1.8 X 1010 M-15-1, 1.61 X 1010 M-1s-1 and 1.45 X 1010 M-1s-1 for quinidine,
lidocaine and procainamide, respectively, as determined by deoxyribose assay.
In EPR study, using DMPO as a spin trap, lidocaine, quinidine and
procainamide caused a dose dependent inhibition of DMPO-OH adduct

formation. These drugs also caused a dose dependent inhibition of NADPH-
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dependent lipid peroxidation when lung microsomes were incubated with
NADPH in presence of Fe3+-ADP. We propose that the antiarrhythmic agents
exert their beneficial effects, in part, by their ability to scavenge toxic species of

oxygen and by reducing membrane lipid peroxidation.
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Introduction

Class | antiarrhythmic agents ( lidocaine, quinidine and procainamide) are
widely used drugs with significant stabilizing activity on lipid biomembranes (1).
These drugs have been suggested as a means of reducing ischemic
myocardial damage. Prolonged ischemia such as that following myocardial
infarction, pulmonary embolism and conditions occurring during long-term
coronary bypass procedures cause serious damage to these tissues. During
ischemia, increased reducing equivalents are produced (2) due to the
decreased concentration of oxygen, and this may favor the production of
superoxide anion and other free radical species upon reoxygenation (3). The
generation of short lived free radicals like superoxide anions, hydroxyl radicals
and carbon centered radicals, have been observed during myocardial ischemia
and during post-ischemic reperfused myocardium (4, 5). Lipid peroxidation
provokes damage to cellular membranes (6). It has been demonstrated that
during myocardial ischemia, and especially after reoxygenation of the heart, the
concentration of lipid peroxides in the tissues increases (7-10). Lipid
peroxidation mediated by hydroxyl radicals has also been suggested as a
possible mechanism of pulmonary injury (11-13). Since lipid peroxidation can
be initiated by reactive species of oxygen which are produced during
reperfusion of ischemic tissue, We developed the hypothesis that antiarrhythmic
agents might be exerting their beneficial effects, in part, by a free radical

scavenging mechanism thereby inhibiting lipid peroxidation. In this study we
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present evidence that antiarrhythmic drugs such as lidocaine, quinidine and
procainamide are potent inhibitors of hydroxyl radicals and are capable of

inhibiting NADPH-dependent lipid peroxidation.
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Materials and Methods

5,5-dimethyl-1-pyrroline N-oxide (DMPO) was obtained from Sigma
Chemical Co.. The DMPO was purified by stirring aqueous solutions of DMPO
(900 mM) with activated charcoal at 10 mg/ml and filtered through 0.22 n
Millipore filter cartridges, and then centrifuged at 2000 X g for 2 minutes. The
purified DMPO did not give any EPR signal when scanned at 45 and 90 mM
concentrations.

Rose bengal, methylene blue, bovine superoxide dismutase, catalase,
cytochrome ¢ ( Type Illl), mannitol, thiourea, sodium benzoate, ethanol,
lidocaine, quinidine, procainamide, thiobarbituric acid (TBA), Trichloro acetic
acid (TCA), adenosine diphosphate (ADP), ferric chloride and deoxyribose
were obtained from Sigma Chemical Co. 2,2,6,6-Tetramethy! piperidine (TEMP)
was obtained from Aldrich. All other materials were purchased at the highest

available purity.
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Preparation of bovine microsomes:

One bovine lung lobe was collected on ice after sacrifice and was
minced with scissors. The minced lung was homogenized for 3 min in a Waring
blender with 5 volumes of ice cold 0.15 M potassium phosphate buffer pH 7.6
and filtered through a triple layered cheese cloth. The filtrate was centrifuged
at 24,000 X g for 10 minutes to remove mitochondria, nuclei and cell debris.
The supernatant was then centrifuged at 100,000 X g for 90 minutes and the
microsomal pellet was collected. The microsomes were washed by
resuspending in 0.15 M phosphate buffer, pH 7.6, to the original volume and by
sedimenting at 100,000 X g for 90 minutes. The washed microsomal pellet was
then resuspended in Tris-HCI buffer, pH 7.6, to yield a final concentration of 10
mg microsomal protein per ml. The washing procedure removes most
contaminants of hemoglobin, superoxide dismutase and catalase from
microsomal protein. Protein concentration was determined by Bradford protein

assay using bovine serum albumin as the standard (17).

Assay of lipid peroxidation:

Lipid peroxidation was determined by the thiobarbituric acid method (18-
19). The reaction mixture, containing 3 mg of microsomal protein in Tris-HCI
buffer pH 7.6, 200 uM NADPH, 1 mM ADP, 50 uM Ferric chloride was incubated
at 37°C for 15 min. Lipid peroxidation was initiated by addition of NADPH and
was terminated by addition of 2 ml of 0.5% (w/v) TBA and 2% TCA. This mixture

was heated at 95°C for 10 minutes. Three ml of chloroform was added after
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cooling and the mixture was vortexed for 30 s. Samples were centrifuged and
malondialdehyde (MDA) concentration was determined by reading at 535 nm
against a blank that contained all reagen’ts except NADPH and by using an
extinction coefficient of 1.56 X 105 M cm1 (19). The effect of various
concentrations of lidocaine, quinidine and procainamide was tested in this

system.

Assay of NADPH-Cytochrome P-450 reductase:

NADPH-Cytochrome P-450 reductase was measured by its NADPH-
cytochrome c reductase activity (20). One unit of NADPH-Cytochrome ¢
reductase is defined as one umole ferricytchrome ¢ reduced per minute. The
reaction mixture contained the following reagents at final concentrations:
potassium cyanide 1 mM, NADPH 4.2 X 105 M, nicotinamide 188 mM,
ferricytochrome ¢ 6 X 105 M. The effects of lidocaine, quinidine and
procainamide at various concentrations on the activity of cytochrome P-450

reductase was determined in this system.

EPR studies:

Hydroxyl radicals were generated in a Fenton type reaction and were
detected as DMPO-OH adduct. The reaction mixture contained the following
reagents at the final concentration: 31 uM H202, 33.2 uM ferrous sulfate, 0.83
mM EDTA, 1.12 mM purified DMPO in 0.2 M boric acid-borax buffer pH 7.8. The
reaction was initiated by the addition of ferrous sulfate. Various levels of

lidocaine, quinidine and procainamide or other scavengers of hydroxy! radicals
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were used in the above system. The generation of hydroxyl radicals was
observed as DMPO-OH adduct on a Bruker D-200 X-Band EPR spectrometer.
Scan conditions, unless otherwise indidated were as follows: microwave
frequency, 100 KHz; power, 10 mW; modulation amplitude 1.0 G; modulation
frequency,100 KHz; time constant, 0.64 s, scan time 200 s; receiver gain 4.0 X
105; center field setting 3483 G.

Photolysis studies were performed at room temperature, in the presence
of dissolved air, in quartz capillary tubes. Samples were irradiated for various
time periods at a distance of 30 cm from the lens of a Viewlex VR-25 remote

controlled slide projector. EPR measurements were made as described above.

Determination of rate constant

The degradation of deoxyribose by hydroxyl radicals and the production
of a pink chromogen monitored spectrophotometrically has been used to
determine the rate constants of various compounds (14-16) and are in
agreement with the rate constants determined by the pulse radiolysis method.
Hence, we used the deoxyribose method (14) to determine the rate constant for
reaction of -OH with of the antiarrhythmic agents ( lidocaine, quinidine and
procainamide).

Reaction mixtures contained, in a final volume of 1.0 mi, the following
reagents at the final concentrations stated: Deoxyribose (2.8 mM), KH2PO4-
KOH buffer, pH 7.4 (20 mM), FeCl3 (25 uM), EDTA (30 uM), H202 (1 mM), and
ascorbate (100 puM). Solutions of FeCl3 and ascorbate were made up
immediately before use in deaerated water. Reaction mixtures were incubated

at 37°C for 1 h, and one ml of 0.5% TBA (w/v) and 1ml of 1.4% TCA(w/v) was
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added and the mixtures were heated at 80°C for 30 minutes. The rate of

deoxyribose degradation was constant over the 1hr incubation period (14).
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Results

Effect of antiarrhythmic agents on the production of MDA:

Lipid peroxidation of lung microsomes were induced by incubating the
lung microsomes with 200 uM NADPH and 1 mM ADP chelated ferric chloride
and the production of TBA reactive MDA was considered as an index of lipid
peroxidation. Malondialdehyde production by lung microsomes was linear with
respect to the concentration of microsomal protein, over the range of 1 to 3 mg
of protein per ml (Fig. 1A), and was dependent on the presence of NADPH (Fig.
1B). As shown in Figure 1B, increasing the concentration of NADPH beyond
600 uM did not increase malondialdehyde production. A linear rate of MDA
production was observed with incubation time and appeared to have reached a
maximum after 10 min (Fig. 1C). Preincubation with lidocaine, quinidine and
procainamide inhibited the NADPH-induced lipid peroxidation in a dose
dependent manner (Fig. 2). Lidocaine was found to be the most potent inhibitor
of NADPH-dependent lipid peroxidation followed by quinidine and
procainamide. Quinine, a stereoisomer of quinidine but a less effective
antiarrythmic agent (21), was only 60-66% as effective as quinidine at 200, 300
and 400 uM concentraions in this reaction. The dose-dependent effects of
lidocaine on the extent of lipid peroxidation was further examined. As shown in
Figure 2, lipid peroxidation was strongly inhibited by lidocaine and the
maximum inhibition actually achieved was 72%. When these data were
presented on reciprocal coordinates (Fig. 2 inset), inhibitions in all cases

appeared to be kinetically simple and the extrapolation of the data indicate that
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there was a maximum of 75% inhibition on lipid peroxidation by lidocaine

indicating the existance of a competing alternate pathway for lipid peroxidation.

Effect of scavengers of reactive oxygen species on MDA
Production:

It was previously shown that liver microsomes generate H2O2 in the
presence of NADPH (22-23). Since Oz~ can dismutate to form H202 and in a
metal catalyzed reaction, HoO2 + Oz~ can form -OH, it has been suggested that
the reactive species of oxygen may be involved in lipid peroxidation initiation
reaction. In order to compare the action of antiarrhythmic drugs with other
known scavengers, data were obtained on NADPH-dependent MDA production
by lung microsomes in presence or absence of several free radical scavengers.
Thus, as shown in Table I, the hydroxyl radical scavengers thiourea and ethanol
inhibited MDA formation 100 and 61%, respectively, at 10 mM concentrations.
DMPO, a spin trap which removes Oz and OH. by forming DMPO-OOH and
DMPO-OH adduct, respectively, also inhibited the formation of MDA by 100%.
Catalase at 5000 units/ml inhibited the formation of MDA by 81%. Superoxide
dismutase 1 to 10 pg/ml did not inhibit the formation of MDA, rather a slight
increase was noted. This is in agreement with our previous report (24).

| Mannitol and benzoate increased the formation of MDA by 20 and 30%,
respectively, at 10 mM concentrations. This is in agreement with Cohen and
Cederbaum (25) who observed similar effects of mannitol in a lipid
peroxidation-dependent chemiluminescence reaction. It is likely that mannitol
and benzoate, being hydrophilic, can not partition to the membrane bilayer for

the effective scavenging of -OH at the site of its production. In order to test this
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hypothesis, 1 mM mannitol was added to a n-octanol / water (50 : 50) mixture,
vigorously shaken for 5min and allowed the phases to separate. Mannitol was
measured in the two phases colorimefrically by the chromotropic acid-
formaldehyde reaction using periodic acid to oxidize the sugar alcohol (26).
This assay was found to be sensitive at 20 uM mannitol and a linear standard
curve was obtained with mannitol concentrations from 20 uM to 1 mM. Almost
100% of the mannitol was found to be partitioned to the aquous phase and no
trace of mannitol was detected in the n-octanol phase. Since n-octanol has
dielectric constant similar to most biomembranes, it is likely that the lack of
protection of microsomes against lipid peroxidation by mannitol is due to its

inability to reach the membrane lipid bilayer.

