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ABSTRACT

Inflammation increases concentrations of a-acid glycoproteins and decreases
hepatic clearance, both of which can result in greater drug concentrations. Preliminary
data from our laboratory, however, suggests that despite higher concentration, a reduced
potency of verapamil and propranolol may result as a response to inflammatory
conditions. Both drugs are highly bound to plasma proteins thus reduced response may be
due to an inflammation-induced reduction in free fraction or receptor activity. In addition,
virtually nothing is known about responsiveness of cardiac potassium channels in
inflammation. Thus, we chose sotalol, B-adrenergic/cardiac potassium channel blocker,
negligibly protein bound and eliminated via the renal route, to determine whether altered
response to drug is pharmacokinetic dependent or effect of inflammation on potassium
channel activity. Similar to propranolol and verapamil, lidocaine, cardiac sodium channel
blocker, undergoes extensive first-pass metabolism, is highly protein bound, however,
unlike the former two drugs, is metabolized mainly by cytochrome P450 (CYP) 2C
subfamily in the rat. Therefore, to determine whether inflammation-induced alterations
may be universal, lidocaine pharmacokinetics and cardiodynamics were investigated in
rats with inflammatory disease.

Pharmacokinetic-pharmacodynamic (electrocardiogram, ECG) studies were then
performed by administering sotalol to healthy and chronic arthritic (Mycobacterium
butyricum-induced) adult male Sprague-Dawley rats. Sotalol racemate, R (B-
adrenergic/potassium channel blocker) and S (potassium channel blocker) sotalol were
administered to healthy and acutely inflamed (interferong,-treated) rats. Lidocaine and

verapamil (positive control) and placebo were administered to healthy and acutely

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



inflamed (interferony,-treated) rats. Serial blood samples were collected via the jugular
vein. Lead I ECG was used to record the PR, RR (heart rate) and QT intervals. Both
chronic arthritis and interferone,-induced inflammation decreased effect of racemate and
R-sotalol on PR and QT intervals. Responsiveness of QT intervals to S-sotalol was
decreased in rat with acute inflammation confirming reduced potassium channel
sensitivity. No significant differences in sotalol enantiomer pharmacokinetics were
observed between control and inflamed rats. Thus, altered ECG responses to sotalol
despite unaltered pharmacokinetics may be attributed to the influence of pro-
inflammatory cytokines on the action of drug on both B-adrenergic and potassium
channel receptors. Unlike verapamil, disposition and responsiveness to lidocaine was not
affected by the cytokine-induced inflammation. This indicates a selective effect of
interferong,-inflammation on CYP isozymes and cardiovascular receptors suggesting the

influence of inflammation is not universal.
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Chapter 1
INTRODUCTION
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Pharmacokinetics describes the time course of a drug in the body resulting from
the dose administered. Pharmacodynamics describes the intensity of drug response in
relation to concentration (Derendorf and Meibohm, 1999). The relationship between
plasma concentration of drug and intensity of pharmacological effect forms the basis of
rationale drug therapy (Gibaldi et al., 1971). It is generally thought that a direct or
indirect relationship exists between drug concentration and response. Thus,
pharmacokinetics is accepted as a surrogate marker of pharmacodynamics hence higher
drug concentrations are considered to cause greater effect or toxicity. However, drug
concentrations have been shown to vary with disease (Schneider et al., 1979; Levy, 1998)
suggesting that pharmacokinetic observation may not necessarily reflect drug activities.
Thus, employing pharmacokinetics to predict drug response may not always be
appropriate. To have a better understanding of the concentration-effect relationship,
pharmacokinetic-pharmacodynamic studies usually begin in phase I clinical trials (Lesko
and Williams, 1994). Despite the integration of pharmacokinetics and pharmacodynamics
this early in the drug development process, surprisingly, these studies are usually
conducted with either healthy volunteers or patients who only have the disease of interest
(Lesko and Williams, 1994). Therefore, the influences of multiple diseases on drug
disposition and activities may not be known predisposing patients to experiencing
inappropriate pharmacotherapy. This is especially relevant to the elderly population who
despite having a greater incidence of multiple drug therapy are usually excluded from
clinical drug trials (Schmucker and Vesell, 1999).

Cardiovascular diseases accounted for 42% of all deaths annually in 1993

(Alexander et al., 1998). These diseases resulted in $126 billion dollars in health care
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expenditures in the United States (Alexander ef al., 1998). One in every three men and
one in every ten women can expect to develop some type of cardiovascular disease before
reaching age 60 (Alexander ef al., 1998). It is estimated that approximately 690 million
people worldwide suffer from hypertension (Mulrow, 1999). Rheumatic diseases are
estimated to affect 11 % of the world population (Kelley ef al., 1997). With this in mind,
it is not surprising that in North America, over 20 million people are treated for
concurrent hypertensive/inflammatory disease (MacFarlane er al., 1995). Therefore,
inflammatory diseases can have a significant impact on cardiovascular drug therapy,
hence, patient outcomes.

Inflammatory conditions and inflammation-induced pathophysiological changes
have been shown to inhibit clearance of various cardiovascular drugs in both
experimental animals and humans (Piquette-Miller and Jamali, 1995; Schneider et al.,
1981). Inflammation causes increased concentrations of o-acid glycoproteins (AAG)
and reduced intrinsic hepatic clearance, (Belpaire et al., 1989) both of which can result in
increased area under the curve (AUC). This reduced clearance of drug in laboratory
animals and patients with inflammation signifies greater effect or toxicity. Preliminary
data from our laboratory, however, suggests that despite increased concentrations, a
reduced potency of calcium channel (Mayo et al., 1996) and B-adrenergic (Guirguis and
Jamali, 1996) antagonists may result, as a response to inflammatory conditions. This may
be due to mechanisms such as reduced free fraction and decreased receptor
responsiveness. Both propranolol and verapamil are highly protein bound and since
inflammation increases AAG and subsequently increases protein binding (Piafsky et al.,

1978). Therefore, the reduced responsiveness of B-adrenergic receptors and calcium

3
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channels in inflammation may be due to decreased free drug interacting with the B-
adrenergic and cardiac calcium channel receptors (Belpaire et al., 1989). However, in
vitro evidence indicates a decreased PB-adrenergic and cardiac calcium channel
responsiveness in the presence of pro-inflammatory cytokines (Lui ef al., 1999; Lui and
Schreur, 1995; Krown et al., 1995). Thus, alteration of drug response in laboratory
animals with inflammatory disease (Mayo et al., 1996; Guirguis and Jamali, 1996) may
perhaps be due to alterations in protein binding or cardiovascular receptor function. In
addition, it is not known whether this decreased response to cardiovascular drug is
universal or specific to those thus far reported.

The purpose of this thesis is to determine whether reduced response to drug
observed in laboratory animals is due to pharmacokinetic or pharmacodynamic changes
and whether inflammation alters cardiac potassium channel response to drug. Also,
whether the reduced clearance and responsiveness to propranolol and verapamil in
laboratory animals with inflammatory diseases are observed with other highly protein
bound and extensively metabolized cardiovascular drugs. To accomplish these objectives
pharmacokinetics and pharmacodynamics of sotalol and lidocaine were determined in
healthy and inflamed rats.

Unlike propranolol and verapamil, sotalol, a racemic nonselective p-
adrenergic/cardiac potassium channel blocker is negligibly bound to plasma proteins and
eliminated mainly unchanged via the renal route (Anderson and Prystowsky, 1999). Thus,
inflammation is not expected to reduce its clearance. Hence, pharmacodynamic
assessment can be carried out in the absence of complications of altered

pharmacokinetics. In addition, since sotalol is both a B-adrenergic and cardiac potassium
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channel blocker, a study of its actions on cardiac indices during inflammation may reveal
whether, similar to B-adrenergic and calcium channel antagonists, potassium channels are
altered by inflammatory conditions. Interestingly, both R-sotalol and racemate have
nonselective B-adrenergic and cardiac potassium channel blocking activities but only S-
sotalol is a pure potassium channel blocker. Hence, taking advantage of stereochemistry,
the effect of inflammation on cardiac potassium channels may be confirmed by
administering individual enantiomers.

Lidocaine, propranolol and verapamil are candidates for inflammation-induced
pharmacokinetic changes since these drugs are highly bound to plasma proteins and
undergo extensive presystemic hepatic metabolism. However, unlike propranolol and
verapamil, lidocaine is metabolized mainly by cytochrome P450 (CYP) 2C subfamily in
the rat and blocks fast sodium channels in Purkinjie fibers and ventricular muscle (Smith,
1991; McEvoy, 1999). Thus, effect of inflammation on pharmacokinetics and
cardiodynamics of lidocaine was investigated to determine whether acute inflammation
influences drugs metabolized in the rat by CYP2C subfamily and whether cardiac sodium
channel responsiveness is decreased in acute inflammatory conditions. Rat models of
inflammation used were Mycobacterium butyricum induced chronic arthritis and acute
inflammation caused by inoculation with interferon (IFN)m,. Before discussing the

rationale and objectives of this thesis, previous research will be discussed.
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L1 Background

1.1.1 Inflammation

Inflammation is a physiological response to various stimuli such as infection or
trauma (Kuby, 1997). Inflammation may be acute or chronic depending on the nature of
this stimulus. The inflammatory response is characterized by increased capillary blood
flow and permeability allowing various cells and fluid to leave the capillaries and enter
the affected region resulting in swelling, redness, heat and pain (Davies et al., 1999). The
increased capillary blood flow and permeability enables cellular and humoral components
of the immune system to enter the affected area, assist in removal of bacteria, and repair

connective tissues (Kelley et al., 1997).

Cytokines are hormone-like proteins that are involved in regulating immune and
inflammatory responses. Secretion of cytokines by T-lymphocytes plays an important
role in the pathogenesis of inflammation. A disruption of the CD4" T-lymphocyte
balance {i.e., T helper (Th) t and T helper (Th) 2 cells] occurs in inflammatory disease.
Thl cells produce interferon (IFN)y, interleukin (IL)-2, tumor necrosis factor (TNF)B or
lymphotoxin, induce cell-mediated immunity and suppress the differentiation of Th2 cells
(Morel and Oriss, 1998; Miossec et al., 1996). Increased secretion of IFNy by Thi cells
stimulates neutrophils to release pro-inflammatory cytokines [e.g., TNFoe and IL-1PB]
which have significant roles in triggering and maintaining the inflammatory response
(Cassatella, 1995). Interestingly, neutrophils are unable to produce two of the most potent
anti-inflammatory cytokines, IL-10 and IL-13, which may account for the persistent
inflammatory response observed with increased neutrophil expression (Reglier et al.,

6
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1998). Th2 cells produce IL-4, IL-5, IL-6, IL-10, IL-13 induce humoral and parasitic

immunity and suppress the differentiation of Thl cells (Morel and Oriss, 1998).

Various diseases have been attributed to a T helper cell imbalance. For example,
rheumatoid arthritis, multiple sclerosis, thyroiditis and insulin-dependent diabetes
mellitus are associated with increased Thl cell activity. Interestingly, allergy, asthma,
scleroderma, and systemic lupus erythematosus are associated with increased Th2 cell
activity (Miossec ef al., 1996; Munoz-Fernandez and Fresno, 1998; Kuby, 1997) thus
both Thl and Th2 cells can be involved in disease. Induction of Thl cells results in
release of pro-inflammatory cytokines that, in turn, induce cytotoxic and inflammatory
reactions. Disruption of the T-lymphocyte balance resulting in increased activity of Thl
cells is caused by either direct stimulation, an antigen, or via IL-12 secreted by
macrophages resulting in the release of inflammatory mediators. The Thl cells then by
direct contact or via secretion of IL-2, TNFf, and [FNy stimulate monocytes to secrete
IL-11 and IL-6. Interleukin-6 then stimulates hepatocytes to increase production of acute-
phase proteins such as C-reactive proteins (CRP), serum amyloid A, fibrinogen, AAG
and decrease synthesis of other proteins such as albumin. The activated monocytes
stimulated by Thl cells may also secrete IL-12. That in turn, stimulates natural killer
lymphocytes to secrete IFNy which activates macrophages and inhibits Th2 cell
proliferation (Morel and Oriss, 1998; Kelley et al., 1997). In addition, monocytes
activated by Thl cells secrete several types of growth factors, IL-1, TNFa, chemokines
and matrix metalloproteases that may contribute to the inflammatory response and tissue
damage. In contrast to Thl cells, IL-4, IL-10, and IL-13 secreted by Th2 cells stimulates

monocytes to produce IL-1 receptor antagonist (IL-1ra), IL-1 soluble receptor (IL-1sr),
7
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INF soluble receptors and tissue inhibitor of matrix metalloproteases (Kelley et al.,
1997; Firestein, 1999). Thus, Th2 cells in some instances may function as anti-
inflammatory cells. Mediators secreted by monocytes may act on synoviocytes and
chondrocytes to produce substances such as proteases, arachidonic acid metabolites,
collagen, proteoglycans and on endothelial cells to initiate cell adhesion of leukocytes

and induce angiogenesis (Kelley ez al., 1997).