Effect of antiarrhythmic agents on the activity of NADPH-Cyt P4s50
reductase:

In NADPH-dependent lipid peroxidation, NADPH-Cyt P450 reductase is
the key enzyme causing one electron reduction of molecular oxygen or Fe3+
(27). This enzyme serves as electron carrier from NADPH to oxygen via
cytochrome P450. Although the antiarrhythmic drugs inhibited the NADPH-
dependent microsomal lipid peroxidation in a dose dependent manner, there is
still reason to believe that these drugs could inhibit the NADPH-cyt P450
reductase and thus lower the flux of univalent oxygen reduction to generate
fewer oxyradicals. To exclude the possibility of this subtle artifact we have
examined the effect of antiarrhythmic agents on the activity of NADPH-Cyt P459
reductase. As shown in Table Il, the activity of the enzymes remain unchanged

when various concentrations of lidocaine, quinidine and procainamide were
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incubated with microsomes in presence of NADPH. These studies established
that the inhibition of microsomal lipid peroxidation by antiarrhythmic drugs was
not due to decreased production of active oxygen species and is more likely

due to scavenging of these species

Effects of antiarrhythmic agents on active oxygen species:

In an attempt to identify the radical species directly involved in initiating
lipid peroxidation, and which can be scavenged by antiarrhythmic agents, we
investigated the role of these agents in various known activated oxygen
generating systems.

Superoxide anions are known to be produced when xanthine oxidase
acts on xanthine in the presence of molecular oxygen. The Oz so generated
can reduce ferricytochrome ¢ and this has been used as a convenient assay for
superoxide dismutase (25). We tested the effects of antiarrhythmic agents
lidocaine, quinidine and procainamide at 0.5 and 1.0 mM concentrations and
found that these agents are not effective in scavenging Oz~ (data not shown).

The hydroxyl radicals generated in a Fenton type system ( Fe2+ +H0» --
> -OH + OH- + Fe3+) yield spin adducts with DMPO (21). Thus, as presented in
Fig. 3 (inset) a well characterized 1:2:2:1 patteren of DMPO-OH with Ay = AHB =
14.92 G was obtained when 33.2 uM ferrous sulfate was added to 31 uM H20»
in the presence of 1.12 mM DMPO and 0.83 mM EDTA in 0.2 M borate buffer,
pH 7.8. The EPR signal of DMPO-OH adduct was stable for several minutes.
Addition of -OH scavengers inhibited the signal intensity in a dose dependent
manner. Thus, 1mM thiourea and 3 mM mannitol inhibited the signal almost

completely (data not shown). The effect of the antiarrhythmic agents lidocaine,
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quinidine and procainamide were tested in this system. None of the
antiarrhythmic agents reacted with H2O2 which is in accord with the previous
tindings (1). As shown in Figure 3A --> C, lidocaine, quinidine and
procainamide inhibited the DMPO-OH adduct formation in a dose dependent
manner. The percent inhihition was calculated from the signal heights and are
presented in Figure 3D. The molar conconcentration of drugs required to cause
50% inhibition was found to be 108, 108 and 300 uM for lidocaine, quinidine
and procainamide, respectively.

If inhibition by antiarrhythmic agents of -OH, as shown in Figure 3, are
truly a reflection of interaction of these agents with the -OH, then identical
results should be obtained with a different assay. That this was the case is
illustrated in Figure 4 where a different assay, a deoxyribose colorimetric assay
(14), was adopted. In this assay a mixture of FeCl3-EDTA, H202 and ascorbic
acid at pH 7.4, produce -OH radicals which can be detected by their ability to
degrade the sugar deoxyribose into fragments and which generate a pink

chromogen upon heating with TBA at low pH :

Fe3+-EDTA + ascorbate ------ > Fe2+-EDTA + oxidized ascorbate [1)

Fe2+-EDTA + H202 ... > Fe3+EDTA + -OH + OH [2]

‘OH + Deoxyribose =~ ------ > Degraded Sugar ------ > Color product [3]
TBA

The -OH so generated (reaction 2) is equally accessible to deoxyribose (the
detector molecule) and to any other scavenger of -OH added. Thus, the ability
of a substance to inhibit competitively with deoxyribose under these conditions

is a measure of its ability to scavenge -OH and can be used to calculate the rate
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constant for reaction of -:OH with scavengers (14). Lidocaine, quinidine and
procainamide were able to compete with deoxyribose effectively in preventing
the TBA reactive color product formation. The second order rate cnstants for the
reaction of these agents with -OH were calculated ( Ref 14) and were found to
be 1.8 X 1010 M-1s-1, 1.61 X 1010 M-1s-1 and 1.45 X 1010 M-1s-1 for quinidine,
lidocaine and procainamide, respectively (Fig. 4). Control experiments showed
that none of the antiarrhythmic drugs interfere with the measurement of
deoxyribose degradation or itself react with -OH to give TBA reactive color
products. Thus, when 500 uM each of the drug was added to the reaction
mixture at the end of the incubation time, before the addition of TBA, little
protection of deoxyribose degradation was observed. Moreover, when these
drugs were allowed to react with the -OH generating system in the absence of
deoxyribose, no TBA reactive products were observed at 535 nm.

Since singlet oxygen is thought to be involved in the lipid peroxidation
process, we have investigated the role of antiarrhythmic agents in known singlet
oxygen generating systems. The generation of singlet oxygen by
photochemical reactions of rose bengal or methylene blue was studied by EPR
spectroscopy using TEMP as a singlet oxygen trap. We have demonstrated the
formation of TEMPO as a nitroxyl radical by the attack of singlet molecular
oxygen, generated during photoactivation of various sensitizers, on TEMP
(29,30). The characteristic EPR spectral pattern of three lines of equal intensity
for the TEMPO nitroxide radical was observed when air saturated aqueous
solution of rose bengal werevirradiated in the presence of TEMP at room
temperature (Fig.5 inset). The hyperfine splitting constants and g-value of the

radical were found to be AN=17.2 G and g= 2.0056, respectively, consistent with
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our previously reported values (29,30). Lidocaine, quinidine and procainamide
inhibited the TEMPO formation in a dose dependent manner (Fig.5). However,
as presented in Table lll, when rose bengal was replaced with methylene blue
(600 uM) as a photosensitizer and TEMPO accumulation was monitored for a
period of 10 minutes, quinidine (1 to 10 mM) and procainamide (1 to 10 mM)
did not inhibit the formation of TEMPO. This difference is suggestive of
sensitizer quenching rather than singlet quenching. Lidocaine on the other
hand was found to inhibit TEMPO formation at higher concentrations in a dose-
dependent manner. Thus, at a concentration of 4.18 mM, lidocaine inhibited

50% of the TEMPO signal.
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Discussion

In the present study we have demonstrated that antiarrhythmic agents
(lidocaine, quinidine and procainamide) inhibit NADPH-dependent lipid
peroxidation at micromolar concentrations. Among the three antiarrhythmic
agents tested, the order of ability to inhibit lipid peroxidation was: lidocaine >
quinidine > procainamide (Fig. 2), which is consistent with the therapeutic
potential of the drugs (31-33).

Lidocaine, quinidine and procainamide are found to be scavengers of
hydroxyl radical. This was demonstrated both in the EPR spin-trapping study
as well as in the deoxyribose degradation assay (Fig. 3 and 4). Thus, when
-OH radicals were generated in a Fenton type reaction and detected as DMPO-
OH adduct by EPR spectroscopic techniques, lidocaine, quinidine and
procainamide inhibited these reactions in a dose-dependent mannner.
Compared to some of the known hydroxyl radical scavengers, lidocaine,
quinidine and procainamide were more sensitive than ethanol or thiourea.

Lidocaine, quinidine and procainamide inhibited 102-dependent TEMPO
formation (Fig.5) when rose bengal was used as a sensitizer. However, when
rose bengal was replaced by methylene blue there was no inhibition of TEMPO
formation by both quinidine (1 to 10 mM) and procainamide (1 to 10 mM).
Lidocaine inhibited this reaction at high concentrations which is consistent with
our previous findings (34). The inhibition of TEMPO formation may be due to
ionic interaction between the cationic drugs quinidine and procainamide with

rose bengal (27) since these drugs had minimal effects when cationic sensitizer
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methylene blue (1*) was used to generate 102, Therefore it appears likely that
quinidine and procainamide are quenching the sensitizer rather than the singlet
oxygen. Lidocaine, however, was able to ihhibit TEMPO formation in both rose
bengal and methylene blue systems in a dose dependent manner indicating
that it may posses singlet oxygen scavenging/quenching activity. Although mM
concentrations of the drug are required to inhibit singlet oxygen-dependent
TEMPO formation, these concentrations are comparable to the concentrations
of other known singlet quenchers such as histidine, dimethylfuran and
diphenylfuran (24) in inhibiting lipid peroxidation. At pharmacologically
relevant concentrations, however, it may be that none of the three antiarrhymic

drugs are efficient in scavenging singlet oxygen.

The cytoprotective effects of lidocaine, quinidine and procainamide in
myocardial ischemia have been attributed to membrane stabilizing properties
(31-33). However, the mechanism of such "membrane stabilization" has not
been elucidated. Recently, Woodward and Zakaria (35) and Manning et al.
(36) have proposed the hypothesis that oxygen-derived free radicals generated
during the early moments of reperfusion may initiate membrane injury, leading
to the development of severe ventricular arrhythmias. During myocardial
ischemia, especially after reoxygenation of the hear, there is an apparent
accumulation of lipid peroxides in the tissue (2,7,9,10). Canine sarcolemmal
membranes were also found to be readily peroxidized by reactive species of
oxygen and the phospholipid-rich sarcolemma of ventricular myocytes were
proposed to be a major site of free radical attack (37). Hydroxyl radicals are
proposed to be the direct initiator of lipid peroxidation by concerted addition-

abstraction reactions with the diene bonds of unsaturated lipids (38-41). It was
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suggested that singlet oxygen and -OH are involved in the propagation of lipid
peroxidation (38) which in turn can produce me»mbrane damage and cell
dysfunctions (39). The results of the present study show that lidocaine,
quinidine and procainamide are powerful antioxidants, which can scavenge
hydroxyl radical and prevent membrane lipid peroxidation. Therefore, the
"membrane stabilization" ability of lidocaine as reported earlier may, in part, be
attributed to the reactive oxygen scavenging properties of this compound.

Recent studies have indicated the involvement of reactive oxygen
species in myocardial ischemia. @ Thus, Bernier et al. (42) found that
superoxide dismutase, catalase, mannitol, methionine, glutathione and
desferroxamine reduced the incidence of reperfusion-induced ventricular
fibrillation from 80% to 0, 7, 7, 7, 20, and 7%, respectively. They also
demonstrated a clear dose dependency for each intervention. In another study
(10) it was found that superoxide dismutase plus catalase enhanced the
efficacy of hypothermic cardioplegia in protecting the globally ischemic,
reperfused heart. The production of oxygen-centered free radicals during
ischemia and reperfusion of myocardium have been demonstrated and a burst
of oxygen radical generation was shown to occur within moments of reperfusion
(41). Electron spin resonance studies have conformed the production of
oxygen free radicalsin ischemic/reperfused rat hearts (4,5,41). These studies
suggest that excessive free radicals are produced in the extracellular
compartment and these radicals in turn are responsible for the sarcolemmal
membrane damage. B

In our present study, lidocaine, quinidine and procainamide inhibited

NADPH-dependent lipid peroxidation. The scavengers of hydroxyl radicals,
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such as ethanol, thiourea and DMPO (43), were found to inhibit MDA formation.
However, mannitol and benzoate were found to increase the MDA formation
when used in higher concentration (Table I). Mannitol is known to increase the
production of MDA when citrate-Fe2+ is used as a source of chelated iron but
the mechanism of this increase is not known (44). Our data indicate that
mannitol can not partition to n-octanol phase. Since n-octanol has a dielectric
constant similar to most biomembranes, it is possible that the inability of
mannitol to protect microsomal membrane against lipid peroxidation may, in
part, be due to its inability to reach the site of free radical production.