Inflammatory diseases and pro-inflammatory cytokines can influence P-
glycoproteins (P-gp) which are membrane-bound ATP-dependent transporters that
function as efflux pumps preventing substances from entering cells (Ambudkar et al.,
1999). A decreased hepatic expression and activity of P-gp is reported to occur in livers
from rats with lipopolysaccaride (LPS) and turpentine-induced inflammation (Piquette-
Miller et al.,, 1998). The reduced P-gp expression and activity was attributed to over
expression of pro-inflammatory cytokines in the inflamed rat. In contrast, rat hepatocytes
were cultured in the presence and absence of TNFa (Hirsch-Ernst et al., 1998). Exposure
of hepatocytes to the cytokine resulted in greater P-gp isoform mdr (multidrug resistance)
1b expression. It was concluded that stimuli causing elevated TNFo concentrations
enhances the capacity of the liver for transport of exogenous and endogenous mdrl
substrates. Thus, effect of inflammatory disease and inflammation mediators may vary
with the type of study conducted and as shown with colon carcinoma the cell line
investigated. Pro-inflammatory cytokines TNFa, IL-2 and IFNy are reported to reverse
multidrug resistance in human colon carcinoma cells (Stein et al., 1996). The authors
suggested that modulation of multidrug resistance by TNFa, perhaps, might increase

effectiveness of drug treatment for colon carcinoma by preventing efflux of drug from the
8
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cancer cell. P-gp has also been observed to participate in the transport of cytokines in
peripheral T-lymphocytes (Drach et al., 1996). An increased expression and activity of P-
gp on T-lymphocytes in elderly compared to younger individuals is also reported
(Aggarwal et al., 1997). It was concluded that the greater expressicn and function of
these transporters may play a role in increased cytokine concentrations observed in aging
since P-gp secrete pro-inflammatory cytokines from T-lymphocytes. Interestingly,
increased expression of P-gp on T-lymphocytes has also been reported to correlate with
drug resistance in rheumatoid arthritic patients (Yudoh et al, 1999). Therefore,
inflammatory conditions and pro-inflammatory cytokines may have a significant
influence on P-gp expression and function that may affect drug disposition and activity.
Pro-inflammatory cytokines such as IFNy, TNFa and IL-1B induce formation of
nitric oxide, a free radical that is involved in the cardiopulmonary, nervous and immune
systems (Cochran et al., 1996). Nitric oxide is toxic to bacteria, therefore, is an important
factor in host defense (Kuby, 1997). However, increased inflammatory cytokine
expression and nitric oxide concentrations in the pro-inflammatory events during septic
shock can result in multiple organ system failure (van der Poll and van Deventer, 1999;
Montegut et al., 1995). In addition, depression of myocardial function by IL-1B plus
TNFa is reported to be mediated by excess nitric oxide production (Schultz et al., 1995).
Nitric oxide and its breakdown products i.e., peroxynitrite oxidize heme groups on CYP
isozymes preventing metabolism of various drugs (Morgan, 1997; Muller et al., 1996).
Both inflammatory cytokines and nitric oxide may contribute to induction and
progression of various disorders. For example, greater concentrations of nitric oxide have

been linked to increased TNFa concentrations in congestive heart failure patients
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(Comini et al., 1999). Induction of nitric oxide by inflammatory cytokines may also play
a role in chronic inflammatory bowel disorders (Perner and Rask-Madsen, 1999).
Secretion of pro-inflammatory cytokines leading to increased production of nitric oxide
contributes to neuronal tissue degeneration in neurological diseases such as multiple
sclerosis and Alzheimer’s disease (Heales et al., 1999; Torreilles et al., 1999). Therefore,
it is not surprising that inhibition of nitric oxide synthase is currently being investigated
as a potential therapeutic target (Hobbs et al., 1999). Despite the detrimental effects of
nitric oxide in septic shock and inflammatory disorders various nitric oxide donating
drugs [e.g., nitroglycerine and sodium nitroprusside] are used clinically (Ignarro et al.,
1999; Murad, 1998). Nitric oxide donors are useful for diseases such as myocardial
ischemia and treatment of acute hypertension refractory to standard drug therapy. The
physiological actions of nitric oxide such as dilating arterial blood vessels, inhibiting
platelet adherence and aggregation may be of benefit in these and perhaps other
conditions (Lefer and Lefer, 1994). Therefore, nitric oxide has a role in both pathogenesis
and treatment of disease and depending on the type of disease agents with either nitric
oxide donating or inhibiting properties may be indicated.

Recent studies provide evidence that pro-inflammatory cytokines and
inflammation markers: CRP, fibrinogen and erythrocyte sedimentation rate (ESR) are
associated with cardiovascular disorders in humans (Verheggen et al., 1999; Lagrand et
al., 1999). Increased concentrations of CRP are reported to be an independent risk factor
for development of cardiovascular diseases (Lagrand et al., 1999). Interestingly,
increased CRP concentrations has been shown to be related to a family history of

myocardial infarction (Margaglione et al., 2000). It has been suggested that measuring

10
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CRP concentrations in individuals at risk for developing cardiovascular disorders may be
a useful predictor of impending disease (Rohde ef al, 1999). Increased expression of pro-
inflammatory cytokines have been observed in various cardiovascular diseases such as
congestive heart failure, unstable angina and post-myocardial infarction (Liuzzo et al.,
1999; Seta et al., 1996; Irwin et al., 1999; Guillen et al., 1995). Interestingly, TNFa has
a key role in control of body mass, and increased production causes cachexia, a wasting
syndrome characterized by loss of muscle, fat and bone tissue which is observed in end-
stage congestive heart failure (Anker et al., 1999). Elevated concentrations of CRP and
TNFa have also been observed in overweight and obese adults (Visser et al., 1999,
Dandona et al., 1998). In contrast to cachexia, abnormalities in TNFa activity rather than
production are suggested to be responsible for the lack of control of body weight (Argiles
et al., 1997). Secretion of pro-inflammatory cytokines from adipose tissue has been
reported to cause a low grade inflammatory state in obese individuals reflected by
increased concentrations of CRP, IL-6 and TNFa (Yudkin et al., 1999). Overexpression
of these inflammatory mediators in obese individuals was associated with insulin
resistance and endothelial dysfunction.

Increased concentrations of pro-inflammatory cytokines are also associated with
non-cardiovascular diseases. Here are few examples. Patients with various rheumatic
diseases have been shown to have elevated concentrations of pro-inflammatory mediators
(Kelley et al., 1997). Interestingly, development of arthritis as a complication of IFNg,
treatment in individuals with various conditions has been reported (Nesher and
Ruchlemer, 1998). Increased concentrations of TNFa and IL-1p are observed in patients

suffering from Crohn’s disease and ulcerative colitis (Nikolaus et al., 1998). Greater
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concentrations of TNFa and IL-6 are observed in schizophrenic patients compared to
healthy individuals (Monteleone et al., 1997, Naudin et al, 1996). Increased
concentration of IL-6, soluble IL-6 receptor (sIL-6r), soluble IL-2 receptor (SIL-2r), IL-1
ra, and transferrin receptor are reported for individuals with major depression (Maes et
al., 1995a; 1995b). In addition, IFN,2, administered to individuals with chronic hepatitis
C caused depression in these patients (Malaguarnera et al., 1998). Malaguarnera et al
recommended a careful selection of hepatitis C patients before initiating IFNx2, therapy.
Therefore, cytokines and markers of inflammation may be associated with various types
of diseases.

Greater concentrations of pro-inflammatory cytokines and markers of
inflammation occur not only in disease but are also reported for elderly individuals.
Significantly, greater concentrations of TNFa and IL-6 were observed comparing healthy
elderly individuals to those less than 65 years of age (Bruunsgaard ef al., 1999). An
association between increased IL-6 concentrations and depression in older individuals has
been reported (Dentino et al., 1999). Interestingly, higher plasma levels of [L-6 may be
used to predict disability onset in older people (Ferrucci et al., 1999). A recent study
reported that high concentrations of CRP and IL-6 in healthy elderly individuals is
associated with mortality (Harris et al, 1999). Therefore, increased cytokine
concentrations may occur not only with those having inflammatory conditions such as
arthritis, Crohn’s disease, psychiatric, and cardiovascular disorders but also in the elderly.

To treat patients with conditions characterized by elevated concentrations or pro-
inflammatory cytokines, anti-cytokine therapy using specific antagonists of high affinity

and specificity such as monoclonal antibodies, soluble cytokine inhibitors and anti-
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inflammatory cytokines have been administered in clinical trials (Feldmann et al., 1999).
A few examples and results of anti-cytokine therapy and administration of anti-
inflammatory cytokines will be discussed. TNFa regulates expression of pro-
inflammatory mediators IL-1, IL-6 and IL-8 in rheumatoid arthritis (Feldmann et al.,
1996). Therefore, inhibiting TNFa would prevent an increased expression of pro-
inflammatory cytokines in arthritic patients. Rheumatoid arthritic patients treated with
anti-TNFa monoclonal antibodies are reported to have a reduced disease activity
(Feldmann et al, 1999). Similar to arthritis, overexpression of pro-inflammatory
cytokines has an important role in the pathogenesis of heart failure (Seta et al., 1996).
Interestingly, administration of a specific TNFa antagonist to congestive heart failure
patients resulted in significant improvements in functional status (Deswal et al., 1999,
Torre-Amione et al., 1999).

Patients with moderate to severe Crohn’s disease and Crohn’s ileocolitis anti-
TNFa was also beneficial (van Hogezand and Verspaget, 1998; Baert et al., 1999).
Secretion of TNFa and IL-1B in Crohn’s and ulcerative colitis patients by
polymorphonuclear neutrophil granulocytes were reduced by IL-10 administration which
was thought to be due to a downregulation of macrophage and Thl cell activity (Nikolaus
et al., 1998). In addition, administration of IL-10 to steroid refractory Crohn’s patients
resulted in either a favorable response or complete remission (van Deventer et al., 1997).
Interestingly, monoclonal antibodies that antagonize IL-2 receptor o-subunit
administered to individuals receiving baseline immunosuppression therapy significantly
reduced acute rejection after renal transplantation (Nashan et al., 1999; Berard et al,
1999). However, despite the success in clinical trials in treating arthritis, congestive heart
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failure, Crohn’s disease and preventing organ rejection cytokine neutralization i.e., anti-
TNFa treatment failed to be of benefit in multiple sclerosis patients (Lenercept Multiple
Sclerosis Study Group, 1999). In addition, a beneficial effect of IFN-B administration to
patients with multiple sclerosis remains to be determined (Rice and Ebers, 1998; Tselis
and Lisak, 1999). Similar to multiple sclerosis clinical trials of septic patients treated with
anti-TNFa, soluble TNFa receptors, and IL-1ra have not demonstrated any beneficial
effect (van der Poll and van Deventer, 1999). The ineffectiveness of these agents were
suggested to be due to timing since patients admitted to the hospital were not in the
systemic inflammatory response syndrome (SIRS) phase, which would respond to these
agents. Instead, patients treated with these agents were in the phase referred to as
compensatory anti-inflammatory response syndrome (CARS), which is characterized by
anti-inflammatory cytokine release and subsequent refractory state (van der Poll and van
Deventer, 1999; Groeneveld et al., 1997). Therefore, pro-inflammatory cytokines play a
role in disease occurrence and therapy. P-gp modulation, anti-cytokine agents and anti-
inflammatory cytokines in the future may have a significant impact on pharmacotherapy

of various diseases.

Inflammatory mediators and markers of inflammation have been associated with
altered response to various drugs; here are some examples. Patients with unstable angina
that were refractory to standard drug therapy were shown to have significantly higher
concentrations of CRP, fibrinogen, and a greater ESR compared to patients that were
stabilized (Verheggen ef al, 1999). Increased concentrations of [L-lra and IL-6 in
patients with unstable angina receiving standard drug therapy for the first two days of
hospitalization were associated with increased risk of in-hospital coronary events
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(Biasucci et al., 1999). High CRP concentrations in myocardial infarction patients treated
with thrombolytic drugs was shown to predict mortality up to 6 months after the
infarction independent of drug treatment (Pietila et al., 1996). Treatment resistant
schizophrenia was associated with increased IL-6 concentrations (Lin ez al., 1998).
Interestingly, effectiveness of clozapine in treating patients that are resistant to other anti-
psychotic agents is suggested to be due to the complex immunomodulatory effects of the
drug (Maes et al., 1997a). In addition, increased serum IL-6 and IL-1ra concentrations
were associated with major depression and treatment resistant depression (Maes et al.,
1997b). Therefore, inflammation and inflammatory mediators have not only an important
role in host defense but also can induce disease, influence drug concentration and
activity. It would be of value to determine whether administration of cytokine antagonists
such as anti-TNFa would reverse the altered responsiveness to drugs observed in patients

with inflammatory disease.

1.1.2 Drug disposition

Interest in inflammation-induced alterations in drug concentrations began when
greater concentrations of propranolol were discovered serendipitously when investigating
absorption of propranolol in patients with celiac disease (Schneider et al., 1976). Patients
with Crohn’s disease and rheumatoid arthritis were initially studied then later patients
with other inflammatory diseases such as ulcerative colitis, staphylococcal pneumonia,
and systemic lupus erythromatosus were included (Schneider ef al., 1981). Interestingly,
greater plasma concentrations of oxprenolol were detected in patients with viral illness
(Kendall et al,, 1979). The mechanisms responsible for increased propranolol and

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oxprenolol concentrations were unclear, however, the only variable that seemed to be
associated was an increased ESR a nonspecific marker of inflammation. Possible
explanations for these increased drug concentrations may involve alterations in drug
absorption, distribution and metabolism.