Isolated rat liver microsomes in the presence of NADPH and iron can
catalyze the production of -OH-like species by a reaction sensitive to catalase
but not to superoxide dismutase (24). The involvement of hydroxyl radical in the
NADPH-dependent lipid peroxidation has been a subject of controversy. Our
observed inhibition of lipid peroxidation by the scavengers of hydroxyl radical
are in accord with the findings of some investigators (25, 45-47), but not with
those of others (48, 49). The controversy regarding the involvment of hydroxyl
radicals in lipid peroxidation may, in part, be due to the different lipid
composition of different membranes and the multiplicity of mechanisms of
oxygen activation which cause lipid peroxidation. The composition of the
reaction medium (presence and absence of exogenous iron) may also play an
important role in generating these reactive species. The mechanism proposed

below seems to be operating in our system in generating hydroxyl radicals:

200+ 2H+ T >  H02 + O> (1)
Oz + ADP-Fed3+  —— > O + ADP-Fe2+ (2)
ADP-Fe2+ + HpOo > ADP-Fe3+ + -OH + OH- (3)
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H202 + O —eeemeee > Oz + OH + -OH (4)
‘OH + lipd e > lipid peroxides

The NADPH-microsomal system geherates Oz which can dismutate as
in reaction 1 or it can react with H2O2 as in reaction 4. The later reaction
generates the powerful oxidant -OH which can continue the chain reaction to
peroxidize the membrane lipids. Reactions 2 and 3 presented here are similar
to Fenton's reaction (50-51). Since superoxide dismutase slightly enhanced
the lipid peroxidation and catalase inhibited the reaction, we propose that
reduced cytochrome P450 would form a complex, superoxoferricheme (Fe2+-Oz
----> Fe3+--02") by reacting wih molecular oxygen and that a small part of this
complex will dissociate to form Fe3+ and Oz (52). Oz~ so generated can form
H2O2 catalyzed by superoxide dismutase ( Reaction 1). Here superoxide
dismutase should enhance lipid peroxidation by forming HoO2 and catalase
would inhibit the reaction by preventing the formation of ‘OH (Reaction 3).
Peroxidation of membrane lipids by ‘OH then would be initiated by hydrogen
abstraction from a methylene carbon cation. That the hydroxyl radical
scavengers such as thiourea, ethanol and DMPO inhibited lipid peroxidation is
strong evidence that the reactive species, regardless of how it is generated,
must be -OH.

The fact that lidocaine, quinidine and procainamide inhibited the lipid
peroxidation as well as scavenged the -OH, generated in a chemical reaction,
suggests that these drugs protect the membrane lipids by scavenging -OH.
However, it does not conclusively establish a cause-effect between these two
phenomena. Two points need to be considered: (1) the concentration

dependence for inhibition of lipid peroxidation by these drugs is not paralleled
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by a similar concentration dependence for scavanging hydroxyl radical and, (2)
it is possible that the inhibition of lipid peroxidation could be due to the ability of
these drugs to interact directly with Iipids thus indirectly protecting the
membrane from -OH attack. The first phenomenon may be explained by the fact
that lidocaine is known to be further metabolized in the body rapidly and
extensively into compounds (monoethylglycylixylidide and glycyixylidide) which
have antiarrythmic activities (53); it is possible that in our microsomal-NADPH
system these metabolic products are produced and are better antioxidants than
lidocaine itself. Further investigation is needed to resolve this issue. To lessen
the possibility of the second issue, a rather subtle artifact, we have added
stearic acid to the lipid peroxidation reaction mixture to examine if addition of a
saturated lipid diminishes the effectiveness of these drugs. In a similar reaction
system the activity of these drugs(500 uM) remained unchanged in the
presence of 500 uM stearic acid (data not presented). These results strongly
suggest that the "membrane stabilization" effects of these drugs may, in part, be

due to their ability to remove the reactive oxygen species
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Table I. Effect of oxygen radical scavengers on MDA formation in bovine

lung microsomes

Scavengers | nmoles/mg protein/min
(% Control)

None 100

Ethanol, 10 mM 39
Thiourea, 10 mM 0

Mannitol, 10 mM 120
Benzoate, 10 mM 130

DMPO, 10 mM 0

Catalase, 5000 Units/ml 19
Superoxide dismutase, 10 ug/mi 110

The reaction mixture contained 3 mg of microsomal protein in Tris-HCI buffer pH
7.6, 200 uM NADPH, 1 mM ADP and 50 uM FeCl3. Various scavengers at
indicated concentrations were added to this reaction mixture and incubated for
10 minutes at 370C. Lipid peroxidation was initiated by the addition of NADPH
and measured as described in "Materials and Methods".
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Table Il Effect of antiarrhythmic drugs on cytochrome P-450 reductase
activity.

Cytochrome P-450 reductase, units/mg protein/min

Drug. (uM) Lidocaine Quinidine Procainamide
25 14.83 16.58 15.41
50 14.80 15.36 15.03
100 14.84 16.33 15.26
200 13.41 12.94 13.59
500 15.41 16.20 15.98

NADPH Cytochrome P-450 reductase activity was measured by its cytochrome
c reductase activity. One unit of NADPH-Cytochrome c¢ reductase is defined as
one umole ferricytochrome ¢ reduced per minute per mg protein. The reaction
conditions were as described in the methods section.
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Table lll. Effects of antiarrhythmic drugs on methylene blue

sensitized singlet oxygen generating system.

Concentration Percent Inhibition
of Drugs Lidocaine Quinidine  Procainamide
2mM 35 0 0
5mM 52 0 0
7 mM 70 0 0
10 mM 83 0 0

Experimental conditions are as described under "Materials and Methods". Lidocaine,
quinidine and procainamide at indicated concentrations were added to 600uM
methylene blue, 65 mM TEMP and 0.05 M potassium phosphate buffer, pH 7.8 with 10
4M EDTA. The TEMPO formation was recorded after irradiating the mixture for 5 min.
The percent inhibition was calculated from the intensity of the first signal.
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Fig 1. Optimization of NADPH-dependent lipid peroxidation assay.
The experimental conditions are as described in "Materials and Methods". The
reaction mixture contained 1 mM ADP, 50 uM FeClg3, in Tris-HCI buffer, pH 7.6,
in the presence of (A): indicated concentrations of microsomal protein, (B):
varing concentrations of NADPH and (C): incubated for varying time periods at
370C. Lipid peroxidation was initiated by addition of NADPH and was
terminated by the addition of 2 ml of 0.5% (w/v) TBA and 2% TCA. This mixture
was heated at 950C for 10 minutes.
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Fig 2 Effect of antiarrhythmic drugs (lidocaine, quinidine and
procainamide) on NADPH dependent lipid peroxidation. The experimental
conditions are as described in "Materials and Methods". The reaction mixture
contained 3mg/ml of microsomal proteins, 200 uM NADPH, 1 mM ADP, 50 uM FeClj,
and the indicated concentrations of antiarrhythmnic drugs in Tris-HCI buffer, pH 7.6
and was incubated at 370C for 10 min. Lipid peroxidation was initiated by addition of
NADPH and was terminated by the addition of 2 ml of 0.5% (w/v) TBA and 2% TCA.
This mixture was heated at 959C for 10 minutes.
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Fig 3. Effect of antiarrhythmic agents on the formation of DMPO-OH
adduct.The experimental conditions are as described under "Materials and Methods".
The reaction mixture contained: 31 uM H202, 1.12 mM DMPO, in boric acid-borax
buffer, pH 7.8, in the presence of 33.2 uM ferrous sulfate and 0.83 mM EDTA. The
DMPO-OH adduct formation was recorded immediately. Receiver gain was 4.0X 105,
and the scan rate of 200 seconds. Other EPR parameters were same as described in
"Materials and Methods". A: Lidocaine, Line 1: control , Line 2: 100 uM lidocaine;
Line 3: 200 uM lidocaine; Line 4: 300 uM lidocaine; Line 5: 1.2 mM DMPO only; B:
Quinidine, Line 1 control; Line 2: 50 uM quinidine; Line 3: 100 uM quinidine; Line 4:
200 pM quinidine; Line 5: 1.2 mM DMPO only C: Procainamide, Line 1: control; Line
2: 100 uM procainamide; Line 3: 200 pM procainamide; Line 4: 400 uM procainamide;
Line 5: 1.2 mM DMPO only. "
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Fig 4. Hydroxyl radical scavenging by antiarrhythmic drugs:
determination of rate constants. Deoxyribose degradation in the presence of
various concentrations of antiarrhythmic drugs was followed as described under
"Materials and Methods" using a final deoxyribose concentration of 2.8 mM in the
reaction mixture. The rate constant was determined form the slope of the line (k =
slope X kog X [DR] X A) as described in the text giving the value of lidocaine, 1.6 X
1010 M-1s-1; quinidine, 1.8 X 1010 M-1s-1; procainamide 1.45 X 1070 M-1 s-1 in this
experiment
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Fig 5 Effect of antiarrhythmic drugs on the formation of TEMP-10,
adduct. The experimantal conditons are as described under "Materials and
Methods". Lidocaine, quinidine and procainamide at indicated concentrations were
added to 40 uM rose bengal, 65 mM TEMP dissolved in ethanol (final concentration of
ethanol was 10%), in 0.05M potassium phosphate buffer, pH 7.8, with 10-4 EDTA. The
TEMP-10, adduct formation was recorded after irradiating the reaction mixture for 3
minutes. The percent inhibition was calculated from the signal intensity of EPR signal
indicated by an arrow.
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CHAPTER-IV

AMELIORATION OF POST-ISCHEMIC REPERFUSION
INJURY BY ANTIARRHYTHMIC DRUGS IN ISOLATED
PERFUSED RAT LUNG.

(Submitted for publication in the American Journal of Physiology)

Abstract

Antiarrhythmic drugs, such as lidocaine, quinidine and procainamide, have
been shown to be effective against post-ischemic reperfusion injury in isolated
rat lungs. Rat lungs were perfused at constant flow with Krebs-Henseilet buffer
supplemented with 4% bovine serum albumin and ventilated with air
containing 5% CO2. The lungs were subjected to ischemia by stopping
perfusion and ventilation for 60 minutes followed by a 30 minutes of
reperfusion. Lung injury was determined by measuring increased wet-to-dry
lung weight ratio, pulmonary arterial pressure and peak airway pressure.
Lidocaine, quinidine and procainamide at doses of 5, 10 and 20 mg/kg b.w.
were found to attenuate the post-ischemic lung injury significantly (p< 0.0001).
The formation of cyclooxygenase products which were elevated during
reperfusion were also significantly (p< 0.0001) inhibited by these drugs. Since
these antiarrhythmic agents are found to be powerful scavengers of hydroxyl
radical and can prevent membrane lipid peroxidation (Das and Misra, 1992),
the above findings suggest that the antioxidant properties of these drugs may, in

part, be responsible for protecting the lungs against reperfusion injury.
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Introduction
Lung transplant is rapidly becoming a clinical alternative for patients with end-
stage lung disease. Preservation of the ’cadaver lung during transplant has
been a major impediment to the wide clinical use of transplant procedures.
Reperfusion of transplanted lung previously subjected to brief period of
ischemia causes irreversible tissue injury (11).. Ischemia-reperfusion injury has
been extensively studied in many organs, including brain, heart, intestine and
kidney (7, 20, 21, 23, 25, 26). Little work has been done to elucidate the
mechanism of reperfusion injury in the lung. Reactive oxygen species has been
implicated in the etiology of ischemia-reperfusion injury (14, 18, 20, 29).
Antiarrhythmic drugs have been used as membrane stabilizers and were found
to prevent microvascular permeability resulting from acute lung injury (27). The
mechanism by which these antiarrhythmic agents diminish lung edema,
however, is unclear and their ability to reduce post-ischemic reperfusion injury
of the lung has not been tested. Recently we have reported that antiarrhythmic
agents such as lidocaine, quinidine and procainamide, are potent hydroxy!
radical scavengers and were found to inhibit lipid peroxidation (6). Since free
radicals of oxygen play an important role in initiating lipid peroxidation (3, 9),
and lipid peroxides are known to be produced during post-ischemic reperfusion
of lung (8), we developed the hypothesis that antiarrhythmic drugs may protect
lungs from reperfusion injury. Here we present evidence that the antiarrhythmic
drugs, such as lidocaine, quinidine and procainamide attenuate post-ischemic
reperfusion injury in isolated perfused rat lung and these drugs were effective in
preventing the accumulation of cyclooxygenase products during reperfusion of

ischemic lung.
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Materials and Methods

Ex vivo lung preparation
Male Sprague-Dawley rats (Harlan's Sprague-Dawley) weighing 300-500 gms,
were anesthetized with 64.8 mg/kg ip sodium pentobarbital ( Anthony products
Co., Arcadia,CA). A tracheostomy was performed that permitted ventilation with
a Harvard rodent ventilator (Model 683) at 62 strokes per min, a tidal volume of
2.3 to 3ml, and positive end expiratory pressure of 2.5 cm H20. The inspired
gas mixture was air mixed with 5% CO2 (Analyzed, Industrial gas Co.).
Subsequently a median sternotomy was performed, heparin (200 IU) was
injected into the right ventricle, and cannulas were placed in the pulmonary
artery and left ventricle. The heart, lungs and mediastinal structures were
removed en bloc and suspended from a Fort-250 (World Precision Instruments,
New Haven, CT) rigid linear force transducer to monitor any weight change and
placed in a humidified chamber. The lungs were perfused by a masterflex
(Cole Parmer Instruments) pump with Krebs-Hanseilet buffer at a constant flow
of 0.05mI/min/gm of b.w.. The Krebs-Hanseilet buffer contained (in mM) 118
NaCl, 4.7 KCI, 1.17 MgSQOy4, 25 NaHCOg3, 1.18 KH2POy4, 1.90 CaCly, 11.1
glucose and 4% bovine serum albumin (66000 MW, Sigma Chemical Co, St
Louis, MO). The pH of the perfusate was maintained between 7.35 - 7.45 by
periodic addition of sodium bicarbonate and was constantly monitored.

The first 50 ml of lung effluents were discarded to eliminate circulating
blood elements from the vascular space of the lung. Subsequently a

recirculating mode was established with 50 ml of perfusate. Pulmonary artery
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pressure was constantly monitored with a transducer blood pressure BPLR-
0111 (World Precision Instruments., WPI). Peak air way pressure was
constantly monitored by a PNEU-01 (WPI) pressure transducer. The pressure
transducers were calibrated with a blood pressure measurement instrument
(The Lumiscope, Co. Japan).

Mean PA pressures, change in lung weight and mean peak air way
pressure were constantly monitored through the pressure and linear force
transducers connected to an amplifier bridge (WPI). The bridge was connected
to a MacLab-4 (WPI) which in turn was connected to a Macintosh SE
computer. The data were recorded by Scope v 3.1 software for the MaclLab

system (WPI).

Induction of Lung ischemia

Isolated lungs were perfused for 10 minutes to ensure a stable preparation and
were then subjected to ischemic injury for 60 min by stopping ventilation and
perfusion. The lungs were inflated by instillating of 2 ml of gas mixture into
tracheal cannula before occlusion at the start of the ischemic period. Lung
inflation was done to facilitate reperfusion after ischemia. Throughout the 60

minute ischemia the lungs and perfusate were kept at 370C.

Lung reperfusion

Reperfusion after ischemic interval was started slowly and the flow rate was
increased such that a mean pulmonary arterial pressure (Pa) of 14mm Hg was
never exceeded. Within 5 minutes of the onset of the reperfusion the perfusate

flow was increased to the original flow rate present before the ischemic period
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(0.05mi/min/g b.w.). During reperfusion the perfusate resorvoir and the lungs
were maintained at 37-380C. Lungs were reperfused for 30 min while they are

ventilated with the same gas mixture.

Experimental groups

Five experimental groups were studied. The first group of 6 lungs underwent 60
minutes of ischemia followed by 30 minutes of reperfusion. Same protocol was
maintained for the 2nd, 3rd, and 4th groups (n=6) with the exception that
lidocaine, quinidine and procainamide at 5, 10 and 20 mg/Kg b.w., respectively
were added to the perfusate. This dose was calculated using at 8% of the
body weight as blood volume. The 5th group served as control and
underwent no ischemia. The drugs were added to the lung perfusate at the

onset of lung perfusion prior to ischemia.

Measurement of Lung injury

Wet-to-dry lung weight ratio

At the end of each experiment the left main stem bronchus was transected and
the left lung was isolated for the determination of the wet-to-dry lung weight
ratio. Lungs were weighed and placed in a convection oven (Model 605,
Precision Scientific Inc.) at 1200C and weighed daily for 3 days. Seventy two
hours lung weight was reported as dry weight because no further weight loss
occurred after that time.

Pulmonary artery pressure

Mean pulmonary artery pressure (Pa) was measured for 10 minutes of pre-

ischemic period and entire post-ischemic period after the full flow was resumed.
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Percentage change was calculated taking the difference of the mean pre- and
post-ischemic pulmonary artery pressures.

Peak airway pressure
Mean peak airway pressure (Paw) was monitored for 10 minutes of pre-
ischemic period and thirty minutes of post-ischemic period. Percentage change

was calculated taking the difference of pre- and post-ischemic pressures.

Measurement of cyclooxygenase metabolites

TxB2 and 6-Keto-PGF1q, the stable metabolites of TxAz and prostacyclin,
respectively, were measured as indicators of cyclooxygenase metabolite
production. Samples (1.8 ml) of pulmonary venous effluent were collected
immediately before the onset of ischemia, and at 5,10, and 20 minutes of
reperfusion. Time matched samples were also obtained in the un-injured
controls. Measurements of TxB, and 6-Keto-PGFqi, were made in
thromboxane By [3H] and 6-Keto-PGF14[3H] scintillation proximity assay (SPA)

systems (Amersham) on methyl formate extracted samples in duplicate (2).

Statistical Analysis:
Values were expressed as meantSEM. Groups were compared using one way
analysis of variance and the Tukey's multiple comparison test using SAS

statistical package. A p value less than 0.05 was accepted as significant.
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Results
Effect of antiarrhythmic drugs on wet-to-dry lung weight ratio

Lung weight remained stable in un-injured control lungs during the 100 minutes
of perfusion. Lungs subjected to ischemia-reperfusion had increased lung
weight at the end of 30 minutes of reperfusion as recorded by MaclLab-4
connected to a linear force transducer (data not shown). Lung wet weight to
dry weight ratio, a measure of edema formation, was significantly higher (p<
0.0001) in ischemia-reperfused lungs compared to un-injured controls (Fig. 1).
Antiarrhythmic drugs, such as lidocaine, quinidine and procainamide at single
doses of 5, 10 and 20 mg/kg b.w., respectively, significantly (p < 0.0001)
reduced the wet weight to dry weight ratios compared to ischemia-reperfused

lungs (Fig. 1).

Effect on pulmonary pressure

Pulmonary artery pressure (Pa) remained stable over the 100 minutes of
perfusion in the control lungs not subjected to ischemia. Lungs subjected to
60 rﬁin ischemia were allowed to reach a stable Pa within 10 min after onset of
reperfusion. The Pa was found to be significantly higher ( p< 0.008) ten min
after the onset of reperfusion, compared to the pressures present in the same
lung during pre-ischemia or compared to the Pa measured in the time-matched
control lungs (Fig. 2). The FPa remained elevated compared to pre-ischemic

values in the same lung at 10 and 30 min after the onset of reperfusion. Addition
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of lidocaine, quinidine, and procainamide at 5, 10 and 20 mg/kg b.w,
respectively, significantly reduced the Pa pressure of ischemia-reperfused

lungs compared to untreated reperfused lungs (Fig. 2).

Effect on Peak air way pressure

Peak airway pressure (Paw) remained stable over 100 minutes of perfusion in
the un-injured control lungs. Lungs subjected to ischemia and reperfusion had
significantly higher ( p< 0.0001) Paw after 30 minutes of reperfusion. Lungs
subjected to ischemia-reperfusion but treated with lidocaine (5 mg/kg b.w),
quinidine (10 mg/kg b.w.) and procainamide (20 mg/kg b.w) significantly (p <
0.0001) reduced Paw compared to the untreated ischemia reperfused lungs.

These data are presented in Figure 3.

Effect of antiarrhythmic drugs on cyclooxygenase product formation
Measurements of 6-Keto-PGF4, and TxB» in lung effluents collected prior to
ischemia and in the time matched lung effluents from the un-injured control
lungs were not different ( p=not significant) (Table 1). Five minutes after
reperfusion a seven fold and two fold increase in the production of
cyclooxygenase metabolites, 6-Keto-PGF1o and TxBa (Table 1), respectively,
was observed. The time course of accumulation of these metabolites in lung
effluents were studied at 5, 10, and 20 min post-ischemia. Both the 6-Keto-
PGF14 and TxB2 levels were found to remain elevated (p<0.0001) in the lung
effluent collected up to 20 min after reperfusion compared to effluent collected
from the same lung prior to ischemia or when compared to time matched lung

effluent samples from control lungs not subjected to ischemia (Fig. 4). Tweny

99



minutes after reperfusion, 6-Keto-PGF1a remain elavated compared to the
controls (Fig. 4). TxB2 levels were also increased (p<0.0001) in lung effluents
collected at 5, 10 and 20 minutes after the onset of reperfusion compared to
effluent collected from the same lungs prior to ischemia or from time matched
control lungs (Fig. 5). Lungs subjected to ischemia-reperfusion and treated
with lidocaine, quinidine and procainamide at 5, 10 and 20 mg/kg b.w,
respectively, had significantly less 6-keto-PGF1a and TxB2 (p<0.0001)
compared to non treated lungs subjected to similar ischemia-reperfusion

conditions (Table 1, Fig. 4 and Fig. 5))
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Discussion

A major source of damage in post-ischemic reperfusion injury is believed to be
the generation of oxygen-free radicals and other toxic oxygen metabolites (10,
19, 29). These radicals and metabolites have been implicated in post-ischemic
reperfusion injury in the heart, kidney, intestine, brain and other organs (9, 19,
22, 30). Studies in the post-ischemic-reperfusion injury in the lungs also
implicate toxic oxygen metabolite as a source of damage (10, 12-14). In our
present study the antiarrhythmic drugs, lidocaine, quinidine and procainamide,
significantly reduced pulmonary edema, pulmonary anterial pressure and peak
air way pressure. These drugs also inhibited the formation of cyclooxygenase
metabolites that are known to be produced during reperfusion of ischemic lungs
(16). Although these agents have numerous systemic and local effects on
various biological tissues both, in vivo and in vitro (1, 24), their ability to
ameliorate post-ischemic reperfusion injury in the lungs had not been
previously recognized.

The mechanism, by which the antiarrhythmic agents are effective against
reperfusion injury may be explained, in part, by their antioxidant properties. In
a recent study Stelzner et al. (27) found that these drugs protect lungs against
thiourea induced injury in rats. As oxygen radicals are likely to be produced
during metabolism of thiourea, Stelzner et al. suggested an antioxidant action
of antiarrhythmic drugs. However, they found that these drugs are not
scavengers of Oz~ or HoO2. Recently we have demonstrated that these drugs

are powerful hydroxyl radical scavengers and inhibitors of lipid peroxidation

101



(6). Therefore it is likely that these drugs protect pulmonary tissue against post-
ischemic reperfusion injury by scavenging toxic -OH radicals.

Since toxic oxygen metabolite can directly cause cell injury or lead to the
production of other mediators, such as arachidonate metabolites, we measured
the effect of antiarrhythmic agents on cyclooxygenase metabolites,
thromboxane and prostacyclin, during reperfusion of ischemic lung. Post-
ischemic reperfusion caused significant elevation of both the thromboxane and
prostacyclin levels as measured by their stable metabolites TxB2 and 6-Keto-
PGFq14. Similar increases of these metabolites have been observed by
Ljungman et al. (16). It is believed that cyclooxygenase metabolites, produced
secondary to the production of oxygen radicals, may in turn, cause tissue
damage (16). These authors have, however, concluded that cyclooxygenase
metabolites may not be the sole source of injury because protection by
inhibitors of cyclooxygenase product formation was not complete. Burghuber et
al. (4) had also reported similar findings and concluded that cyclooxygenase
products are not primarily responsible for lung damage. It has been shown that
lidocaine is not an inhibitor of prostglandin biosynthesis in vitro (15), rather it
increases the production of prostacyclin (5). Our data demonstrate that all
these antiarrhythmic drugs inhibit cyclooxygenase product formation. It is
possible that these drugs may not inhibit prostaglandin formation per se but
might inhibit the liberation of arachidonic acid from phospholipids by
scavenging hydroxyl radicals. However, this hypothesis needs to be tested.
Nevertheless, the lung damage imposed by ischemia-reperfusion could be a
concommitant actions of both the toxic oxygen products (12) and

cyclooxygenase metabolites (16). We conclude that the inhibition of
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cyclooxygenase product formation and attenuation of post-ischemic lung injury
by these drugs may, in part, be due to the removal of toxic oxygen metabolites

generated during the reperfusion of the lung.
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Fig. 1. Etfects of antiarrhythmic drugs on wet-to-dry lung
weight ratio of ischemic-reperfused rat lung. Wet-to-dry lung
weight ratios (n=6) after 100 minutes of lung perfusion in experiments
exposed to ischemia-reperfusion (I/R) and I/R with lidocaine, quinidine
and procainamide at doses of 5, 10 and 20 mg/Kg b.w., respectively.
Values are meantSE.. *p < .0001 compared with ischemia-reperfusion
lungs. ** p < .001 compared to the control.
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Fig. 2. Effects of antiarrhythmic drugs on pulmonary arterial
pressure of ischemic-reperfused rat lung. Un-injured control
lungs were perfused for a total period of 100 min. Lungs subjected to
ischemia-reperfusion underwent, 10 minutes of pre-ischemia followed by
60 minutes of ischemia and 30 minutes of reperfusion. Lidocaine,
quinidine and procainamide at 5, 10 and 20 mg/kg b.w doses,
respectively, were added to the perfusion buffer at the beginning of
perfusion. Results were expressed as percent change in mean
pulmonary arterial pressure between pre-ischemia and post-ischemic
reperfusion. *p < 0.0001and ** p < 0.001 compared to the control.
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Fig. 3. Effects of antiarrhythmic drugs on peak airway
pressure of ischemic-reperfused rat lung. Un-injured control
lungs were perfused for a total period of 100 min. Lungs subjected to
ischemia-reperfusion underwent, 10 minutes of pre-ischemia followed by
60 minutes of ischemia and 30 minutes of reperfusion. Lidocaine,
quinidine and procainamide at 5, 10 and 20 mg/kg b.w. doses were
added to the perfusion buffer at the beginning of perfusion. Results were
expressed as percent change in mean peak airway pressure between
pre-ischemia and post-ischemic reperfusion. *p < 0.0001 compared to
control. ** p <0.001 compared to ischemia reperfused lung.
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Fig. 4. Effects of antiarrhythmic drugs on 6-Keto-PGF{, Oon
ischemic-reperfused rat lung. Samples for 6-Keto-PGF1q
measurements were obtained prior to ischemia as well as 5, 10, 20
minutes after reperfusion or at time matched points in control lungs not
subjected to ischemia. Lidocaine, quinidine and procainamide at 5, 10
and 20 mg/kg b.w. were added to the perfusate at the beginning of the
perfusion period. 6-Keto-PGF1o was measured by the scintillation
proximity assay method on extracted samples in duplicate.
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Fig. 5. Effects of antiarrhythmic drugs on TxB, on ischemic-
reperfused rat lung. Samples for TxBz measurements were
obtained prior to ischemia as well as 5, 10, 20 minutes after reperfusion
or at time matched points in control lungs not subjected to ischemia.
Lidocaine, quinidine and procainamide at 5, 10 and 20 mg/kg b.w. were
added to the perfusate at the beginning of the perfusion period. TxB2
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CHAPTER-V