1.1.2.1 Absorption

It has been suggested that alterations in drug absorption may account for the
elevated concentrations of drug measured in inflammatory disease (Cooper and Lucas,
1976). Although there are reports indicating that disease may alter intestinal integrity and
influence absorption of drugs (Gibaldi, 1991), changes in drug absorption have not been
proven to be the cause of increased drug concentrations in patients with inflammatory
disease. Kirch et al in 1983 reported a reduced absorption of atenolol in patients with
acute respiratory tract infection and an ESR>20 mm/l1h. However, no significant
differences in total urinary recovery of atenolol were observed between healthy and
inflamed groups. Therefore, this observation requires confirmation. Although differences
in gastric emptying may influence peak drug concentration no relationship was found
between maximum concentration of propranolol and administration of metoclopramide
and propantheline which stimulate and depress gastric emptying respectively (Castleden
et al., 1978). In addition, propranolol is a weak base with a pKa of 9.45 and according to
the theory of diffusion propranolol should be less ionized and better absorbed in an
alkaline environment (Gibaldi, 1991). Thus, perhaps an increase in intestinal pH occurs

with inflammatory disease that may cause a greater drug concentration. However, the
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increase in pH of the luminal surface of the upper jejunum where the majority of
propranolol is absorbed was found to be only marginally increased from pH of 5.9 to 6.4
in patients with Crohn’s disease. Propranolol concentrations were also greater in Crohn’s
disease than celiac disease in which a higher intestinal pH of 7.0 was measured (Lucas ef
al., 1976; Schneider et al., 1979). Increased absorption of drug in individuals with
inflammation is also not likely an explanation since propranolol and oxprenolol are
almost completely absorbed from the intéstine (propranolol > 90% and oxprenolol 70-
95%) in healthy individuals (Frishman, 1979). In addition, absorption of propranolol
from the upper jejunum in rats with adjuvant arthritis was reported not to be influenced
by concomitant inflammatory disease (Key et al., 1986). Therefore, absorption of drug in
laboratory animals and patients with inflammatory disease does not appear to be altered

consequently does not cause the increased drug concentrations.

1.1.2.2 Distribution

In arthritis and inflammatory disease increased expression of pro-inflammatory
cytokines [i.e., TNFa, IL-1 and IL-6] are observed (Bondeson, 1997; Feldmann et al.,
1996). These inflammatory mediators i.e., [L-6 may then act on the liver to increase
production of acute phase reactant proteins such as AAG that binds to basic drugs (De
Leve and Piafsky, 1981). Piafsky et al in 1978 found greater concentrations of AAG in
patients with Crohn’s disease and inflammatory arthritis. In addition, a strong negative
comrelation between percentage of unbound propranolol and concentration of AAG

existed thus greater AAG concentrations resulted in reduced free fraction of propranolol
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(Piafsky et al., 1978). A reduced albumin concentration and weak but positive correlation
between albumin concentration and free fraction of propranolol was also observed.
Despite reduced albumin concentrations propranolol binding was greater in inflammation
since propranolol is a basic drug mainly bound to AAG (Belpaire et al., 1982).

It has been suggested that increased protein binding rather than changes in
metabolism or hepatic blood flow may be responsible for the altered drug concentration
observed in laboratory animals and humans with inflammatory diseases (Walker et al.,
1986). Intravenous administration of [L-1B to rats dosed orally with propranolol resuited
in an enantioselective increase in plasma drug concentration (Vermeulen et al., 1993). In
the cytokine treated rats the AUC of R-propranolol was significantly higher than S-
propranolol. The mechanism responsible for the enantioselective increase was suggested
to be protein binding since plasma protein binding was significantly greater for the R-
enantiomer. In addition, the effect of endotoxin-induced inflammation on
enantioselective pharmacokinetics of verapamil, propranolol and oxprenolol in the rat
were studied (Laethem ef al.,, 1994). It was concluded that preferential increase of R-
oxprenolol, R-propranolol and S-verapamil in the endotoxin treated rat was due mainly to
an enantioselective increase in binding of the enantiomers to AAG.

However, changes in protein binding could not account for the increase in plasma
levels of propranolol, metoprolol, and antipyrine in rats with turpentine-induced
inflammation (Belpaire ef al., 1989). In the turpentine treated rat, free fraction of
propranolol after both intravenous and oral administration was reduced. In addition, after
intravenous dosing of propranolol a reduced volume of distribution, perhaps, due to

increased binding to AAG and a decreased systemic clearance was reported. Since
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propranolol is highly extracted by the liver according to the well-stirred model systemic
clearance is dependent on hepatic blood flow (Wilkinson and Shand, 1975). Therefore,
the reduced systemic clearance after intravenous administration of propranolol suggests a
reduced hepatic blood flow in the arthritic rat. Interestingly, after intravenous
administration of metoprolol, a highly extracted negligibly protein bound drug, no
differences were observed in systemic clearance between healthy and arthritic rats.
However, after oral administration of metoprolol a decreased clearance resulting in a
greater AUC in the turpentine treated rat was detected. Protein binding of metoprolol is
negligible and was not altered therefore the greater AUC after oral administration in the
inflamed rat may be explained by a reduction in intrinsic clearance. Since with highly
extracted drugs a decrease in intrinsic clearance is observed by a decrease in presystemic
rather than systemic clearance (Gibaldi and Perrier, 1982). Turpentine-induced arthritis
did not alter systemic clearance of metoprolol, this indicates that hepatic blood flow is
not significantly altered by the inflammation. This suggests the greater propranolol AUC
after intravenous administration to the arthritic rat is likely due to increased protein
binding. Interestingly, antipyrine was given intravenous to healthy and turpentine
inoculated rats. The half-life of antipyrine increased with no changes in volume of
distribution and a reduced systemic clearance was also observed. Since antipyrine is a
low extraction drug thus dependent on protein binding and intrinsic hepatic clearance
(Wilkinson and Shand, 1975). The reduction in systemic clearance is due to a reduced
intrinsic clearance since antipyrine binds negligibly to plasma proteins. Therefore, the

effect of turpentine-induced arthritis on propranolol, metoprolol and antipyrine
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pharmacokinetics suggests inflammation induced alterations in drug disposition are due
to a combination of altered protein binding and reduced metabolism.

Propranolol and other highly extracted drugs have been shown to undergo
nonrestrictive protein binding. Thus, elimination is not limited by binding to plasma
proteins (Shand et al., 1976; Gariepy et al., 1992). Therefore, increased binding to AAG
should not protect drug passing through the liver. In fact, the increased binding to AAG
may even facilitate uptake of propranolol by the liver. However, intrinsic clearance may
be decreased to such an extent that propranolol is no longer considered a highly extracted
drug (Belpaire et al., 1989). In addition, this property of protein binding may not exist or
be different in inflammatory diseases therefore requires further investigation (Schneider

etal,, 1981).

1.1.2.3 Metabolism

Inflammatory disease and pro-inflammatory cytokines have been shown to alter
drug metabolism. A marked reduction in N-demethylase, NADPH;-oxidase and CYP
activity has been observed in laboratory animals that have inflammation (Morton and
Chatfield 1970; Cawthome et al., 1976; Whitehouse, 1973). In addition to phase I drug
metabolism formation of B-glucuronide and sulfate conjugates have been observed to be
reduced by inflammatory diseases. For example, Morton and Chatfield 1970 reported
diminished excretion of acetaminophen conjugates in rats with adjuvant arthritis.

A significant increase in plasma concentrations of acebutolol, a cardioselective p-

adrenergic blocker that has limited protein binding (7-12%), was observed in adjuvant
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arthritic rats (Piquette-Miller and Jamali, 1992). Acebutolol is an intermediate extraction
drug with an extraction ratio of 0.65 thus hepatic extraction is dependent on protein
binding, intrinsic clearance, and hepatic blood flow. Since protein binding of acebutolol
is negligible and was not altered by inflammation and hepatic blood flow is reportedly
unchanged in adjuvant arthritis (Walker er al., 1986). This suggests the greater
concentrations of acebutolol enantiomers in the arthritic rat resulted from reduced
intrinsic hepatic clearance of drug.

Interestingly, altered drug metabolism in inflammatory disease has been attributed
to pro-inflammatory cytokines inducing formation of nitric oxide (Morgan, 1997). Nitric
oxide and breakdown products such as peroxynitrite are considered to bind to the heme
group and irreversibly modify CYP activity (Morgan, 1997, Muller et al., 1996).
Therefore, increased expression of pro-inflammatory cytokines and subsequent formation
of nitric oxide plays a role in the altered metabolism of drug observed in laboratory

animals and humans with inflammation.

1.1.2.4 Renal elimination

Although abnormalities of renal function may be observed due to disease and/or
therapy in patients with inflammation (Kelley et al., 1997), there are few reports in the
literature that investigates the effect of inflammation on renal clearance of drugs. One
study reported that inflammatory bowel disease had no effect on plasma concentrations of
renally excreted f-adrenergic blocker practolol (Parsons ef al, 1976). However, more

studies on the effect of inflammation on drugs cleared via the renal route are required.
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1.1.3 Disease severity and management

A combination of altered binding to plasma proteins, hepatic intrinsic clearance,
and possibly, P-gp expression may be rgsponsible for the increased concentration of drug
observed in laboratory animals and patients with inflammatory disease. However,
differences in disease activity exist between different species. For example, metoprolol
concentrations were increased four fold in turpentine-induced arthritic rats (Belpaire et
al., 1989), however, inflammatory disease failed to alter metoprolol disposition in
humans (Schneider et al., 1981). In addition, in experimental models of inflammation
such as adjuvant arthritis, extensive joint involvement occurs while patients with arthritis
may have minimal joint involvement (Myles Glenn et al., 1977). Schneider et al in 1979
grouped patients with Crohn’s disease and rheumatoid arthritis into two groups
depending on the ESR. Patients with an ESR>20 mm/lh had higher propranolol
concentrations than those with an ESR<20 mm/1h (Schneider et al., 1979). However,
these studies were not quantitative, thus effect. of inflammation severity on degree of
increased drug concentration could not be determined. Influence of severity of
inflammatory disease on drug levels was confirmed by Piquette-Miller and Jamali who
reported that a progressively rising AUC of propranolol enantiomers in the arthritic rat
was correlated with increasing disease activity (Piquette-Miller and Jamali, 1995).
Nonsteroidal anti-inflammatory drugs (NSAIDs) i.e., ketoprofen treatment reduced the
severity of inflammation and normalized plasma concentrations of propranolol
sterecisomers in rats with adjuvant arthritis (Piquette-Miller and Jamali, 1995).
Interestingly, despite normalization of propranolol pharmacokinetics by ketoprofen

treatment prolongation of the cardiac PR interval was still less in the rat with adjuvant
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arthritis compared to controls (Guirguis and Jamali, 1996), indicating reduced B-
adrenergic responsiveness. Therefore, severity of inflammation influences drug
disposition and response to drug may still be reduced despite normalization of plasma
concentrations by NSAID treatment.

Antihypertensive drugs and NSAIDs are extensively used to treat cardiovascular
and various types of inflammatory disorders respectively (Johnson, 1997; Fierro-Carrion
and Ram, 1997). With this in mind, many individuals are concurrently taking NSAIDs
and antihypertensive drugs. Administration of NSAIDs have a significant effect on blood
pressure control in normotensive and hypertensive individuals (Ruoff, 1998). This is
especially relevant to older individuals since NSAID and antihypertensive medication use
increases with age to greater than 50 % in elderly individuals (Johnson, 1998). NSAIDs
may inhibit two isoforms of cyclooxygenase (COX) enzymes to reduce inflammation that
are COX-1 and COX-2 which have differing activities (Donnelly and Hawkey, 1997).
COX-1 is involved in the normal functioning of the gastrointestinal tract therefore is
constitutive and involved in normal physiological functions. However, COX-2 is induced
by various inflammatory mediators and is involved in the acute inflammatory response.
Interference of blood pressure control by NSAIDs is considered to be due to nonspecific
inhibition of COX enzymes preventing formation of endoperoxide prostaglandins PGGz
and PGH; from arachidonic acid. These endoperoxides are metabolized to a variety of
eicosanoids including prostacyclin (PGI;) and prostaglandin E; (PGE;) and thromboxane
Az (Ruoff, 1998). Blocking the formation of PGE; and PGI; with NSAIDs has a
significant impact blood pressure control since these two prostaglandins are important

vasodilators in the kidney (Dunn and Hood, 1977). In addition, PGE; inhibits the renal
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absorption of salt and reabsorption of water thus reducing salt and water retention
(Whelton, 1999).

NSAIDs may alter responsiveness to cardiovascular drug therapy via inducing
gastrointestinal ulceration and inflammation (Guirguis and Jamali, 1999). Treatment with
flurbiprofen resulted in significant changes in electrocardiographic PR interval, hence,
altered p-adrenergic activity. However, co-treatment with metronidazole, an
antimicrobial and free radical scavenger, prevented PR interval changes observed when
administering flurbiprofen. In support of this observation, nitric oxide donor compounds
and free radical scavengers used concomitantly with NSAIDs are reported to protect the
gastrointestinal tract from ulceration (Davies and Jamali, 1997). Interestingly, nitric oxide
donating ASA, while inhibiting both COX-1 and 2 did not alter the healing response of
gastric ulcers while NS-398 which is a selective COX-2 inhibitor impaired healing of
gastric ulcers (Ukawa ef al., 1998). Therefore, responsiveness to antihypertensive drugs
when NSAIDs are co-administered may not be problematic if inflammation caused by the
NSAID-induced ulceration is prevented. Perhaps, use of NSAIDs that has nitric oxide
donor groups and scavenges free radicals or selective COX-2 inhibitors, if ulceration is

not present, will keep the GI tract healthy and allow for adequate blood pressure control.

1.1.4 Drug activity

Despite concern over greater concentrations of propranolol and other
cardiovascular drugs in laboratory animals and humans with inflammatory disease there

are few reports in the literature reporting clinical outcomes (Schneider and Bishop, 1982).
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This is alarming since these increased drug concentrations suggest enhanced effect or
possibly toxicity. To examine the effect of inflammation on drug activity in vitro and in

vivo studies will be discussed.

1.141In ﬁﬁo

Pro-inflammatory mediators have been shown in vitro to reduce activity of B-
adrenergic receptors (Lui et al., 1999, Gulick et al., 1989). Lui et al measured
responsiveness of B-adrenergic receptors to isoproterenol in the presence and absence of
IL-1B in adult rat ventricular myocytes. Decreased B-adrenergic response to isoproterenol
was observed in myocytes incubated with [L-18 compared to controls. The altered
response in the presence of the pro-inflammatory cytokine was not affected by
administration of either cAMP or cAMP donors thus it was concluded that reduced B-
adrenergic response was due to a cCAMP-independent mechanisms. However, Gulick et al
cultured rat cardiac myocytes in the presence of activated immune cell cultures in which
the presence of IL-1B and TNFa was confirmed. Administering isoproterenol a reduction
in cardiac contractile responsiveness to B-adrenergic stimulation was observed in the
cells incubated with inflammatory mediators compared to controls. Intracellular cAMP
was reduced in the myocytes exposed to the inflammatory cytokines, therefore, the
decreased B-adrenergic response was considered cAMP-dependent. Results from these
two studies are contradictory and indicate that the mechanism(s) responsible for p-

adrenergic downregulation in the presence of inflammatory mediators remains to be

determined.
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Altered responsiveness of cardiovascular receptors in vitro has also been shown to
be associated with advancing age. Ventricular biopsies from non-failing ventricles of
young and old individuals undergoing cardiac bypass surgery were subjected to
isoproterenol stimulation (Davies et al., 1996). A decreased responsiveness of B-
adrenergic receptors was observed in biopsies from older individuals, this was suggested
to be due to a reduction in B-adrenoceptor density with age. Age-associated changes in B-
adrenergic receptors were also investigated using rat ventricular myocytes from rats that
were 2, 8, and 24 months of age (Xiao et al, 1998). A significant depression in
contractile response to isoproterenol was observed in myocytes from rats 24 month old
which was attributed to a decreased receptor density and membrane adenylate cyclase
activity. Thus, in vitro studies have shown that aging may cause altered responsiveness of
B-adrenergic receptors.

Cytokines have also been shown to modulate B-adrenergic control of cardiac
myocytes through production of nitric oxide. Cardiac pig myocytes exposed to IL-1B
stimulated with isoproterenol had significantly less B-adrenergic control of cardiac
calcium current than controls (Rozanski and Witt, 1994). Addition of IL-lra to the
myocytes, substituting D-arginine for L-arginine, and incubating the myocytes with a
nitric oxide inhibitor NC-monomethyl-L-arginine (L-NMMA) prevented the altered p-
adrenergic response in the presence of IL-1. Thus, it was concluded that IL-1 influences
B-adrenergic control of cardiac Ca** channels by mechanisms that involve nitric oxide. In
addition, involvement of nitric oxide in ventricular myocyte contractility from failing and
non-failing hearts was determined (Flesch et al., 1999). Treatment of the myocytes with
endotoxin resulted in decreased isoprenaline-induced contractions. Also, administration
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of nitric oxide synthase inhibitor L-NMMA resulted in greater isoprenaline-induced
contractions thus an increased pronsivenm of B-adrenergic receptors was observed. In
this study, incubating the myocytes with Trion, a superoxide and peroxynitrite scavenger,
abolished the effect of endotoxin on responsiveness to isoprenaline. Therefore, impaired
myocardial contraction was suggested to be due to endotoxin exposure and increased
expression of nitric oxide and peroxynitrite. Another recent study reported that the effect
of endotoxin on cultured rat cardiomyocytes resulted in greater concentrations of nitric
oxide, IL-6, IL-1 which influenced B-adrenoceptor mediated function but not a-
adrenoceptor activity (Muller-Werdan et al., 1998). In the presence of dexamethasone, an
inhibitor of inducible nitric oxide synthase, the endotoxin-mediated reduction of B-
adrenoceptor activity was inhibited. However, TNFa in this investigation depressed both
B and a-adrenoceptor function in the presence and absence of dexamethasone thus in a
nitric oxide independent manner. This indicates that altered cardiovascular receptor
responsiveness in vitro may also be observed independent of nitric oxide production.

A reduced cardiac calcium channel responsiveness of rat cardiomyocytes in the
presence of inflammatory mediators in vitro has also been reported (Krown et al., 1995;
Liu and Schreur, 1995). Exposure of cardiac myocytes to TNFct and IL-1p resulted in a
suppression of cardiac L-type calcium channels which was suggested to be due to an
alteration in signaling pathways responsible for calcium channel function. In addition,
ventricular myocytes from guinea pigs treated with LPS exhibited a reduced L-type
cardiac calcium current (Zhong et al., 1997). It was concluded that a decreased L-type
calcium current plays a central role in myocardial contractile dysfunction observed
during endotoxemia.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Administration of IFNx, to rabbit ventricular myocytes reduced in vitro ATP-
sensitive potassium channel activity (Nishio ez al., 1999). Reduced activity of cardiac
potassium channels in the inflammatory state has also been shown using ventricular
myocytes from rats that had undergone an experimentally induced myocardial infarction
(Kaprielian et al., 1999). An altered function or downregulation of potassium channels
was reported which was thought to be due to reduced potassium channel density. Pro-
inflammatory cytokine co:icentraﬁons were not measured which is unfortunate since
enhanced inflammatory cytokine expression after myocardial infarction has been reported
(Neumann et al., 1995; Guillen et al., 1995; Irwin et al,, 1999). Perhaps, increased
expression of inflammatory mediators may have been associated with reduced cardiac
potassium channel function. Therefore, the in vitro studies discussed indicate a reduced
B-adrenergic, cardiac calcium, and potassium channel receptor function in the presence of

inflammatory disorders and pro-inflammatory cytokines.

1.1.4.2 Invivo

One of the first reports of altered response to cardiovascular drug in laboratory
animals was by Belpaire et al in 1986. After intravenous administration of propranolol to
rats with turpentine induced inflammation a significantly higher plasma concentration of
propranolol was observed. Despite greater propranolol concentrations in rats with
inflammation, surprisingly, in the arthritic rat, propranolol had no effect on isoproterenol

induced tachycardia. However, propranolol reduced the effect of isoproterenol on heart

rate by approximately 75 % in healthy rats. The reduced B-adrenergic response to
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propranolol in the rat with arthritis was attributed to increased protein binding, hence,
less unbound propranolol was able to interact with the B-adrenergic receptor. In addition,
increased propranolol concentrations and decreased B-adrenergic responsiveness to
propranolol in the adjuvant arthritic rat is reported (Guirguis and Jamali, 1996).
Inflammation caused by [FNx, inoculation has been shown to reduce responsiveness of
cardiac calcium channels to verapamil and was associated with increased concentrations
of nitric oxide (Mayo et al., 1996).

Alteration in receptor response to drug due to enhanced cytokine concentrations
may not only be limited to inflammatory diseases but may also occur in the elderly.
Decreased prolongation of the PR interval, indicating reduced sensitivity of cardiac
calcium channels to verapamil has been reported in older patients compared to younger
individuals (Abernethy et al, 1986; 1993). This, perhaps, is due to an increased
expression of inflammatory cytokines in the aged affecting cardiac calcium channel
activity. In addition, altered adrenergic sensitivity to B-blockers has also been shown to
occur with advancing age as seen with propranolol (Tenero et al., 1990; Brodde ef al.,
1995). Clinically, therefore, B-adrenergic receptor and cardiac calcium channel
downregulation may occur in various circumstances where increased pro-inflammatory
cytokine concentrations are observed. For example, in patients with inflammatory
conditions such as arthritis, Crohn’s disease, infection and also in the elderly.

Reduced responsiveness to cardiovascular drug has been observed in patients with
various cardiovascular diseases. Inflammatory status has been shown to determine the
clinical course of post myocardial infarction patients who have unstable angina and

receive standard drug therapy (Verheggen ef al, 1999). It has been suggested that
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indiscriminately treating patients with unstable angina regardless of inflammatory state
may not be appropriate (Liuzzo et al., 1999). In addition, increasing levels of IL-1ra and
IL-6 during the first 2 days of hospitalization in patients with unstable angina were
associated with increased risk of in-hospital coronary events in patients receiving
standard drug therapy (Biasucci ef al, 1999). The relationship between serum CRP
concentration after acute myocardial infarction and 24 month survival was investigated.
Patients with significantly higher CRP concentrations in the first few days after an acute
myocardial infarction treated with thrombolytic drugs had an increased risk of death
during the first 6 months after the infarction (Pietila et al, 1996). Therefore,
inflammatory conditions or inflammation-induced pathophysiological changes can

decrease responsiveness to cardiovascular drugs.

1.2  Sotalol

1.2.1 Indications

Sotalol is a racemic non-selective, B-adrenergic antagonist/cardiac potassium
blocker, and is indicated for the treatment of hypertension, angina, and ventricular
arrthythmias (Anderson and Prystowsky, 1999). Sotalol has no intrinsic sympathomimetic
or membrane stabilizing activities and elicits its antihypertensive/antiarrhythmic effect by
non-selectively blocking B-adrenergic receptors and potassium channels in the

myocardium (Anderson and Prystowsky, 1999). Sotalol was first synthesized in 1960 and
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marketing began in 1974, therefore, racemic sotalol has been used as an antihypertensive
and antianginal drug for more than 25 years.

The antiarrhythmic activity of sotalol has resulted in renewed interest in the drug
since trials such as the CAST (Cardiac Arrhythmia Suppression Trial) proved an
increased risk of sudden death with class I antiarrhythmic agents (Bauman, 1997). As a
result of the CAST findings class I anﬁa&hythmic agents have come under scrutiny.
Sotalol inhibits the delayed rectifier and other cardiac potassium channels, in 1992 the
racemate was approved by the Food and Drug Administration for use in the treatment of
life-threatening ventricular arthythmias (Anderson and Prystowsky, 1999). Interestingly,
potassium channel blockers have been suggested to reduce mortality caused by left
ventricular dysfunction after myocardial infarction (Waldo et al., 1996). Therefore, to
determine whether S-sotalol, potassium channel antagonist, reduces mortality in patients
with previous myocardial infarction and left ventricular dysfunction the Survival With
Oral d-sotalol (SWORD) trial was conduced. This trial was stopped before completion
due to a higher mortality in the sotalol treated group (Waldo et al., 1996). A possible
reason for the increased mortality with S-sotalol, perhaps, is that B-adrenergic blockade is
required to counteract the sympathetic activation that accompanies prolongation of the
cardiac action potential (Schwartz, 1998). Despite cancellation of the SWORD study
the;’e is renewed interest in S-sotalol as an agent to treat sustained ventricular tachycardia
(Advani and Singh, 1995). Also, use of S-sotalol to decrease defibrillator energy
requireme:,ts in patients with an automatic implanted cardioverter-defibrillator (AICD) is
gaining interest due to the increased safety margin since lower energies for defibrillation
are required (Dorian et al., 1996).
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1.2.2 Physiochemical properties

The chemical structure of sotalol (Ci2H20N203S) is depicted in Figure 1-1. Sotalol
is an odorless white crystalline powder (Budavari, 1996; Reynolds, 1996). The molecular
weight of the base and hydrochloride (HCI) salt are 272.37 and 308.83 respectively.
Sotalol is a hydrophilic B-adrenergic blocker with a water/n-octanol partition coefficient
(log p value) of 0.24 (Burgot et al., 1990). Using the octanol/phosphate buffer (pH=7.4)

at 37° C, sotalol was reported to have a partition coefficient of 0.09 (Jack et al., 1988).

+0—0O

CH;—SO,—NH f@\

Figure 1-1. Chemical structure of sotalol, * denotes chiral center.

Unlike other B-adrenergic antagonists that are aryloxypropranolamines, sotalol
enantiomers are methanesulfonamide-substituted phenethanolamines thus are amphoteric.
Therefore, the pKa values are 9.8 and 8.3 for the amine and sulfonamide respectively

(Doerge, 1982).
A Perkin Elmer model 241 spectrophotometer was used to obtain the optical

rotations of R and S-sotalol. The rotations were measured in a 10 cm (centimeter) cell
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and using water as a solvent at the sodium D-line (589 nm). The optical rotations or

specific rotations of sotalol hydrochloride enantiomers were:

(+)-(S)-sotalol hydrochloride [a]*, +35.80°

(-)-(R)-sotalol hydrochloride [at]* -34.75°

The specific rotations of sotalol hydrochloride in methanol were reported (Le-

Garrec et al., 1987) as:
(+)-(S)-sotalol hydrochloride [a]*, +39.90°
(-)-(R)-sotalol hydrochloride [a]* -36.30°

The melting point of racemic sotalol has been reported within the range of 206.5-

207° C (Doerge et al., 1982).

1.2.3 Pharmacokinetics-pharmacodynamics

The oral bioavailability of sotalo! racemate is 90-100% in humans (Anderson and
Prystowsky, 1999). The absorption rate is less than other B-adrenergic antagonists with
peak concentrations occurring at 2 to 4 h (Singh et al., 1987). Sotalol does not undergo
first-pass metabolism and is mainly eliminated unchanged via the renal route by

glomerular filtration and tubular secretion (Singh et al., 1987). In humans protein binding
5
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is reported to be less than 2 % with albumin and AAG contributing to the binding
(Belpaire et al., 1982). Sotalol is excreted in breast milk and the milk:serum ratios ranged
from 2.43 to 5.64 (Hackett ef al., 1990). Diseases that alter renal excretion of sotalol will
generally alter pharmacokinetics and pharmacodynamics as shown by the increased B-
adrenergic and cardiac potassium channel blocking that may produce toxicity in patients
with renal failure (Singh et al., 1987).

The concentration effect relationships used to model the activities of sotalol are

maximum effect (Emax) and sigmoid Emax models (Singh et al., 1987).