PREVENTION OF REPERFUSION LUNG INJURY BY
LIDOCAINE IN A HYPEROXIC VENTILATED
RAT LUNG MODEL

(Submitted for publication in the American Review of Respiratory Disease)

Abstract

Lidocaine, an antiarrhythmic drug has been shown to be effective against post-
ischemic reperfusion injury in heart. However, its effect on pulmonary
reperfusion injury has not been investigated. We investigated the effects of
lidocaine on a post-ischemic reperfused rat lung model. Lungs were isolated
and perfused at constant flow with Krebs-Henseilet buffer containing 4% bovine
serum albumin and ventilated with 95% oxygen mixed with 5% CO»2  Lungs
were subjected to ischemia by stopping perfusion for 60 minutes and then
reperfused for 10 minutes. Post-ischemic reperfusion caused significantly (p <
0.001) higher wet-to-dry lung weight ratio, pulmonary arterial pressure and
peak airway pressure than the control lungs. Lidocaine, at a dose of 5 mg/kg
b.w. was found to significantly (p<.001) attenuate the rises in the wet-to-dry lung
weight ratio, pulmonary arterial pressure and peak airway pressure observed
in post-ischemic lungs. We conclude that lidocaine is effective in preventing

post-ischemic reperfusion injury in isolated perfused rat lung.
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Introduction

High levels of Oz ventilation have been associated with acute lung injury (1-3).
Lungs exposed to higher Oz tension in the absence of circulation was found to
produce large amounts of free radicals (4). Koyama et al. (5) have
demonstrated the involvement of oxygen derived radicals in acute lung injury
when canine lung lobes were ventilated with 95% O2. In another recent study,
Fisher et al.(6) have shown increased production of lipid peroxides when 95%
O2 was administered during ischemic ventilation in isolated rat lung.

Lipid peroxidation mediated by hydroxyl radicals has been suggested
as a possible mechanism of pulmonary injury (7-9). These activated species of
oxygen also increase pulmonary arterial pressure (10-11) and increase
vascular permeability that results in the formation of a protein rich intra-alveolar
edema (11-12). If these toxic species of oxygen are not properly neutralized by
endogenous antioxidants, they can interact with cell membranes to generate
lipid peroxides, lipid hydroperoxides, lipid endoperoxides and arachidonic acid
metabolites (11). Llidocaine, is a widely used drug with significant stabilizing
activity on lipid biomembranes (12). In a recent study lidocaine was found to
reduce thiourea induced pulmonary vascular protein leak in rats (12).
Lidocaine was also reported to reduce canine infarct size and was shown to
decrease the release of conjugated diene, a marker of lipid peroxidation (13).
We have recently found that lidocaine is a potent hydroxyl radical scavenger
and quencher of singlet oxygen (14). Lidocaine was also found to inhibit

NADPH-dependent lipid peroxidation in bovine lungs microsomes (15). Since
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lipid peroxidation can be initiated by reactive species of oxygen (7-9), and lipid
peroxide products accumulate in O2 ventilated ischemic lungs (6), we
developed the hypothesis that lidocaine cavn prevent post-ischemic reperfusion
injury in Oz ventilated lungs. We present evidence in this report that lidocaine
prevents ischemia-reperfusion lung injury in isolated O2 ventilated perfused

rat lung.
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Materials and Methods

Ex vivo lung preparation:

Male Sprague-Dawley rats (Harlan's Sprague-Dawley) weighing 300-
500 gms, were anesthetized with 64.8 mg/kg ip sodium pentobarbital ( Anthony
products Co., Arcadia,CA). A tracheostomy was performed that permitted
ventilation with a Harvard rodent ventilator (model 683) at 62 strokes per min, a
tidal volume of 2.3 to 3ml, and positive end expiratory pressure of 2.5 cm H20.
The inspired gas mixture was 95% oxygen with 5% CO2 (Analyzed, Industrial
gas Co,). Subsequently a median sternotomy was performed, heparin (200 IU)
was injected into the right ventricle, and cannulas were placed in the pulmonary
artery and left ventricle. The heart, lungs and mediastinal structures were
removed en bloc and suspended from a Fort-250 (World Precision Instruments,
New Haven, Connecticut) rigid linear force transducer to monitor any weight
change and placed in the humidified chamber. The lungs were perfused by a
masterflex (Cole Parmer Instruments) pump with Krebs-Henseilet buffer at a
constant flow of 0.05mlI/min/gm of b.w. . The Krebs-Hanseilet buffer contained
(in mM) 118 NaCl, 4.7 KCI, 1.17 MgSO4, 25 NaHCO3, 1.18 KH2PO4, 1.90
CaClz, 11.1 glucose and 4% bovine serum albumin (66000 MW, Sigma
Chemical Co, St Louis, MO). The pH of the perfusate was maintained between

7.35 - 7.45 by periodic addition of sodium bicarbonate and constantly

monitored.

The first 50 ml of lung effluents were discarded to eliminate circulating rat

blood elements from the vascular space of the lung. Subsequently a
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recirculating mode was established with 50 ml of perfusate. Pulmonary artery
pressure (Pa) was constantly monitored with a blood pressure transducer
BPLR-0111 (WPI). Peak air way pressdre was constantly monitored by a
PNEU-01 (WPI) pressure transducer. The pressure transducers were calibrated
with a blood pressure measurement instrument (The Lumiscope, Co. Japan).
Mean Pa, change in lung weight and mean peak air way pressure were
constantly monitored through the pressure transducer and linear force
transducers, respectively, connected to an amplifier bridge (WPI). The bridge
was connected to a MaclLab-4 (WPI) which was in turn connected to a
Macintosh SE computer. The data were recorded by Scope V3.1 software for

the MacLab system (WPI).

Induction of Lung ischemia

After initiation of the closed recirculating system, isolated lungs were observed
for 10 minutes to ensure a stable preparation. After a total 10 minutes of
perfusion, the lungs were subjected to ischemic injury for 60 min by stopping
perfusion. Ventilation was continued with 95% oxygen throughout the ischemic
period. During the 60 minute ischemia the lungs and perfusate were kept at

370C.

Lung reperfusion

Reperfusion after ischemic interval was started slowly and the flow rate was
increased such that a Pa of 14 mm Hg was not exceeded. Within 5 minutes of
the onset of the reperfusion the perfusate flow was increased to the same flow

rate present before the ischemic period (0.05mli/min/gm b.w.). During
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reperfusion, the perfusate reservoir and the lungs were maintained at 370C.

Lungs were reperfused for 10min.

Experimental groups

Three experimental groups were studied. The first group of 6 lungs underwent
60 minutes of ischemia followed by 10 minutes of reperfusion. The same
protocol was maintained for the 2nd group (n=6) with the exception that
lidocaine at 5mg, /kg b.w. was added to the perfusate. This dose was
calculated taking the blood volume at 8% of the body weight. The 3rd group
served as control and underwent no ischemia. The drug was added to the lung

perfusate at the onset of lung perfusion prior to ischemia.

Measurement of Lung injury

Wet-to-dry lung weight ratio

At the end of each experiment the left main stem bronchus was transected and
the left lung was isolated for the determination of the wet-to-dry lung weight
ratio. Lungs were weighed and placed in a convection oven ( Model 605,
Precision Scientific Inc. ) at 1200C and weighed daily for 3 days. Seventy two
hours lung weight was reported as dry weight because after this time no further
weight loss occurred.

Pulmonary artery pressure

Mean Pa was measured for 10 minutes of pre-ischemic period and entire post
ischemic period after the full flow was resumed. Percentage change was
calculated taking the difference of the mean pre- and post-ischemic pulmonary

artery pressure.
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Peak airway pressure

Mean peak airway pressure (Paw) was monitored for 10 minutes of pre-
ischemic period and entire post-ischemic period. Percent change was

calculated taking the pre- and post-ischemic pressure differences.

Statistical Analysis
Values were expressed as meantSEM. Groups were compared using one way
analysis of variance and the Tukey's multiple comparison test using SAS

statistical package. A p value less than 0.05 was accepted as significant.
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Results

Effect of lidocaine on wet-to-dry lung weight ratio

Lung weight remained stable in control lungs during the 70 minutes of
perfusion. Lungs subjected to ischemia and reperfusion increased in weight by
the end of 10 minutes of reperfusion as recorded in the MacLab-4 (data not
shown). Lung wet-to-dry weight ratio was significantly higher (p< 0.001) in
ischemic reperfused lungs compared to controls (Fig. 1). Lungs subjected to
ischemia-reperfusion but treated with lidocaine at 5mg/kg b.w. had significantly
lower wet-to-dry weight ratios compared to untreated ischemia-reperfused

lungs (Fig. 1).

Effect on pulmonary artery pressure

The Pa remained stable over the 70 minutes of perfusion in the control lungs
not subjected to ischemia. Lungs subjected to 60 min ischemia reached a
stable Pa within 10 minutes after the onset of reperfusion. The Pa was found to
be significantly higher ( p < 0.001) ten minutes after the onset of reperfusion,
compared to the pressures observed in the same lung pre-ischemia or
compared to the Pa measured in the time-matched control lungs (Fig. 2). The
Pa remained elevated compared to pre-ischemic values in the same lung at 10
minutes after the onset of reperfusion. Lidocaine treatment (5mg/kg b.w.)
significantly attenuated increése in the Pa observed in post -ischemic O2

ventilated reperfused lungs ( Fig. 2).
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Effect on Peak air way pressure

Paw remained stable over 70 minutes of perfusion in the control group. In
lungs subjected to 60 min ischemia, Paw was significantly (p < 0.001) higher
(Fig. 3) at 10 minutes of reperfusion. There was no difference in Paw of control
lungs and lungs subjected to ischemia-reperfusion but treated with 5mg/kg

b.w. lidocaine.
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Discussion

A major source of tissue damage in post-ischemic reperfusion is believed to be
via 'the generation of oxygen-free radicals and other toxic oxygen metabolites
(16-18). These radicals and metabolites have been implicated in post-ischemic
reperfusion injury in the hear, kidney, intestine, brain and other organs (19-22).
Studies in the post-ischemic-reperfusion injury in the lungs also implicate toxic
oxygen metabolite as a source of damage (2,3,8,16). In our present study,
lidocaine at 5mg/kg b.w. significantly reduced pulmonary edema, pulmonary
arterial pressure and peak air way pressure. Although lidocaine has numerous
systemic and local effects on various biological tissues, both in vivo and in vitro
(23-24), their ability to ameliorate post-ischemic reperfusion injury in the lungs
have not been previously recognized. We have demonstrated earlier that
lidocaine is a hydroxyl radical scavenger and it inhibits NADPH-dependent
lipid peroxidation in bovine lung microsomes(15). Fox et al. (25) and Martin et
al. (26) have demonstrated decreased lung injury by pre-treating the tissue with
several scavengers of reactive oxygen metabolites including DMSO, DMTU,
SOD, catalase, ethanol suggesting a prominent role for oxygen metabolites in
lung injury. Kennedy et al. (27) have shown that ischemia-reperfusion injury
can be prevented by SOD, catalase and an iron chelator, desferoxamine,
suggesting that an iron-mediated Fenton reaction is necessary for the injury to
occur. In Oz ventilated lung there is an increase in production of lipid peroxides
(6). This increase is dependent on percent of Oz in the inspired gas during

ventilation in the ischemic period (6). In rat intestine, using salicylate as a
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radical trap, increased production of hydroxyl radicals have also been
demonstrated during ischemia (28). Therefore, it is likely that tissue damage,
such as membrane lipid peroxidation, observed during the reperfusion of
ischemic lungs was due to the production of these reactive metabolites.