1.3 Lidocaine

1.3.1 Indications

Lidocaine was first used as an antiarrhythmic agent in 1950 and is a drug of
choice for the acute management of ventricular arrhythmia associated with myocardial
infarction, surgery, and ventricular tachycardia (Alexander et al, 1998). The use of
lidocaine for routine prophylaxis of acute myocardial infarction is not recommended
since survival was reported to be reduced due to exacerbation of heart block and
congestive heart failure (Roden, 1996). Lidocaine elicits its therapeutic effect via
blocking cardiac fast sodium channels and is effective against ventricular arrhythmias of
a diverse etiology (Alexander et al., 1998). Since rapid onset of drug occurs due to
intravenous administration and rapid clearance the effects of lidocaine decrease quickly

upon termination of administration permitting titration of the dose for ectopic activities.
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Therefore, due to the rapid clearance and ease of titration of dose, lidocaine is still a
pdpular antiarrhythmic agent (McEvoy, 1999). However, clinical monitoring is essential
due to narrow therapeutic index and high intersubject variability (Pieper and Johnson,
1992). Therefore, plasma concentrations of lidocaine are monitored and adjusted to
prevent hemodynamic and other complications. Lidocaine is well tolerated at therapeutic

concentrations 1.5 to 5.5 ug/ml for arrhythmia suppression (Rodighiero, 1989).

1.3.2 Physiochemical properties

The chemical structures of lidocaine (C14H22N;0) and monoethlyglycinexylidide
(MEGX) (Ci2H13N20) are depicted in Figures 1-2 and 1-3 respectively. Lidocaine is a
white odorless crystalline powder (Budavari, 1996; Reynolds, 1996). The molecular
weightsr of the base and HCI salt are 234.33 and 270.79 respectively (Reynolds, 1996).
Lidocaine is practically insoluble in water, however, the HCl is very soluble in water and
alcohol. Using a CHCls/phosphate buffer (pH=8.0) at 23° C lidocaine was reported to

have a partition coefficient of 99 (Nyberg et al., 1977).

CH, 0

_||_ - /cuz—cu,

NH—C—CH, N\
CH,— CH,

CH,

Figure 1-2. Chemical structure of lidocaine.
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Lidocaine is a weak base with a pKa of 7.85 and exists predominantly as the protonated
form at physiological pH of 7.4 and melting points of lidocaine crystals are 127 to 129° C

(Budavari, 1996).

CH, (o)
H
NH—C—CH,— N<
CH,—CH,
CH,

Figure 1-3. Chemical structure of MEGX.

1.3.3 Pharmacokinetics-pharmacodynamics

Lidocaine HCI is absorbed well from the gastrointestinal tract, however, due to
extensive and highly variable first pass metabolism only 35 + 13% of an oral dose
reaches the systemic circulation (Pieper and Johnson, 1992). This high variability after
oral administration to humans is due to the large variation i.e., 4 to 13 fold in CYP3A
expression (de Wildt et al., 1999). In addition, one study reported that therapeutic plasma
concentrations of lidocaine were not obtained after oral administration of 250 mg and 500
mg but toxic effects occurred, perhaps, due to high concentrations of toxic metabolites

(McEvoy, 1999). Therefore, due to the condition of the patient, requirement for rapid
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dosage adjustment and increased production of toxic metabolites lidocaine is not
administered orally. Lidocaine is widely distributed into body tissues and has a high
affinity for fat and adipose tissue. Binding of lidocaine to plasma proteins is variable and
concentration dependent. In the therapeutic range, lidocaine is approximately 70 % bound
to plasma proteins. The majority of lidocaine i.e., 70 % is bound to AAG and remaining
30 % to albumin (Pieper and Johnson, 1992). At therapeutic concentrations, the ratio of
blood-to-plasma concentrations is 0.8 and 0.9 in healthy volunteers (Pieper and Johnson,
1992). Lidocaine is distributed into breast milk and concentration has been reported to be
as high as 40 % of serum from a sample taken approximately 2 h after lidocaine
administration (McEvoy, 1999).

Lidocaine is eliminated predominantly by hepatic metabolism in both humans and
rats (Imaoka et al., 1990; Pieper and Johnson, 1992). There is no evidence of biliary
secretion in humans and renal clearance of lidocaine is considered insignificant since less
than 10 % of an intravenous dose is excreted unchanged in the urine (Pieper and Johnson,
1992). The hepatic extraction ratio in man ranges from 0.62 to 0.81 (Pieper and Johnson,
1992). Phase I metabolism of lidocaine is extensive and occurs at the tertiary amine (N-
dealkylation) at the para- or meta- positions of the aromatic ring (hydroxylation) and at
the arylmethyl group (hydroxylation) and at the amide linkage (hydrolysis). This resuits
in formation of MEGX, 3- or 4-hydroxy lidoéaine, methylhydroxy lidocaine, and 2,6-
xylidine respectively (Beckett et al., 1966; Nelson et al., 1977, Suzuki et al., 1984). The
glycine nitrogen is susceptible to N-oxidation by rat liver microsomes (Patterson et al.,

1986).
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The metabolites MEGX, 3-, 4-hydroxy lidocaine, methylhydroxy lidocaine and
2,6, xylidine may also undergo secondary N-dealkylation, ring hydroxylation, amide
hydrolysis and conjugation. The conjugation reactions are mainly glucuronidation and
sulfation and N-conjugation of the aromatic amine is negligible in rats and humans
(Keenaghan and Boyes, 1972; Kawai et al., 1985).

In humans, 74-80 % of lidocaine is recovered as the conjugates of xylidide and 4-
hydroxy-xylidide (Keenaghan and Boyes, 1972). This indicates N-dealkylation and
cleavage of the amide bond of lidocaine and metabolites are predominant routes of
biotransformation (Nelson et al,, 1977; Hollunger, 1960). The major metabolite of
lidocaine MEGX is predominantly eliminated by the liver and follows formation rate-
limited kinetics and has 83 % activity of lidocaine (Burney et al., 1974; Strong et al.,
1975; Rodighiero, 1989). In humans, N-deethylation of lidocaine to MEGX is catalyzed
by CYP3A4 (Bargetzi et al., 1989; Imaoka ef al., 1990).

" There are numerous ﬁzports on species, strain, gender, and age differences
regarding lidocaine hepatic metabolism (Masubuchi et al., 1991; Imaoka et al, 1990;
Fujita et al,, 1985; Lennard et al., 1983). The comparison of humans to rats will be
discussed. Lidocaine is extensively metabolized thus is classified a high extraction drug
with systemic clearance dependent on hepatic blood flow in both humans and rats after
intravenous administration (Keenaghan and Boyes, 1972). In humans, the dominant
pathway is N-dealkylation followed by secondary N-dealkylation and then amide
hydrolysis. In the rat there are two sites competing for lidocaine, high affinity low
capacity site in which the 3-hydroxy metabolite is formed and a low affinity high

capacity site in which N-dealkylation occurs (von Bahr et al., 1977). Therefore, at low
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lidocaine concentrations 3-hydroxy lidocaine is produced, however, at higher
concentrations of lidocaine MEGX is 90 % of the total metabolites. In the rat substrate
specificity of CYP3A overlaps with CYP2C (Smith, 1991). In humans, CYP3A4
catalyzes N-dealklyation of lidocaine to MEGX and CYP2C S-mephenytoin
hydroxylation. This is reversed in the rat as MEGX formation is mainly catalyzed by
CYP2C11 and mephenytoin hydroxylation by CYP3A (Smith, 1991; Masubuchi et al.,
1993). Rat CYP3A2 has only a small contribution to N-dealkylation activities. Therefore,
lidocaine in the rat is metabolizefi mainly by CYP2C11 to MEGX with CYP1A2, 2Bl
and 3A2 playing a minor role. Hydroxylation of aryl methyl group is catalyzed by
CYP2B2 in rat microsomes (Imaoka et al., 1990; Oda et al., 1989). In the rat formation
of 3-hydroxy lidocaine is catalyzed by CYP1A2 and 2D1/2 (Nakamoto et al., 1997,
Masubuchi et al., 1991; 1993). The position of ring hydroxylation of lidocaine is species
dependent. In man, hydroxylation selectively occurs at the para-positions but in rats at the
meta-position. No gender differences are observed in humans (Smith, 1991). In addition,
gender differences exist with preferential expression of CYP2C11 and 3A2 in male but
not female rats (Smith, 1991).

Lidocaine is classified by the Vaughn-Williams classification of antiarrhythmic
drugs as a class IB agent (McEvoy, 1999). A membrane stabilizer that reduces the
refractory period by interacting with cardiac sodium channels in the open and inactivate
state to inhibit recovery after repolarization (McEvoy, 1999; Roden, 1996). Recovery
from lidocaine block is rapid so lidocaine exerts greatest effect on partially depolarized
and/or rapid driven tissues (Nolan, 1997). The site of action in the heart is Purkinjie

fibers, ventricular muscle and ventricular ectopic foci (Roden, 1996). The responsiveness
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of ischemic tissue to lidocaine tends to be greater when compared to the normal
myocardium. The sinoartrial (SA) and atrioventricular (AV) nodes and atrial muscle and
ectopic foci are generally unresponsive to lidocaine in humans (McEvoy, 1999). At
therapeutic concentrations automaticity of ventricular muscle is suppressed, conduction
velocity reduced, excitation threshold elevated and both effective refractory period and
action potential duration reduced (Opie, 1998; Roden, 1996). The concentration-effect
relationships used to model the activities of lidocaine are the Ep.c and sigmoid Empsx-
model (Mazoit et al., 1993).
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1.4 Rationale for the study of the pharmacokinetics and pharmacodynamics of
sotalol and lidocaine in the presence of inflammatory conditions

Inflammatory diseases have been shown to increase concentrations of AAG, and
decrease hepatic clearance, both of which can result in increased drug concentrations
(Schneider et al., 1981; Belpaire et al., 1989). Belpaire et al., in 1986 attributed a reduced
response to propranolol in rats with inflammation to altered protein binding. Hence,
deceased response to propranolol in the inflamed rat was suggested to be due to less free
drug interacting with the B-adrenergic receptor. However, several in vitro studies show
M B-adrenergic function is’reduced in the presence of inflammatory mediators (Liu et
al., 1999; Chung et al., 1990; Gulick e al., 1989). Therefore, it is not known whether
decreased response to drug in laboratory animals with inflammation is due to changes in
pharmacokinetics or pharmacodynamics. To address this concern we chose sotalol, B-
adrenergic/cardiac potassium blocker, since sotalol is eliminated mainly via the renal
route and is negligibly bound to plasma proteins, therefore, inflammation would not be
expected to alter its pharmacokinetics. In addition, virtually nothing is known about the
activity of cardiac potassium channels in the presence of inflammatory disease. For this
purpose, we also chose sotalol to investigate whether cardiac potassium channel response
to drug is altered in inflammation in addition to determining whether reduced response to
drug is pharmacokinetics dependent.

To date, there is no information that compares the effect of acute and chronic
inflammation on the pharmacodynamics of cardiovascular drug. These two types of
inflammation may possibly have distinct influences on drug activity due to inherent

differences between the two diseases. Therefore, to explore this possibility, sotalol was
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administered to rats with acute, IFNx,-induced, and chronic, Mycobacterium butyricum-
induced, inflammation.

Cardiovascular drugs that undergo extensive presystemic hepatic metabolism and
those highly bound to AAG are candidates for inflammation-induced pharmacokinetic
changes. An increased concentration and reduced B-adrenergic and calcium channel
activity have been observed in rats with inflammatory disease administered propranolol
and verapamil respectively (Guirguis and Jamali, 1996; Mayo et al., 1996). Similar to
propranolol and verapamil, lidocaine undergoes extensive first-pass hepatic metabolism,
is highly bound to AAG, however, unlike the former two drugs, is metabolized in the rat
mainly by CYP2C subfamily and blocks cardiac sodium channels. Therefore, we choose
lidocaine to determine whether the effect of inflammation on pharmacokinetics-
pharmacodynamics of B-adrenergic and cardiac calcium channel antagonists may be
generalized to other cardiovascular drugs that are also highly bound to plasma proteins

and undergo extensive first-pass metabolism.
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1.5 Hypotheses
1. Acute and chronic inflammation does not alter pharmacokinetics of sotalol
enantiomers after administration of racemate and stereoisomers.
2. The pharmacodynamics of sotalol enantiomers are altered in rats with chronic
adjuvant arthritis uusedA by administration of Mycobacterium butyricum due to:
a. Altered responsiveness of B-adrenergic receptors
b. Altered responsiveness of cardiac potassium channels
3. The pharmacodynamics of sotalol enantiomers are altered in rats with acute [FNq2,-
induced inflammation due to:
c. Altered responsiveness of B-adrenergic receptors
d. Altered responsiveness of cardiac potassium channels
4. Altered responsiveness to sotalol in inflammation does not differ whether disease is
acute, IFNg,-induced, or chronic, Mycobacterium butyricum-induced.
5. The pharmacokinetics of lidocaine does not differ in rats with [FNx,-induced acute
inflammation.
6. The pharmacodynamics of lidocaine does not differ in rats with [IFNy,-induced acute

inflammation.
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1.6 Objectives

1

To evaluate the effect of adjuvant arthritis on the disposition of sotalol enantiomers
after administration of racemate.
To evaluate the effect of adjuvant arthritis on responsiveness of B-adrenergic and

cardiac potassium channels.

. To evaluate the effect of IFNx,-induced inflammation on the disposition of sotalol

enantiomers after administration of racemate.

To evaluate the effect of IFNa,-induced inflammation on responsiveness of B-
adrenergic and cardiac potassium channels after administration of sotalol racemate.
To evaluate the effect of IFNy,-induced inflammation on the disposition of sotalol
enantiomers after administration of stereoisomers.

To evaluate the effect of IFNg,-induced inflammation on responsiveness of B-

adrenergic and cardiac potassium channels after administration of sotalol

stereoisomers.

To compare the effect of acute and chronic inflammatory disease on B-adrenergic and
cardiac potassium channel responsiveness to sotalol.

To evaluate the effect of IFNg,-induced inflammation in vivo on disposition of
lidocaine.

To evaluate the effect of IFNu,-induced inflammation in vitro on disposition of

lidocaine.