The mechanism(s) by which lidocaine afforded protection against
reperfusion injury, may be explained, in part, by its antioxidant properties. In a
recent study we found that lidocaine is a powerful hydroxyl radical scavenger
and it inhibits lipid peroxidation in bovine lung microsomes (15). Since
lidocaine was found to protect lungs against thiourea induced lung injury in rats
(12), and was found to decrease the release of conjugated diene, a lipid
peroxidation product, in a canine myocardial ischemia-reperfusion model (13),
it is likely that it protects pulmonary tissue against O» ventilated reperfusion

injury by scavenging toxic -OH radicals.
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Fig.1. Effect of lidocaine on wet-to-dry lung weight ratios.
Wet-to-dry lung weight ratio (n=6) after 70 minutes of lung perfusion in
experiments exposed to ischemia-reperfusion (I/R) and I/R with lidocaine
at a dose of 5 mg/Kg b.w. Values are meantSE. *p <0.001 compared to
ischemia-reperfusion lungs; ** p < 0.001 when compared to the control
group.
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Fig. 2. Effect of lidocaine on mean pulmonary artery pressure.
Percent change in pulmonary arterial pressure between pre-ischemia
and post-ischemic reperfusion (n=6). Lungs in the control group were
perfused for a total period of 70 min. Lungs in the ischemia group were
perfused for 10 minutes which constiute the pre-ischemic period and
followed by a 60 minutes of ischemia and 10 minutes of reperfusion. * p<
0.001 compared to ischemia-reperfusion lungs; ** p< 0.001 compared to

control group..
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Fig. 3. Effect of lidocaine on the mean peak airway pressure.
Percent change in peak airway pressure between pre-ischemia and
post-ischemic reperfusion (n=6). Control lungs were perfused for a total
period of 70 min. Lungs undergoing ischemia-reperfusion were perfused
for 10 minutes which constitute the pre-ischemia period and then
followed by a 60 minutes of ischemia and 10 minutes of reperfusion. * p<
0.001 compared to ischemia-reperfusion lungs; ** p < 0.001 compared to

control group.
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CHAPTER VI

IMPAIRMENT OF RAW 264.7 MACROPHAGE FUNCTION BY
ANTIARRHYTHMIC DRUGS

Abstract

The effects of antiarrhythmic drugs (lidocaine, quinidine and procainamide) on
O5>-. and H202 production was investigated in a RAW 264.7 mouse monocytic
macrophage cell line. Cells stimulated by either zymosan or phorbol ester
were found to generate both superoxide (O2) and H202. Oz production was
detected as superoxide dismutase inhibitable ferricytochrome ¢ reduction.
H202 production was monitored in both a chemical and flowcytometric
fluorescent assay. Quinidine at 250 and 300 puM caused a 50% inhibition in
O2-- production, and at 50 and 100 puM inhibited 50% H2O2 production, in
zymosan and phorbol ester stimulated cells, respectivelly. All three
antiarrhythmic drugs inhibited phagocytosis of fluorescent latex beads in a
dose-dependent manner as studied by folw cytometry. The effect of these drugs
on respiratory burst oxidase was investigated and procainamide was found to
have significant effect (p < 0.001) in inhibiting oxidase activity. Lidocaine and
quinidine had no effect on the activation of the respiratory burst oxidase. The
result of these studies does not conclusively establish a mechanism of action of
these drugs on the inhibition of Oz~ and H2O» generation by stimulated

macrophages. Nevertheless, it is interesting to note that all three drugs



inhibited the phagocytic activity in a dose dependent manner and their statutary

role in acute inflammatory diseases needs further investigation.
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Introduction

Antiarrhythmic drugs lidocaine, quinidine and procainamide are widely used for
treatment and prevention of arrhythmias in patients with cardiovascular
diseases(1). Lidocaine is a local anesthetic and is routinely employed to
anesthetise the air ways during broncoscopic subsegmental lavage (2). In
addition, lidocaine is known to impair certain metabolic functions of leukocytes
in vitro. Phagocytic cells respond to certain membrane stimulants by the
production of O2-, H202, and .OH. This metabolic event is known as "oxidative"
or "respiratory burst". There exists some controversy in the literature regarding
the effects of antiarrhythmic drugs on phagocytic O2-- and H202 production.
Thus, it was shown that human neutrophil Oz~ production was inhibited by
quinidine and procainamide but not by lidocaine whereas H2O2 production
was inhibited by all three antiarrhythmnic drugs (4). However, in another study
lidocaine was shown to inhibit human neutrophil Oz production (5). Hoidal et
al. (2) have shown that lidocaine at 16 mM inhibited superoxide production by
alveolar macrophages. It was suggested that these drugs might have some
inhibitory effect on the Oz~ generating enzyme, NADPH oxidase (5). Recently
we have reported that these drugs are effective in scavenging hydroxyl radical
and in inhibiting NADPH-dependent lipid peroxidation on lung microsomes
(8). Since monocytic macrophages have striking differences in oxidative
metabolism compared with alveolar macrophages and (polymorphonuciear
leukocytes) PMN in the same species (6-8) , it was of interest to determine the

effect of these drugs on monocytic macrophage function and to delineate the
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mechanism of action of these drugs. We present evidence that these drugs
impair macrophage function not by inhibiting NADPH oxidase activation but

possibly by inhibiting macrophage phagocytosis.
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Materials and Methods
Cell Culture of RAW 264.7 monocytié macrophage line:

RAW 264.7 (ATCC) cells were grown in standard 75 cm?2 tissue culture
flasks in Dulbeco's MEM supplemented with 10% fetal calf serum and 10 units
of penicillin G with 10 pg of streptomycin per ml (Sigma Chemical Co). Cells
were harvested to desired numbers and washed in HBSS ( with Ca2+ and Mg2+
without phenol red). The cells were counted using a Coulter counter (Coulter

Electronics).

Superoxide production:

Superoxide production was determined by measuring superoxide dismutase
(SOD) inhibitable reduction of horse heart ferricytochrome ¢
spectrophotometrically (9). Reaction mixtures contained 106 cells in 1 m|
Hank's balanced solution (with Ca2+ and Mg2+ without phenol red). The cells
were stimulated by either PMA (phorbol-12-myristate 13-acetate, 100 ng/ml) or
opsonized zymosan (500-600 particles/phagocyte) to which antiarrhythmic
agents or vehicle control were added. Superoxide dismutase (40 pug/ml) was
added to some of the solutions to determine O2---dependent cytochrome ¢
reduction. The reactions were carried out in triplicate. Reaction mixtures were
incubated at 370C for 20 min. Control cells were kept on ice and used as
blanks. At the end of incubation time reaction mixtures were centrifuged at 4 0C
at 800 X g for 10 min. The absorbance of the supernatants at 550nm was then
monitored in a Shimadzu UV-160 double beam spectrophotometer using SOD

added cuvettes as references. The results were expressed as nanomoles of
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superoxide dismutase inhibitable cytochrome ¢ reduced using an extinction

coefficient of E55919.6 mM-1cm-1(10).

Macrophage H202 production:

Macrophage H2O2 production was determined by the modification of
method of Weiss et al.(11). Reaction mixtures contained 106 cells in Hank's
balanced solution to which 1 mM sodium azide, and antiarrhythmic agents were
added in a total volume of 1ml. Samples were incubated at 370C for 30
minutes before addition of 0.1 ml of trichloroacetic acid (50%, w/v). Samples
were than chilled and centrifuged at 500 X g for 5 min in a refrigerated
centrifuge. Ferrous ammonium sulfate (10 mM, 0.2 ml) was then added to the
supernatant and incubated for 5 min followed by the addition of 0.1 ml of
potassium thiocyanate (2.5 mM) and incubated for additional 5 min. The
absorption of the ferrithiocyanate complex was measured at 480 nm in a
Shimadzu-UV160 spectrophotometer and compared with a standard H2O»

curve.

Flow cytometry:

Flow cytometric analysis was performed on a Coulter EPICS V Flow
Cytometer interfaced with an MDADS data analysis computer (Coulter
Electronics, Hialeah, FL.) with a hard copy display provided by a Tektronix 4612
Video Hard Copy Unit (Tektronix, Wilsonville, OR). Standardization of the flow
cytometer was performed uéing fluorescent calibration beads (Coulter
Electronics, Hialeah, FL.) using 488nm laser (Coherent, Palo Alto, CA)

excitation at 300mW. The cell population of interest was displayed on a two
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parameter histogram of forward angle light scatter (FALS) and 900 angle light
scatter (900LS). FALS was measured linear using an ND2 interference filter
and 900LS was measured log integral using a 488 dichroic filter. A 452-515
laser blocker was employed to block laser light from other fluorescent
measurements. The fluorescent distribution was displayed as a 256 channel,
single parameter histogram. Green fluroscence was measured through 550nm
longpass dichroic and 525 band pass filter. A gated amplifier was used to
electronically ignore small particles allowing the number of cells to be

determined by the total count of particles that had scattered light.

Determination of H2O02 by DCF-DA in flow cytometer:
Dichlorofluorescin diacetate (DCF-DA) is a non-fluorescent probe
becomes fluorescent in the presence of hydrogen peroxide. DCF-DA diffuses
in to the cells, is hydrolyzed by intracellular esterases to a nonfluorescent
analog 2', 7'-Dichlorofluorescene (DCFH) and is trapped within the cell. With
H202 production during oxidative respiratory burst, DCFH is oxidized to highly
fluroscent 2' 7'-dichlorofluorescein (DCF). HoO2 was measured using DCF-DA
method of Bass et al. (12) with following modifications. Macrophages at 1 X 106
cells/ml was suspended in Hank's balanced salt solution with 1 ul of DCF-DA (5
mM) and desired concentration of antiarrhythmic drugs. The mixture was pre-
incubated at 370C for 15 min. The cells were stimulated with the addition of
PMA (100ng/ml or 100 pl of opsonized zymosan , 1mg/ml, about 600 particles
per phagocyte and incubated for a period of 30 minutes. The cells were than

read in the flow cytometer as described above.
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Determination of phagocytosis by fluorescent microspheres in flow
cytometer:

Phagocytosis was assayed as per the method of Dunn and Tyrer (13).
The cell suspension (1 X 106cells/ml) in KRH-Gelatin buffer (4.8 mM KCI, 0.7%
NaCl, 2.34 mM MgSOy4, 15.60 mM HEPES-Triethanolamine (pH 7.4) and 0.1%
gelatin, from sheep skin, Sigma Chemical Co.) was divided into 0.5 ml aliquots
in 50 ml plastic round bottom centrifuged tubes. Homologous plasma ( mouse
serum, Sigma Chemical Co, 10%) was added followed by 10 ul of (1:10 diluted)
1.16 u diameter Fluoresbrite microspheres ( Polyscience, Inc., Warrington, Pa).
The dilution of beads gave a final ratio of 50 beads/cell. After incubation in a 37
0C waterbath for 60 min, 5 ml of PEG buffer (PBS with 0.1% EDTA disodium salt
and 0.1% unflavoured gelatin, from sheep skin, Sigma Chemical Co) was
added to each tube. The cells were washed twice with PEG buffer (500 X g) to
eliminate most extracellular beads. The final cell pellet was suspended in 0.5
ml of 1% glutaraldehyde (from 25% aqueous grade | glutaraldehyde, Fisher
Chemical Co.).
Since the flow cytometer was standardized for fluroscence using a solution of
free beads, the peak on the fluroscence histogram due to cells containing single
beads could be identified. For each sample analysis 10000 cells were counted
and t‘he number of cells phagocytosing beads was expressed as a percentage

of 10000.
Isolation of components of NADPH Oxidase:

Macrophages (4 X 108 cells/ml) were treated with "diisopropyl-

fluorophosphate (DFP) (Sigma Chemical Co) before homogenization, to
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prevent proteolysis by the modification of method of Crowley et al. (14). Briefly,
cells were suspended in 10 mM glycylglycine buffer at pH 8.0 containing 2.7
mM KCI and 138mM NaCl, DFP (5mM) in ethylene glycol was added at a ratio
of 50ul of DFP solution per ml of cell suspension. The cells were then allowed to
stand on ice for 10 min, then sedimented at room temperature in a table top
centrifuge at lowest speed that would pellet the cells completely in 2.5 minutes.
DFP treated cells were washed two times with PBS, then disrupted by French
Cell Press at a 350 psi of cavity pressure. The homogenate was than
fractionated on a discontinuous percoll gradient by the method of Borregard et
al. (15). The tonicity of percoll (Sigma Chemical Co.) was adjusted by adding
one-tenth the final volume of a 10 times concentrated Borregard's relaxation
buffer (1 M KCI, 30 mM NaCl, 35 mM MgClz, 10 mM ATP[Na]2, 12.5 mM EGTA,
100 mM PIPES, pH 6.8. Fourteen ml of percoll, (density 1.120 g/ml) was
layered under 14 ml of percoll (density 1.050 g/ml) through a long needle. Ten
ml of cell homogenate was applied to the top and centrifugation was carried out
at 40C for 15 min at 20,000 rpm in an SS34 rotor in Sovrall RC 5B refrigerated
ultra centrifuge. The density of the gradient was estimated from the bands of
calibration beads of known density ( Sigma Chemical Co.) in gradient run in
parallel. The uppermost band was collected by a Pasteur pipette and
centrifuged at 230,000 X g for 2 hours at 40C to obtain the membrane fraction of
the oxidase. The pooled membranes were suspended at a concentration of 3 X
108 cell eq/ml in half strength Borregaards relaxation buffer ( 50 mM KClI, 1.5
mM NaCl, 5§ mM PIPES, pH 7.3, 1.75 mM MgCl, 0.5 mM ATP, 0.62 mM EGTA
(15) containing 0.34 M sucrose. The suspension was divided into aliquats and

stored at -70 OC for future use. The supernatant from the 230,000 X g fraction
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(designated as "cytosol") was divided into aliquats and stored at -700C. This

material served as the source of the cytosolic factor.

Preparation of solubilized enzyme:

Membranes from macrophages were solubilized by the modification of
method of Curnutte et al. (16). Membrane fractions were thawed at room
temperature, mixed with an equal volume of extraction buffer (1mM NaN3, 1.7
uM, CaClz, 20 mM sodium glycinate, pH 8.0, 2.33% sodium deoxycholate (w/v),
and 50% (v/v) glycerol , vortexed briefly, incubated on ice for 30 min with
occasional agitation, and finally centrifuged at 435,000 X g for 1 hour in SW60
rotor in Beckman L8-80M ultracentrifuge using polycarbonate tubes. Dormant

oxidase was found in the supernatant.

Activation of NADPH oxidase in cell-free system:

Superoxide production in cell free system was assayed by the method of
Curnutte et al.(16) as modified by Umeki and Soejima (17). Assay mixtures
contained 0.1 mM cytochrome ¢, 89 mM KCI, 2.7 mM NaCl, 0.5 mM, PIPES, pH
7.3, 0.9 mM ATP, 3.6 mM MgClz, 1.2 mM EGTA, 0.04 mM sodium dodecy!|
sulfate (SDS), and 0.16 mM NADPH plus 6 X 108 equivalent of cytosol and 1.5
X 106 cell equivalent of membranes solubilized in sodium deoxycholate in a
total volume of 1 ml. The reference cuvette contained 50 pg of SOD. After
mixing of the reaction constituents (NADPH omitted), absorbance at 550nm
was followed for 2.15 min at 25 OC, superoxide generation was initiated by
adding NADPH 25 pl (4uM) to each cuvette, and the change in absorbance at

550 was followed for 2.15 min on a Shimadzu-UV double beam
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spectrophotometer. Superoxide production was calculated using an extinction
coefficient, EMMggsonm 19.6 mM-1cm-1(10). Protein was determined by the
method of Bradford (18). |

Since quinidine with the deoxycholate solubilized membrane extract
formed a white precipitate, it was not possible to determine the effect of
quinidine on the activation of NADPH oxidase in cell free system with
deoxycholate solubilized membrane. NADPH oxidase components were
therefore isolated using the method of Sha'ag (19).

Briefly, RAW 264.7 mouse monocyte macrophages were disupted with
digitonin (0.20 mM) in phosphate buffer- Na phosphate (10 mM), pH 7.2; NaCl
(130 mM); KCI (10mM); azide (2 mM); at 1 X 108 cells/ml by mixing gently for 2-
2.5 min at room temperature. The lysate was centrifuged at 400 X g for 6 min.
The supernatant was removed carefully and immediately centrifuged again at
265,000 X g for 1 hr in a SW 60 rotor in Beckman L8-80 ultracentrifuge using
polycarbonate tubes. The 265,000 X g supernatant was used as cytosol.
Solubilized membranes were prepared as described previously (20): Cellular
debris from digitonized cells (400 X g pellet) was suspended in solubilizing
buffer ( sodium phosphate, 120 mM, pH 7.3; glycerol 20% v/v, azide 1.6 mM,
EGTA 0.8 mM, MgCl> 0.8 mM) to 108 cell equivalents/ml. The cell suspension
was sonicated with a probe ( Heat Systems ) at 10 W for 3 X 15s in 2 ml
aliquots, the sonicate was pooled and centrifuged at 2000 X g for 10 min. The
2000 X g supernatant was centrifuged at 48,000 X g for 1 hr. The pellet thus
obtained was suspended mechanically to 4 X 108 cell equivalent/ml in
solubilization buffer supplemented with solid octyl-glucoside and KCI to a final

concentration of 40 mM and 200 mM, respectively. Solubilization was by gentle
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rotation by hand for 30 min, after which the solubilized preparation was
centrifuged at 48,000 X g for 1 hour. The clear supernatant was decanted and
diluted 8 fold in solubilization buffer. This was the solubilized membrane
preparation used throughout the experiment.

Assay of superoxide generation in the cell free system was done as per
the method of Sha'ag and Pick (21) The assay mixture contained:
sodium/potassium phosphate (65 mM, pH 6.8), EGTA (1 mM), cytochrome ¢
(0.10 mM), NaN3 (2 mM), 20 ul of pellet extract and 60 pl of cytosol. Materials
were added in the order listed above. The mixture was incubated in the room
temperature for 1 min, and reaction was then started by the addition of 20ul of
NADPH (10 mM). Assay was performed in Shimadzu-UV160 double beam
spectrophotometer where the reference cuvettee contained reaction mixture
with 40 pg of SOD. Superoxide generation was calculated using an

extinctinction coefficient of Essg 19.6mM-1cm-1 (10).
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Results

Effect of antiarrhythmic drugs on generation of superoxide by

macrophages:

The ability of macrophages to release superoxide anion was measured
using PMA (100ng/ml) or opsonized zymosan (1mg/ml) as stimuli in the
presence and absence of antiarrhythmic drugs. As shown in Figure 1, Oz~
release in quinidine treated cells was reduced in a dose dependent manner
when expressed as percent inhibition of ferricytochrome ¢ reduction. The trend
was similar in both, PMA and zymosan stimulated cells. Thus, quinidine at 250
uM and 300 pM caused a 50% inhibition of superoxide production in zymosan
and PMA stimulated cells, respectively ( Fig. 1 & Fig. 2). Lidocaine at 1TmM
inhibited only 18.86% and 10.52% in zymosan and PMA stimulated cells,
respectively. Similarly, procainamide had only 12.63% inhibition on
superoxide release at 1mM in PMA stimulated cells where as it had 28.30%
inhibition in zymosan stimulated cells. Thus, all three drugs inhibited
superoxide release in a dose dependent manner, and quinidine had the

maximal effect.

Effect of antiarrhythmic drugs on H2O2 production by macrophages.
The production of H2O2 in PMA and opsonized zymosan stimulated cells
was inhibited in a dose dependent manner when cells were treated with

quinidine and procainamide. Thus, quinidine caused 50% inhibition at 50 uM
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and 100 uM ( Fig. 3 & Fig. 4) in zymosan and PMA stimulated cells, respectively.
Procainamide at 75 and 500 uM inhibited 50% production of H2O2 (Fig. 3 & Fig.
4) in opsonized zymosan and PMA treated cells. On the other hand lidocaine
had no effect on HoO2 production in PMA stimulated cells even at 1 mM
concentration ( Fig. 4). However, lidocaine inhibited the H2O2 production in
zymosan stimulated cells and at 1mM concentration it caused 26% inhibition
(Fig. 3).

When H20, was assayed in a flow cytometer using DCF-DA as
fluorescent probe, and mean channel number as a measure of intensity of
fluorescence, zymosan stimulated cells showed more inhibitory response to
quinidine and procainamide (Fig. 5) than in PMA stimulated cells (Fig. 6). Thus,
in opsonized zymosan stimulated cells quinidine at 500 uM concentration
inhibited a maximum of 40% of fluorescence and procainamide was only
11.4% inhibitory at 500 uM . On the other hand lidocaine inhibited only 5.2% at
1 mM concentration in opsonized zymosan stimulated cells (Fig. 5). In PMA
stimulated cells (Fig. 6) quinidine, procainamide and lidocaine at 1mM
inhibited 18.21, 10.14 and 6.0% respectively. The trends of these results are

similar to the trends observed in the chemical assays.

Effeét of antiarrhythmic drugs on Phagocytosis:

When macrophages were incubated with fluorescent microspheres they
ingested varying number of particles. The fluorescence distribution (Fig. 7b)
exhibits the multiple populations characterized by distint peaks representing the
number of beads in the cell. As shown in this figure, there was minimal

autofluorescence of macrophages. The population resolved as follows: the
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peak nearest to the origin is the peak for the population of cells containing
single beads. Using homogenous population of beads as a standard (Fig. 7a)
the first peak was identified as cells containing single beads. This peak
appears at channel 39. The peak with twice the fluorescence intensity of single
beads, was regarded as population of cells ingested two beads, cells with three
beads appeared as third peak and so on (Fig 7b). Cells that have ingested five
or more fluorescent beads are not easily discernible in the fluorescence
distribution although some structure is evident in the three dimensional
histogram (Fig 7c). A negative control ( cells kept at 00C with fluroscent
microspheres) and a positive control (cells incubated at 370C for 60 min with
fluorescent microspheres) are clearly discernible in the two dimensional as well
as in a three dimensional histograms ( Fig 7b, 7c, and Fig. 8a, 8b). In this
system the total intensity of fluorescence was taken as average phagocytosis
and we determined the effects of antiarrhythmic drugs on this average
phagocytotic process. As shown in Figure 9, cells in positive control group
phagocytose 60% of the beads during 60 min incubation. The negative controls
ingested to a maximum of 11% of the beads when they were incubated at 00C.
When 50, 100 and 500 uM of lidocaine, quinidine and procainamide were
added in the medium, phagocytosis was inhibited in a dose dependent
manner (Fig. 9). When cells were separately counted for their fluorescence
depending on the number of beads they ingested, i.e. 1,2 and 3 or more beads
per cell, all the three antiarrhythmic drugs were found to inhibit the ingestions

in a dose dependent manner (Fig. 10).
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Effect of antiarrhythmic drugs on NADPH oxidase in a cell free
system:

When the membrane and cytosolic‘components of NADPH oxidase, the
respiratory burst enzymes, were isolated and assayed by the method of
Curnutte et al. (16), quinidine reacted with the deoxycholate solubilized
membrane component producing a white precipitate. However, lidocaine and
procainamide did not form such precipitates with the deoxycholate extracts. As
shown in Figure 11, lidocaine had no significant effect on NADPH oxidase
activation at 1 mM concentration. However, procainamide had significant
inhibitory effect on the activation of NADPH oxidase in cell free system. When
components of NADPH oxidase was isolated by the method of Sha'ag et al (19)
and membrane fraction were solubilized in n-octylglucoside, quinidine
remained homogenous with the solubilized membrane preparation. Lidocaine
and quinidine had no significant effect on the inhibition of activation of NADPH
oxidase in this cell free system. However, as in case of deoxycholate solubilized
membrane extract, procainamide had a significant inhibitory effect (p< 0.001) on

the activation of NADPH oxidase ( Fig. 12).