10. To evaluate the effect of IFNg,-induced inflammation on responsiveness of cardiac

sodium channels after administration of lidocaine.
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Chapter 2

EXPERIMENTAL
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2.1 Chemicals

Bristol-Myers Squibb Pharmaceutical Research Institute (Princeton, NJ, USA)
provided racemate and stereoisomers of sotalol. Atenolol racemate, lidocaine,
trimethoprim, verapamil racemate and (+)-glaucine were obtained from Sigma Inc.
(Mississauga, ON, Canada). Astra Pharma Inc. (Mississauga, ON, Canada) provided
MEGX. IFNx, (Roferon A, Hoffmann-La Roche Limited, Mississauga, ON, Canada)
was provided by the Cross Cancer Institute of Edmonton.

All reagents required for microsomal incubations and Lowry kits for
determination of total protein were purchased from Sigma Inc. (Mississauga, ON,
Canada). The derivatizing agent for sotalol assay, S-(+)-1-(1-naphthyl)ethyl isocyanate
(NEIC), was obtained from Aldrich Chemical Company (Milwaukee, WI, USA).
Chloroform, hexane, diethyl ether, isopropyl alcohol, acetonitrile, anhydrous ethanol, n-
heptane, ethyl acetate and methanol (Toronto, ON, Canada) were high performance liquid
chromatography (HPLC) grade. Acetic acid, phosphoric acid, sulfuric acid, sodium
hydroxide, and triethylamine were purchased from BDH (Toronto, ON, Canada).
Polyethylene glycol 400 was obtained from Union Carbide (Danbury, CT, USA).
Monopotassium phosphate and disodium phosphate required for preparation of Serensen
buffer was bought from BDH (Toronto, ON, Canada). HPLC grade water and squalene
were purchased from Fisher Scientific (Edmonton, AB, Canada). Heparin (Heparin Leo
1000 iu/ml) was purchased from Leo Laboratories (Toronto, ON, Canada).
Methoxyflurane (Metofane) was purchased from Janssen Pharmaeutica Inc. (Mississauga,
ON, Canada) also killed and dried Mjcobacterium butyricum (100% w/w) was purchased
from Difco Labs (Detroit, MI, USA).
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2.2 Assays

2.2.1 Apparatus

The plasma samples were vortexed with a Vortex 2 mixer (Fisher Scientific,
Edmonton, AB, Canada) and were centrifuged with a Dynac II centrifuge (Becton
Dickinson, Parsippany, NJ, USA). Solvents were evaporated with a Savant Speed Vac
concentrator-evaporator (Emerston Instruments, Scarborough, ON, Canada). The HPLC
system consisted of a Waters WISP 712 autoinjector and model 590 programmable pump
(Waters Inc., Mississauga, ON, Canada). The detectors used were Waters 470
fluorescence detector and Lambda Max 481 UV (Waters Inc.). A Hewlett-Packard model
3390A integrator was used to record the peak areas (Palo, Alto, CA, USA).
Diastereomers of sotalol and atenolol (internal standard) were separated on a
Phenomenex 25 cm stainless steel 5 um silica column (Partisil 5, Phenomenex Inc.,
Mississauga, ON, Canada) using a mobile phase of hexane-chloroform-methanol pumped
at 2 mI/min. Lidocaine, MEGX, and trimethoprim (internal standard) were separated on
a 10 cm octadecylsilane (ODS) C18 stainless steel 5 um column (Chromatography
Sciences Company Inc., Mississauga, ON, Canada) using a mobile phase of acetonitrile-
water-phosphoric acid-triethylamine pumped at 1.3 ml/min. Verapamil enantiomers and
(+)-glaucine (internal standard) were separated using a chiral stationary phase composed
of 3,5-dimethylphenyicarbamate-derivatized amylose on silica 25 cm stainless steel
column (Chiral Pak AD, Diacel Chemical Industries, Tokyo, Japan). Using a mobile

phase of hexane-isopropyl alcohol-anhydrous ethanol-triethylamine pumped at a flow
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rate of 1 mi/min. Both sample preparation and chromatography were conducted at room

temperature.

2.2.2 Standard solutions

Stock solutions of sotalol, atenolol, verapamil, (+)-glaucine and lidocaine were
prepared in water to a final concentration of 10 mg/100 ml of the base. MEGX and
trimethoprim were prepared in water to a final concentration of 5 mg/25 ml.

The NEIC was diluted with hexane to give a 1 % (v/v) solution and stored under
nitrogen at —20° C. To derivatize sotalol and atenolol enantiomers this solution was

further diluted with chloroform to give a final concentration of 0.05% (v/v).

2.2.3. Sample preparation and analysis
The following procedures were conducted to determine sotalol, lidocaine and

verapamil concentrations in healthy and inflamed rats.

2.2.3.1 Sotalol assay

Plasma sotalol concentrations using 100 ul of rat plasma were measured by a
previously reported HPLC method (Carr et al., 1991). Drug free rat plasma was spiked
with stock solutions of sotalol racemate to give enantiomer concentrations of 0.0S to 50

ug/ml of each enantiomer. To this was added 50 pl of atenolol (internal standard) and 30

ul of 1 M NaOH. The plasma was vortexed for 30 seconds then centrifuged at 1800 g for
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S min with two consecutive 4 ml volumes of ethyl acetate. The two ethyl acetate
extractions were combined and evaporated to dryness using a Savant Speed Vac
concentrator-evaporator. After drying, the samples were derivatized at room temperature
by adding 200 u! of NEIC solution to the residue.

After addition of NEIC the test tubes were vortexed for 30 seconds and aliquots
ranging from 75 to 200 pul were injected into the HPLC system and chromatographed
using a mobile phase of chloroform-hexane-methanol (65:33:2.0). The fluorescence

detector was set at 280 and 335 nm for excitation and emission respectively.

2.2.3.2. Lidocaine assay

Plasma lidocaine and MEGX concentrations using 100 ul of rat plasma were
measured by a previously reported HPLC method (Tam et al., 1987). Drug free rat
plasma was spiked with stock solutions of to give concentrations of 0.1 to 50 ug/ml of
lidocaine and 0.2 to 50 ug/ml of MEGX. To this was added 40 ul of 0.25 M NaOH, 100
ul of trimethoprim (internal standard), and 3 ml of ethyl acetate. The mixture was then
vortexed for 30 seconds then centrifuged for S min at 1800 g then back extracted twice
into sulfuric acid pH=2.2 and 150 pl injected into the HPLC system. The mobile phase
consisted of water-acetonitrile-phosphoric acid-triethylamine (95:4:0.1:0.5) run at 1.3

mi/min. The ultraviolet detection was at 205 nm.
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2.2.3.3. Verapamil assay

Plasma verapamil concentrations using 100 ul of rat plasma were measured by a
previously reported HPLC method (Shibukawa and Wainer, 1992). Drug free rat plasma
was spiked with stock solutions of verapamil racemate to given enantiomer
concentrations of 0.005 to 0.2 ug/ml of each enantiomer. To this was added 75 ul of
internal standard (+)-glaucine, 100 ul of 1 M NaOH, 400 pi of Serensen buffer (pH=7.4)
and 6 ml of n-heptane. The plasma was vortexed for 60 seconds, centrifuged at 1800 g for
10 min, then evaporated to dryness using a Savant Speed Vac concentrator-evaporator.
After drying, the samples were reconstituted in 200 ul mobile phase and 100 ul was
injected into the HPLC and chromatographed using a mobile phase of hexane-isopropyl
alcohol-anhydrous ethanol-triethylamine (85:7.5:7.5:10) run at 1 mi/min. The

fluorescence detector was set at 272 and 317 nm for excitation and emission respectively.

2.2.4. Treatment of data

Calibration curves were generated to determine concentrations of sotalol,
lidocaine and verapamil. The calibration curves were constructed by plotting peak area
ratios of drug to internal standard versus spiked drug concentrations. The calibration
curves were evaluated using least squares linear regression analysis. All calibration
curves were linear (*20.999) without using a weighting scheme. To evaluate accuracy
percent error was calculated . from the difference between estimated and added
concentrations of drug and was not greater than 20%. The lower limit of quantitation for

all the assays used & signal to noise ratio greater than 4:1.
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2.3 Pharmacokinetic Studies
Pharmacokinetic studies were conducted to compare disposition of sotalol,
lidocaine and verapamil in healthy and inflamed rats.

2.3.1. Induction of adjuvant arthritis

To induce adjuvant arthritis adult male Sprague-Dawley rats weighing (232 £ 6 g)
were inoculated in the tail base (intralymphatic) with 175 pl of heat-killed, freeze-dried
Mycobacterium butyricum suspended in squalene (50 mg/ml). The rats were used
approximately 14 days after inoculation. Control rats were not pre-treated.

Before commencement of the experiments, the animals were classified as to the
severity of the arthritis using an established method (Whitehouse, 1988). Briefly, an
arthritic index (AI) score was assigned by quantifying hind and fore paw swelling by
measuring paw diameter using a caliper and by water displacement. In addition, visual
assessments were conducted to determine the number of joints affected and presence of
arthritic nodules. Each hind paw is visually graded using a score from zero to four with
zero representing no swelling or joint involvement, while four includes severe swelling of
several joints. Each fore paw' is graded from zero to three with zero representing no
swelling while a score of three indicates excessive swelling of the wrist and joints. The
highest Al score attainable is fourteen indicating severe inflammatory disease with

extensive joint involvement.
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2.3.2 IFN grinduced inflammation

Inflammation was induced in adult male Sprague-Dawley rats (322 + 34 g) by
subcutaneous injections of 5.0 x 10* units of IFN,, (Roferon A, Roche Pharmaceuticals,
Mississauga, ON, Canada) for two doses at 12 and 3 h prior to administering drug. Rats
were inoculated in all experiments at approximately the same time of day in order to
avoid potential differences in IFNg, priming due to diurnal rhythms of pro-inflammatory
cytokines (Petrovsky et al., 1998; Loubaris et al., 1983). To determine affliction with
inflammation before commencement of each experiment, a differential bloodstain was
performed on each rat. Preparation of the differential stain involved collecting a few
drops of blood using a dry syringe via the right jugular vein catheter. Then preparing a
blood film by spreading a drop of blood across a standard microscope slide (7.5 x 2.5 cm)
approximately 1-1.2 mm thickness (Fischer Scientific, Edmonton, AB, Canada). After the
blood film dried then a differential stain (eosine/methylene blue in methanol) was added.
After 30 seconds the slide was coated with Serensen buffer and soaked for 30 min. The
buffer was then washed off the slide with distilled water, dried then examined. A total of
100 white cells were counted to determine the percentage of lymphocytes, neutrophils
and segmented neutrophils. The amounts of segmented neutrophils (mature neutrophils)
were counted since activation of the inflammatory response is thought to accelerate the
maturation process (Davies .etAaI., 1999; Dahlgren and Karlsson, 1999). In addition,
administration of IFNx, is reported to enhance neutrophil respiratory burst a step in
which oxidative metabolism of neutrophils increase before phagocytosis which occurs
with bacterial and viral infection (Little er al, 1994). Interestingly, oxidative burst
responsiveness by neutrophils correlates with severity of inflammation (Hansen et al.,
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1999). Thus, greater amounts of segmented neutrophils in the [FN, treated rat indicated

acute inflammatory disease.

2.3.3. Dosing

Sotalol, lidocaine and verapamil were administered orally. Sotalol racemate,
enantiomer and lidocaine were dissolved in normal saline and the appropriate volumes
were administered orally using a stainless steel gavage tube. To avoid the influence of
biological rhythms on cardiovascular drug disposition and activity (Labreque and
Belanger, 1991) rats in all studies were dosed at approximately the same time of day. For
the sotalol dose-response study, 10, 20, 40, 80, 100 and 120 mg/kg racemate were
administered to healthy aduit male Sprague-Dawley rats (n=6/group) and maximum ECG
response to drug was determined. For all subsequent sotalol pharmacokinetic-
pharmacodynamic studies a dose within the log-linear segment of the dose-response
curve of racemate, 40 mg/kg, was administered. Thus, 40 mg/kg of sotalol racemate was
administered to healthy and Mycobacterium butyricum treated rats (n=4/group). Since
sotalol enantiomers are equipotent in potassium channel antagonism but only R-sotalol
possesses B-adrenergic blocking activity, single oral doses of 40 mg/kg racemate were
tested against 40 mg/kg S- or 20 mg/kg R-sotalol in healthy and IFNy,, treated rats
(n=6/group). We expected equipotent potassium channel and B-adrenergic antagonism
following administration of racemate versus S and R enantiomers, respectively.
Lidocaine (90 mg/kg), verapamil, (20 mg/kg, positive control) and placebo were

administered orally to adult male Sprague-Dawley rats (n=6/group). Verapamil was
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dissolved in polyethylene glycol 400 and the appropriate volume was administered by

oral gavage.

2.3.4. Surgical procedure and sample collection

In both control and diseased rats, the right jugular vein was catheterized with
silastic tubing (0.025 in. i.d. x 0.037 o.d.; Dow Corning, Midland, MI, USA) under a
light general anesthesia using methoxyflurane at approximately the same time of day
(Janssen Pharmaceuticals, North York, Ontario, Canada). The animals were allowed to
recover overnight before the experiment. Rats were allowed access to water, but were
fasted the night before the experiment. Single oral doses of racemate and enantiomer
were administered to healthy and diseased rats. For all sample collections (0.2 ml/sample)
were taken via the right jugular vein catheter. For control and arthritic rats administered
sotalol racemate serial blood samples were taken at 0, 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 3.0,
40, and 6.0 h. The control and IFN, treated rats administered sotalol racemate and
stereoisomers serial blood samples were taken at 0, 0.25, 0.75, 1.0, 1.5, 4.0 and 6.0 h.
Rats administered lidocaine serial blood samples were taken at 0, 0.17, 0.33, 0.50, 0.75,
1.0, 1.5, 2.0, 2.5, and 3.0 h. The rats administered verapamil blood samples were taken at
0, 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, and 6.0 h. After each collection, the catheter
was flushed with an equal volume of heparin in saline (100 i.u./ml). After each blood
collection the sample was centrifuged and plasma separated and stored at —20° C until

assayed for drug.
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2.3.5 Electrocardiograph measurements

For all studies prior to dosing under a light general anesthesia using
methoxyflurane three stainless steel Teflon coated electrodes (Cooner wire, Chatsworth,
California, USA) were attached to the rats. Two electrodes near the right and left axila
regions, and the third at the xiphoid cartilage. To avoid interference of anesthesia with
drug and maintain normal body posture rats were conscious during the experiments.
Therefore, healthy and inflamed rats were given 3 h to recover from the anesthetic before
starting the experiment (Mayo and Jamali, 1999). The electrocardiograph (ECG)
measurements PR, RR, and QT intervals were continually monitored using an electronics
for medicine Honeywell V1207A Electrocardiograph Amplifier and recorded using
Acknowledge III Data Acquisition software (Biopac Systems, Inc., Goleta, California,
USA). The PR interval is measured as the distance from the crest of the P wave to the
crest of the R wave. The PR interval represents the time required for an impulse to
conduct through the tissues located above the ventricles i.e., atria, AV node and His
bundle (Goldberger, 2000). The RR interval is measured as the distance from the crest of
one R wave to another, and since this represents heart rate will be discussed in the
preceding sections as heart rate. In the rat, the ST segment of the electrocardiogram
cycle forms a plateau that is not observed in a human ECG. Therefore, in order to
quantify the QT interval the distance from the Q dip to the bottom of the ST segment is
measured. The QT interval, conduction through Purkinjie fibers and ventricular muscle
represents ventricular depolarization and repolarization and may be used to determine
cardiac potassium and sodium channel blocking activity (Goldberger, 2000).

Prolongation of PR and QT intervals were not corrected for changes in heart rate since a
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consistent relationship between the duration of both PR and QT intervals and heart rate in
the rat has not been shown (Detweiler, 1981). The net prolongation of the ECG intervals
(i.e., PR, RR, and QT), response to drug is reported in milliseconds (msec) or maximum
percent change from baseline. Interval measurements were conducted before blood
sample collection. For each interval at every sampling time five consecutive cycles were

averaged to determine the average interval prolongation at that time.

2.4 In Vitro

A microsome study was conducted to investigate the effect of [FNg,-induced

inflammation on lidocaine metabolism.

2.4.1. Microsomal isolation and incubation

The microsome study was conducted using fresh liver microsomes for both
control and inflamed rats. On the day of the experiment, methoxyflurane was used to
induce general anesthesia. The portal vein was cannulated and liver perfused with 1.15
percent KCl then removed, weighed, and immersed in ice cold 100 mM sucrose-
phosphate buffer (pH=7.4). The liver was then minced, homogenized, and centrifuged at
10,000 g for 20 min. The supernatant was collected and centrifuged at 105,000 g for 60
min; the resultant protein pellet was resuspended and again centrifuged at 105,000 g for
60 min. The final pellet was suspended in sucrose-phosphate buffer (pH=7.4). Protein

content was determined using the Lowry method (Lowry ef al., 1951). The incubation
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mixture was a total volume of 3 mls and consisted of: 5 mM MgCl,, 10 mM Glucose-6-
phosphate, 0.75 mM NADP*, 2 U/ml glucose-6-phosphate dehydrogenase, and 2 mg/mi
of liver microsomes in 0.05 M Tris-HCL buffer (pH=7.4). The mixture was spiked with
2.5 ug/ml lidocaine and gently shaken in a water bath at 37° C for 30 min. To stop the
reaction at 0, 5, 10, 15, 20, 25, 30 min after starting the incubation 0.2 ml of incubation
mixture was transferred to test tubes containing 0.2 ml of | M NaOH. The samples were
stored at -20° C until assayed for lidocaine and MEGX. Microsomal metabolism by
control livers were compared to that of test by measuring lidocaine concentrations and
plotting cumulative percent metabolism of lidocaine versus incubation time. Formation of
MEGX by control and inflamed rat livers was determined by measuring MEGX
concentrations and plotting cumulative percent formation of MEGX with 30 minutes

considered to be 100 % formation of metabolite versus incubation time.

2.5 Data Analysis

2.5.1. Pharmacokinetic indices

Pharmacokinetic parameters were determined by WinNonlin standard version 1.0
(Scientific Consulting Inc., Apex, NJ, USA). Noncompartmental methods were used to
describe the disposition of sotalol, lidocaine, and verapamil in which assumption of a

specific compartmental model is not required (Gillespie, 1991). Plasma concentrations of
sotalol enantiomers, lidocaine and MEGX for control and inflamed rats are compared on

concentration versus time plots in which the concentration scale is logarithmic. The AUC
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is calculated using the trapezoidal rule. The AUCy., is determined from Cp.«/B where
CrLaa is the last point on the concentration-time curve and B is the terminal elimination
rate constant, which was calculated using at least three points in the log-linear terminal
phase of the plasma concentration-time curve. The oral clearance (CL/F) is calculated
using Dose/AUC,.. where F is the oral bioavailability. The oral volume of distribution
(Vd/F) is estimated from Dose/AUCy.*B. To determine the in vitro correlation between
lidocaine metabolism, formation of MEGX, and incubation time, cumulative percent
metabolism of lidocaine and formation of MEGX were fitted to a Hill equation using

SigmaPlot for Windows version 4.0 (SPSS Inc., Chicago, IL, USA).

2.5.2 Pharmacodynamic indices

To determine the correlation between dose of sotalol and ECG interval
prolongation for the dose-response study the effect of escalating doses of sotalol racemate
on PR and QT interval prolongation were fitted to a Hill equation using SigmaPlot for
Windows version 4.0 (SPSS Inc., Chicago, IL, USA). The area under the effect curve of
interval prolongation during the sampling period was truncated from 0 to 6 h (AUECo.n)

for sotalol and 0 to 3 h (AUEC.3s) for lidocaine and calculated using the trapezoidal rule.
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2.5.3. Statistical comparisons

Statistical significance was evaluated using a Student’s ‘-test by comparing
control to inflamed rats. Non-linear regression analysis was used to determine the
adequacy of curve fitting for the dose response curves and microsomal study. Least
squares regression analysis and Pearson’s correlation coefficient was used to assess the
significance of these relationships. All tests were conducted with a level of confidence set

at =0.05. The data are reported as mean + standard deviation.
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Chapter 3
REDUCED B-ADRENERGIC AND POTASSIUM CHANNEL
ANTAGONIST ACTIVITIES OF SOTALOL IN RATS WITH ACUTE

AND CHRONIC INFLAMMATORY CONDITIONS
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3.1 Results

At approximately 10-14 days after intralymphatic inoculation with
Mjycobacterium butyricum, skin nodules on the ears and tail, as well as fore and hind paw
swelling were noted. The AI scores ranged from 10-12 indicating moderate adjuvant
arthritis. Treatment with IFNx, resulted in significantly greater counts of segmented
neutrophils as compared with control rats (Table 3-1).

From plots of racemic sotalol doses versus prolongation of PR and QT intervals in
healthy rats the 40 mg/kg dose was chosen for pharmacokinetic-pharmacodynamic
studies since it produced effects in the ascending phase of the dose-response curves
(Figure 3-1).

To determine the effect of inflammation on ECG response to sotalol both
individual data points (Figure 3-2 and 3'f3) and AUECo.¢ (Table 3-2 and 3-3) were
statistically analyzed. No significant differences in baseline PR and QT intervals were
found between the control and inflamed rats (Figure 3-2 and 3-3). These baseline values
were close to those previously reported (Detweiler et al., 1981). With regard to heart rate,
however, despite similar baseline values in healthy and IFNx,-treated rats, chronic
arthritis caused a significantly greater baseline value (Figure 3-2). Sotalol reduced heart
rate in both groups of rats. The rate returned to baseline values in 6 h (Figure 3-2 and 3-
3). No significant differences in the effect of sotalol on heart rate was noticed between
controls and either rats with adjuvant arthritis (Figure 3-2) or the acutely inflamed
animals (Figure 3-3). On the other hand, the influence of sotalol on PR and QT intervals
was significantly less pronounced in both chronic (Figure 3-2 and Table 3-2) and acutely

inflamed (Figure 3-3 and Table 3-3) rats as compared with controls. As expected, while
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both racemic and R-sotalol prolonged PR and QT intervals and S-sotalol lengthened only
QT interval (Figure 3-3 and Table 3-3).

Plots of effect versus sotalol concentration exhibited high degrees of variability.
Nevertheless, PR and QT interval-concentration relationships were in general sigmoidal
in shape on the other hand heart rate concentration curves were better described as a
counter-clockwise hysteresis (Figure 3-4). Attempts to collapse the latter failed due,
perhaps, to excessive variability. No further interpretation of pharmacokinetic-
pharmacodynamic data was made due to variability.

As anticipated chronic and acute inflammation did not influence
pharmacokinetics of sotalol enantiomers after administration of racemate and
stereoisomers (Figure 3-5 and 3-6, Tables 3-4 and 3-5). After administration of sotalol
racemate to healthy and inflamed rats the AUC of both R and S-enantiomers were not

different thus disposition was not stereoselective (Tables 3-4 and 3-5).

3.2 Discussion

The present data suggest reduced sotalol potency to prolong PR and QT intervals
in rats with inflammation. This may be due to an altered pharmacokinetics or a reduced
receptor responsiveness. The former explanation can be ruled out since the
pharmacokinetics of sotalol remained unaffected by inflammation (Figure 3-5 and 3-6,
Tables 3-3 and 3-4). The observed lack of an inflammation-induced pharmacokinetics
alteration was expected. Sotalol is negligibly plasma protein bound (Belpaire et al., 1982)
and is almost completely cleared via the renal pathway (Anderson and Prystowsky,
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1999). Hence, the two major inflammation-induced changes i.e., increased serum AAG
and decreased intrinsic hepatic clearance (Piafsky et al., 1978; Belpaire et al., 1989) do
not play any significant role in clearance of the drug. This suggests the decreased
response to the cardiovascular drug in the presence of inflammation is due to a
pharmacodynamic rather than a pharmacokinetic disease-drug interaction.

A series of published in vitro data may help explain our in vivo observation that
suggests reduced potency of sotalol. Exposure of isolated cardiac myocytes to pro-
inflammatory cytokines such as IL-1B (Gulick et al., 1989; Lui et al., 1999;) and TNFa
has been shown to decrease B-adrenergic responsiveness. Nitric oxide produced by
ventricular myocytes has been suggested to contribute to the IL-1B-induced reduction in
B-adrenergic activity (Rozanski and Witt, 1994). However, decreased B-adrenergic
responsiveness has also been observed independent of increased nitric oxide production
(Muller-Werdan et al., 1998). Therefore, the observed reduced potency of sotalol to
prolong PR interval in inflamed rats is due, perhaps, to an altered cardiovascular receptor
function causing an alteration in P-adrenergic receptor configuration, density and/or
chemical messenger activity secondary to an over-expression of pro-inflammatory
cytokines.

The higher baseline heart rate observed in the adjuvant rat is perhaps due to
higher levels of catecholamines that may be a contributing factor to the decreased PR
interval prolongation after administration of sotalol racemate. Noradrenaline as a
relatively selective B,-adrenergic receptor agonist downregulates Bi-adrenergic receptors
in rats with pheochromocytoma by altering receptor function and density (Tsujimoto et
al., 1984). Consequently, the enhanced sympathetic tone in the adjuvant rat may
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contribute to the reduced responsiveness of the PR interval to sotalol. However, after
administration- of sotalol racemate, rats with acute inflammation exhibited a similar
reduction in PR interval prolongation as that observed in chronic arthritic animals.
Therefore, the enhanced sympathetic tone in the rat with chronic arthritis did not
significantly contribute to the reduced PR interval responsiveness to sotalol racemate.

Beta-adrenergic antagonists have been found to be less efficacious in treating
hypertension in the elderly as compared with younger individuals (Brodde et al., 1995;
Messerli et al., 1998; Tenero ef al., 1990). Interestingly, it has been shown that there are
increased levels of certain pro-inflammatory cytokines [i.e., TNFa, IL-1, IL-6] in the
elderly (Bruunsgaard et al., 1999; Liao et al., 1993). In addition, older individuals taking
B-blocker atenolol do not appear to experience benefit of reduction in cardiovascular
disease or mortality (MRC Working party, 1992). It appears timely to investigate
whether these observations are linked to altered cytokine expression as we have reported
in our animal models. Clinically, therefore, altered responsiveness to B-adrenergic
antagonists may occur in various circumstances where increased concentrations of pro-
inflammatory cytokines are present such as individuals having inflammatory conditions
and in the elderly.