147



Discussion

Antiarrhythmic drugs are widely used drugs with significant stabilizing activity
on lipid biomembranes (4). In addition, lidocaine and procainamide are used
as local anesthetics. All three drugs were found to scavenge .OH and inhibit
membrane lipid peroxidation in bovine lung microsomes (3). Recently we found
that these agents can protect lungs against oxidative injury induced during post-
ischemic reperfusion period in isolated perfused rat lungs (34). The results of
the present study suggest that all these drugs are effective in reducing the
metabolic activity of monocytic macrophages in vitro.

Superoxide radicals were generated when macrophages were
stimulated by either PMA or zymosan particles. All three antiarrhythmic drugs
inhibited O2- production. It was apparent that quinidine ( Fig. 1 and Fig. 2) was
most potent in inhibiting O~ production in vitro. Our results are in accord with
the findings of Stelzner et al. (4) who demonstrated that Oz production by
stimulated human neutrophils are inhibited by quinidine. These authors also
reported that lidocaine has no effect on on human neutrophil Oz production.
However, in our study on monocytic macrophage, both lidocaine and
procainamide were found to inhibit Oz~ generation in both the zymosan
stimulated as well as PMA stimulated cells. Although the inhibitory effect of
lidocaine and procainamide were not as intensive as quinidine, their effects
were consistantly observed. We concur with the findings of Hoidal et al (2). and
Peck et al. (5) that lidocaine is effective, although less sensitive compared to

quinidine, in preventing Oz~ production by stimulated phagocytes.
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Hydrogen peroxide is produced as a result of oxidative burst by
leukocytes. However, the effect of antiarrhythmic drugs on H202 has not been
studied in detail. In a recent study (4) the three antiarrhythmic drugs were
shown to have inhibitory effects on HoO2 production when human neutrophils
were stimulated by PMA. However, in our study on monocytic macrophage,
lidocaine at 1mM concentration had minimal effect on opsonized zymosan
stimulated cells (Fig 5) and had little effect on PMA treated cells. Quinidine and
procainamide on the other hand had significant inhibitory effect on H2O»
production. Flow cytometric analysis in combination with DCF-DA as the
fluorescent probe, revealed that the production of H2O2 in presence of
quinidine had a maximum inhibitory effect which is in accord with the previous
study on human neutrophils (4). Lidocaine, although had least effects, was
distinctly inhibitory at about 1 mM concentration.

All three drugs inhibited phagocytosis in a dose dependent manner (Fig.
9). Previous studies using human leukocytes have documented inhibition of
phagocytosis of latex particles by lidocaine (22). However, we not only
concurred the above findings but also found that the other antiarrhythmic agents
such as quinidine and procainamide also have inhibitory effects on monocytic
macrophage phagocytosis.

Phagocytes upon activation by stimuli are known to induce release of
granule enzymes. Since Og2- is known to induce a change in membrane
polarization and which allows plasma membrane for influx of sodium and
calcium ions, these events ére believed to be involved during oxidative
metabolism of phagocytes (23). Since NADPH oxidase is a membrane bound

enzyme and antiarrhythmic drugs impose their action on membrane
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organization, there is reason to believe that these drugs might inhibit the
activity of this enzyme. However as shown in Fig. 11 and Fig. 12, only
procainamide had trivial inhibitory action on NADPH oxidase at 500 pM
concentration. Lidoaine and quinidine had little effect on the activity of this
enzyme.

In conclusion, it appers likely that the mechanism of action of
antiarrhythmic drugs on macrophages function is not consistant with the
therapeutic potential of the drugs as antiarrhythmic agents. However, all these
drugs were found to suppress Oz and H2O2 production by macrophages
stimulated by both soluble agent (PMA) and phagocytizable particles such as
zymosan. Further studies are warranted to establish the mode of action of

antiarrhythmic drugs on respiratory burst .
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Fig 1. Effect of antiarrhythmic drugs on O32"- generation by
macrophages in opsonized zymosan stimulated cells. The
experimental conditions are as described under "Materials and Methods".
Lidocaine, quinidine and procainamide at indicated concentrations were added
to 1 ml of Hank's balanced salt solution containing and 10 -3 M ferricytochrome
c and1 X 106 cells. Opsonized zymosan at 1mg/ml (600 paiticles per
phagocyte) was added to the reaction mixture and the mixture was incubated
for 20 min at 370C. The percent inhibition was calculated from positive control
where no drug was added to the reaction mixture. Spectra of supernatant were
measured at 550 nm.
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Fig 2. Effect of antiarrhythmic drugs on O™ generation by
macrophages in PMA stimulated cells. The experimental conditions are
as described under "Materials and Methods". Lidocaine, quinidine and
procainamide at indicated concentrations were added to 1 ml of Hank's
balanced salt solution containing and 10 -3 M ferricytochrome ¢ and 1.X 106
cells. PMA (100ng/ml) was added to the reaction mixture and the mixture was
incubated for 20 min at 370C. The percent inhibition was calculated from
positive control where no drug was added to the reaction mixture. Spectra of
supernatant was measured at 550 nm.
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Fig 3. Etfect of antiarrhythmic drugs on H;O3 production by
macrophages stimulated with opsonized zymosan. The experimental
conditions were as described under "Materials and Methods". Lidocaine,
quinidine and procainamide at indicated concentrations were added to 1 X 106
cells in Hank's balanced solution with opsonized zymosan (1mg/ml) and
incubated for 30 min at 370C. Reaction was terminated by the addition of 0.1 ml
of TCA. and centrifuged. Then ferrous ammonium sulphate 200 ul (10 mM) and
potassium ferrithiocyanate 100 ul (10 mM) were added to the supernatant and
the absorbance were recorded at 480 nm. Percent inhibition was calculated
from control reactions containing no drugs.
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Fig 4. Effect of antiarrhythmic drugs on H202 production by
macrophages stimulated with PMA The experimental conditions were as
described under "Materials and Methods". Lidocaine, quinidine and
procainamide at indicated concentrations were added to 1 X 106 cells in
Hank's balanced solution with PMA (100ng/ml) and incubated for 30 min at
370C. Reaction was terminated by the addition of 0.1 ml of TCA. and
centrifuged. Then ferrous ammonium sulphate 200 pl (10 mM) and potassium
ferrithiocyanate 100 pl (10 mM) were added to the supernatant and the
absorbance were recorded at 480 nm. Percent inhibition was calculated from
control reactions containing no drugs.
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Fig 5. Effect of antiarrhythmic drugs on flow cytometric
determination of H202 production using DCF-DA. The experimental
conditions are as described under " Materials and Methods". Mean channel
number indicates the amount of fluorescence. Cells at 1 X 106 concentrations
were incubated with DCF-DA containing indicated concentrations of
antiarrhythmic drugs. Cells were than stimulated with opsonized zymosan
(0.5mg/ml) and incubated for a further period of 30 min. Then the cells were
read in the flow cytometer for the amount of fluorescence. Percent inhibition
was calculated from the mean channel number of control reactions.
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Fig 6. Effect of antiarrhythmic drugs on flow cytometric
determination of H20O2 production using DCF-DA. The experimental
conditions are as described under " Materials and Methods". Mean channel
number indicates the amount of fluorescence. Cells at 1 X 108 concentrations
were incubated with DCF-DA containing indicated concentrations of
antiarrhythmic drugs. Cells were than stimulated with PMA (100ng/ml) and
incubated for a further period of 30 min. Then the cells were read in the flow
cytometer for the amount of fluorescence. Percent inhibition was calculated
from the mean channel number of control reactions.
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Fig 7. A two parameter histogram of frequency (y-axis) and
fluorescence intensity (x-axis) of latex beads. (a): Histogram of single
beads with peak at channel 39. (b): Histogram of a positive control of
phagocytosis where cells were incubated with the latex beads for 60 min at
370C. The 1st peak corresponds to the peaks of single bead ingested cells as
determined from the standard, the 2nd peak corresponds to the cells
phagocytosing two beads, the third peak corresponds to the cells
phagocytosing 3 beads and so on.
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Fig 7c. A two parameter histogram of a positive control reaction
and same histogram in a three dimensional setting. Experimental
conditions were as described for Fig. 7.b.
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Fig 8. A two parameter histogram of negative control (a): two
dimensional histogram (b):
Experimental conditions were similar to the legends on Fig. 7.b.
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Fig 9. Effect of antiarrhythmic drugs on percent inhibition of
phagocytosis as determined by flow cytometry using fluorescent
latex beads. The experimental conditions were as in "Materials and
Methods". Antiarrhythmic drugs at indicated concentrations were added to
incubation mixture containing 1 X 106 cells/ml with 10 pl of fluorescent latex
beads (50 beads/cell). The mixture was incubated for 60 min at 370C. Percent
inhibition of phagocytosis was calculated comparing to control reactions
without any drugs.
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Fig 10. Percent inhibition of phagocytosis by antiarrhythmic drugs
on cells ingesting specific number of fluorescent latex beads
Experimental conditions were as described under "materials and methods".
Cells at 0.5 X 108 were incubated at 379C for 60 min with fluorescent latex
beads,10% homologous serum in KRH buffer and lidocaine, quinidine and
procainamide were added to the reaction mixture at indicated concentrations.
At the end of the incubation cells were washed with PEG buffer and fixed in 1%

glutaraldehyde for flow cytometric analysis.
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Fig 11. Effect of antiarrhythmic drugs on NADPH oxidase activation
in a cell free system (Curnutte et al.) Experimental conditions are
described as under "Materials and Methods". Antiarrhythmic drugs at indicated
concentrations were used the superoxide production by 1.5 X 106 cell

equivalent of membrane fraction and 6 X 106 cell equivalent of cytosol fraction
were monitored.
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Fig 12. Effect of antiarrhythmic drugs on NADPH oxidase activation
in a cell free system (Sha'ag et al.) Experimental conditions are
described as under "Materials and Methods". Antiarrhythmic drugs at indicated
concentrations were used. The superoxide production by 1 X 106 cell
equivalent of membrane fraction and 2 X 106 cell equivalent of cytosol fraction
were monitored.
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Summary

Class | antiarrhythmic drugs (lidocaine, quinidine and procainamide) are widely
used in clinical practice for management of ventricular arrhythmias. These
drugs are also effective in preventing post-ischemic reperfusion injury of heart.
Since toxic oxygen metabolites are implicated as causative agents in
reperfusion tissue injury, we hypothesized that these drugs could protect the
pulmonary tissue against reperfusion injury by scavenging the reactive
metabolites. We used an isolated rat lung model to evaluated the effect of
these drugs on reperfusion injury. We also studied the effect of these drugs on
monocytic macrophage function to evaluate the effect of these drugs on
oxidative tissue injury contributed by stimulated phagocytes.

The results of our studies indicate that reperfusion injury to the
isolated rat lung could be prevented by antiarrhythmic drugs. Lidocaine was
found to protect reperfusion injury in both normoxic reperfusion and hyperoxic
(O2 ventilated) perfused rat lungs. Since lipid peroxides are associated with
reperfusion tissue injury, we studied the effects of these drugs on membrane
lipid peroxidation. All three drugs were found to be effective in protecting
biomémbranes against free radical induced lipid peroxidation. Thus, all three
antiarrhythmic drugs inhibited NADPH-dependent lipid peroxidation in bovine
lung microsomes in a dose dependent manner. Their order of ability to inhibit
lipid peroxidation was lidocaine > quinidine > procainamide which is consistent
with the therapeutic potential of these drugs. The antioxidant properties of these

drugs were investigated and found that these drugs are not effective in
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scavenging superoxide radicals but are found to be potent scavengers of
hydroxyl radicals with a rate constant of 1.8 X 1010, 1.61 X 1010 and 1.45 X
1010 M-1Sec-1 for quinidine, lidocaine and procainamide, respectively.
Lidocaine was also found to be a quencher of singlet oxygen.

To evaluate the effect of these drugs on oxidative tissue injury
caused by activated macrophages, we studied the effect of these drugs on
oxidative burst of macrophages stimulated either by phorbol ester or opsonized
zymosan. All three drugs were found to inhibit the production of Oz and H20>
by stimulated cells. However, none of these drugs had any significant effect on
superoxide generating NADPH oxidase system. These drugs, however, were
found to be potent inhibitor of phagocytosis. We propose that these drugs
could ameliorate oxidative tissue damage, in part, mediated by inappropriately
stimulated phagocytes.

We conclude that the antiarrhythmic drugs such as lidocaine,
quinidine and procainamide protect ischemia-reperfusion induced pulmonary
tissue injury in a perfused ex vivo rat lung model. The mechanism(s) of
protection may, in part, be due to their ability to scavenge hydroxyl radical,
prevent lipid peroxidation and inhibit phagocytes in inappropriately generating

toxic oxygen metabolites.
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