Our data also suggest a down-regulation of potassium channel receptors in
addition to that of B-adrenergic receptors in both chronic and acute inflammations.
Racemic sotalol antagonizes both these receptors (Anderson and Prystowsky, 1999).
Hence, both PR and QT intervals are prolonged and inflammation seems to reduce the
effect of sotalol on both of these ECG intervals. Nevertheless, to confirm the effect and to

unequivocally demonstrate reduced response of potassium channel receptors in

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



inflammation, we took advantage of stereochemistry of sotalol. The effect of S-sotalol,
the specific potassium channel blocker enantiomer (Anderson and Prystowsky, 1999), on
QT intervals was also reduced by inflammation. It should be mentioned that both racemic
and R-sotalol also affected QT interval but, as expected, this was accompanied by a
similar effect on PR interval due to their lack of specificity. In support of our finding,
recently it has been shown that administration of IFNg, to rabbits ventricular myocytes
reduﬁw in vitro ATP-sensitive potassium channel activity (Nishio et al., 1999). A
potassium channel down-regulation has also been observed in vitro using ventricular
myocytes ‘from rats that were subjected to an experimentally-induced myocardial
infarction (Kaprielian et al., 1999). Interestingly, pro-inflammatory cytokines have been
reported to be elevated after myocardial infarction (Neumann et al., 1995) this is coupled
with a reduced potassium channel activity in the myocytes a relationship between these
two factors, although unknown, is plausible. Similarly, overexpression of pro-
inflammatory cytokines and potassium channel down-regulation is observed in patients
with congestive heart failure (Seta et al., 1996; Nabauer and Kaab, 1998). This increased
expression of inflammatory mediators [i.e, TNFo and IL-6] may possibly decrease
potassium channel activity which, in turn, results in the electrical instability and abnormal
ventricular repolarization observed in heart failure (Nabauer and Kaab, 1998). Hence, the
decreased QT interval prolongation in sotalol-treated rats with acute and chronic arthritis
is also due, perhaps, to increased expression of pro-inflammatory cytokines.

In addition to B—ad@:ergic and potassium channel receptors cardiac calcium
channel responsiveness appears to be affected by increased expression of pro-
inflammatory cytokines (Mayo et al., 1996). Interestingly, Abernethy et al have shown a
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decreased sensitivity of calcium channels to verapamil in older individuals (Abernethy et
al., 1993) and obese hypertensive patients (Abernethy and Schwartz, 1988). Increased
expression of pro-inflammatory cytokines reported for elderly (Bruunsgaard ez al., 1999;
Liao et al., 1993) and obese subjects (Visser et al., 1999) may also explain the reduction
in calcium channel sensitivity.

The decreased B-adrenergic receptor and cardiac potassium channel function was
observed in both acute and chronic inflammation. Acute inflammation is characterized by
sudden onset, short duration and is accompanied by production of acute phase proteins by
the liver (Kuby, 1997). Acute inflammatory disease was induced by inoculating rats with
IFNg2, which stimulates Thl cells to secrete pro-inflammatory cytokines [FNy and IL-2
(Tilg and Peschel, 1996). Administration of the cytokine caused acute inflammation since
rats inoculated with IFN,,, developed an inflammatory response within 24 h which was
confirmed by an increased segmented neutrophils count compared to control rats. In
addition, the inflammation subsided within 1 week thus is a model for acute
inflammation. Unlike IFN,-induced inflammation, chronic inflammatory diseases such
as that induced by injection of Mycobacterium butyricum are associated with a persistent
antigen that resists phagocytosis (Kuby, 1997). The bacterium was suspended in squalene
which prolongs the exposure of this antigen to the rat since it is released slowly and the
squalene hinders phagocytosis of the Mycobacterium (Whitehouse et al., 1974). Thus, a
chronic inflammatory response that took 14 days to develop was observed in the
bacterium treated rat. Inflammation caused by injection of the adjuvant resulted in greater

inflammatory responses and tissue damage than observed after [FNy, inoculation.

Inflammatory cytokines e.g., IFNy and TNFa, contribute to the development and
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progression of chronic inflammatory diseases, which, in turn, results in activation of
macrophages and subsequent tissue damage (Kuby, 1997). Interestingly, sotalol
pharmacodynamics was affected by both chronic and acute inflammation despite the
inherent differences between these two types of inflammation.

The reduced potency of sotalol in rats inoculated with [FNy, may also be
considered a drug interaction since IFNx, and other cytokines are used to treat various
diseases. The clinical significance of our observation remains to be explored in patients
with conditions such as chronic active hepatitis B and renal cell carcinoma who are
recipients of IFNy, therapy. Interestingly, in these disorders, development of arthritis as
a complication of IFNy, treatment, has been reported (Nesher and Ruchlemer, 1998).
Therefore, [FNx, has an important role in both the pathogenesis and treatment of disease
and the altered sensitivity of cardiovascular receptors to sotalol observed in this study
may be extrapolated to a drug-drug interaction in addition to drug-disease interaction.

The altered response to sotalol in the rat with both acute and chronic
inflammation emphasizes the importance of disease-drug interactions. As with most
drugs there are discrete sub-populations (e.g., disease, age, concurrent therapy) for whom
concentration-effect relationships differ from what is commonly seen and understood
(Levy, 1998). Interestingly, inflammatory status has been shown to determine the clinical
course of post-myocardial infarction patients who have unstable angina and receive
standard drug therapy (Verheggen et al., 1999). In addition, mortality in post-myocardial
infarction was greater in individuals with higher concentrations of inflammatory marker,
CRP, independent of drug treatment (Pietila et al., 1996). Therefore, our observation in

the rat may shed light into the variability in response to cardiovascular agents in the

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



treatment of hypertension and arrhythmia in patients with elevated pro-inflammatory

cytokine concentrations due to a variety of pathophysiological changes.

3.3 Conclusions

Inflammation caused by administration of Mycobacterium butyricum and IFNg,
did not alter pharmacokinetics of sotalol after administration of racemate and
stereoisomers. This indicates that reduced response to cardiovascular drug in
inflammation is not pharmacokinetics dependent. Both acute and chronic inflammation
reduced the effect of R-sotalol and racemate on PR interval and decreased the potency of
stereoi#omers and racemate on QT interval. Therefore, acute and chronic inflammations
altered B-adrenergic and cardiac potassium channel function. The reduced B-adrenergic
and cardiac potassium channel activity in the inflamed rat despite no changes in
enantiomer concentrations indicates that pharmacokinetics may not always reflect

pharmacodynamics.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3-1: Mean + standard deviation of hematological parameters after second injection
of IFN24 5.0 x 10 units subcutaneous 3 h before oral dosing of racemate (40 mg/kg), R

(20 mg/kg) and S (40 mg/kg) sotalol. Control and inflamed rats (n=6/group), "denotes
significantly different from control (p<0.05).

Lymphocytes (%) Neutrophils (%) Segmented Neutrophils (%)

Control
Racemate 80+4 14+3 5+2
R-sotalol 80+6 15+4 4+3
S-sotalol 795 16 t4 6+2
IFNg2,-Treated
Racemate 77+2 8+2' 16+2°
R-sotalol 76 +£3 7+2° 17+4
S-sotalol 80+4 5+1° 154
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Table 3-2: Truncated area under the effect curves from 0 to 6 h following oral
administration of racemate (40 mg/kg) to control and chronic adjuvant arthritic rats
(n=4/group). Values as expressed as mean * standard deviation, "denotes significantly
different (p<0.05).

PR Interval QT Interval Heart Rate
(msecxh) (msecxh) (msecxh)
Control  Arthritic  Control = Arthritic ~ Control Arthriti
Racemate 264+5 248+3° 414+10 388+9° 1968+90 2051 +139
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Table 3-3: Truncated area under the effect curves from 0 to 6 h following oral
administration of racemate (40 mg/kg), S (40 mg/kg) and R (20 mg/kg) sotalol to control
and rats treated with IFNg, (n=6/group).. Values as expressed as mean + standard

deviation, 'denotes significantly different (p<0.05).

PR Interval QT Interval Heart Rate
(msecxh) (msecxh) (msecxh)
Control Inflamed Control Inflamed  Control Inflamed

Racemate 262+5 249+9° 416+7 375+8 1924+115 1941+116
S-sotalol 242+4 24716 409+12 373:18° 1982+154 1968 +59
R-sotalol 255+5 241+4° 390+16 371+£S° 18854115 1976+65

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3-4: Mean + standard deviation of pharmacokinetic indices following
administration of 40 mg/kg racemic sotalol to healthy and chronic arthritic rats, no

significant differences were found between the two groups (p>0.05).

Control 40 mg/kg Arthritic 40 mg/kg

] R ] R
Tuax (h)* 200+000 200+000 1.56+0.59 1.56 +0.59
Cunax (1g/mi)° 478+096 4.76+094  529+1.89 5.40 £ 1.62
Tz (h)° 143+041 1471043 1.40+026 1.37+£0.22
AUCos(ug*iVml)? 14.65+187 14.15+158 1240+£3.50 12.50+285
AUCow (pgetvmi)® 1627+135 1574+144 1320+£383  13.40+3.03
CL/F (L)’ 038+003 040+003 043012 0.42+0.10
Vd/F (L)% 080+028 084+026 0.88+0.40 0.83 +0.33

* Time at maximum observable plasma concentration

® Maximum observable plasma concentration

¢ Terminal elimination half-life estimated from at least 3 data points of each rat
¢ Truncated area under the plasma concentration-time curve from 0 to 6 h

¢ Area under the plasma concentration-time curve extrapolated to infinity

f Oral clearance

£ Oral volume of distribution
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Table 3-5: Pharmacokinetic indices following administration of racemate (40 mg/kg), S
(40 mg/kg) and R (20 mg/kg) sotalol to control and IFNqa, treated rats (n=6/group).
Values are expressed as mean + standard deviation, no significant differences were found

between control and inflamed rats (p>0.05).

Tumax (h)* Cyigg[nﬂ)" AUCo.s (ug*h/ml)°
Control IFNg, Control IFNg2, Control IFN.,
Racemate
S-sotalol 1.38+ 1.54% 415+ 361 1422 + 1299 ¢
0.31 1.26 0.76 1.54 2.66 2.95
R-sotalol 138+ 1.54 & 423 + 391 14.16 13.837 ¢
0.31 1.26 0.84 2.02 2.834 3.42
Enantiomer
S-sotalol 1.54 + 138+ 791t 8.77 29.14 £ 2765+
1.26 0.31 246 3.44 5.03 8.44
R-sotalol 1.79¢ 1.54 & 342+ 380+ 1345+ 14.00 £
1.12 1.26 1.19 2.37 3.69 7.93

*Time at maximum observable concentration
® Maximum observable concentration

*Truncated area under the plasma concentration-time curve from 0 to 6 h
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Figure. 3-1: Maximum prolongation of PR [KK1](O) and QT (0) intervals after
administration of various doses of sotalol racemate. Error bars represent standard
deviation of the mean, lines through the data points represent the best fit using hyperbola
function.
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Figure. 3-2: Time courses of sotalol effect following administration of single oral doses
of racemic sotalol (40 mg/kg) to healthy and arthritic rats. Control (O) and arthritic (00),
error bars represent standard deviation of the mean, ‘denotes significantly different

(p<0.05).
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Figure. 3-3: Time courses of sotalol effect following administration of single oral doses
of 40 mg/kg sotalol racemate, S-sotalol (40 mg/kg) and R-sotalol (20 mg/kg) to control
and IFNy, treated rats. Control (O) and inflamed (U), error bars represent standard

deviation of the mean, * denotes significantly different (p<0.05).
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Figure 3-4: ECG interval versus plasma concentration of sotalol after administration of

racemate (40 mg/kg) to control and chronic arthritic rats. The data points are connected in

temporal order commencing from the baseline interval at time zero.
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Figure. 3-5: Plasma sotalol enantiomer concentration-time plots in control and rats with
chronic arthritis following racemate (40mg/kg) oral doses. Control R (0), and S (O),
arthritic R (A) and S (V), error bars represent standard deviation of the mean no

significant differences between control and inflamed rats are observed (p>0.05).
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Figure. 3-6: Plasma sotalol enantiomer concentration-time plots in control and IFNg,
treated rats following racemate (40mg/kg), S-sotalol (40 mg/kg) and R-sotalol (20 mg/kg)
oral doses. Control R (0), and S (A), IFN,, treated R () and S (V), error bars represent

standard deviation of the mean no significant differences between control and inflamed

rats are observed (p>0.05).
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Chapter 4

DISPOSITION OF LIDOCAINE AND CARDIAC SODIUM
CHANNEL RESPONSIVENESS IS NOT INFLUENCED BY

INTERFERON,-INDUCED ACUTE INFLAMMATION
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4.1 Results

Rats inoculated with IFNx, had significantly greater amounts of segmented
neutrophils compared to controls (Table 4-1). Figure 4-1 depicts stereoselective
metabolism of verapamil enantiomers and reduction of oral clearance of R and S
enantiomers in the inflamed rat. As shown in Figure 4-2, while no differences in heart
rate are observed between control and test rats administered verapamil, significantly less
prolongation of the PR interval is seen in the rat with inflammation.

IFNg,-induced inflammation did not alter pharmacokinetics of lidocaine or
MEGX (Figure 4-3 and Table 4-2). Pharmacokinetic parameters of lidocaine are close to
those previously reported from a dose-dependency study which demonstrated linear
pharmacokinetics for the 50 to 90 mg/kg dose range (Supradist ez al., 1984).

To determine the effect of acute inflammation caused by IFNx, treatment on
ECG response to lidocaine both individual data points (Figure 4-4) and AUECs.3;, (Table
4-3) were statistically analyzed. No significant differences in baseline PR, RR (heart rate)
and QT intervals were found between healthy and inflamed rats (Figure 4-4) and baseline
values are similar to previously reported values (Detweiler, 1981). No significant
differences in PR and QT intervals and heart rate responses to lidocaine were observed
between healthy and inflamed rats (Figure 4-4). The AUECoa of PR interval
prolongation was not different comparing healthy to inflamed rats (Figure 4-4, Table 4-
3). Similar to PR intervalA AUECy3p of QT interval and heart rate reduction after
administration of lidocaine was not altered by the cytokine-induced inflammation (Figure

4-4, Table 4-3).
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Plots of ECG interval responses versus lidocaine concentration exhibited high
variability. For both PR and QT intervals, a sigmoidal relationship between interval
response and lidocaine concentration was observed. A hysteresis loop with counter-
clockwise rotation for heart rate reduction versus lidocaine concentration was also
observed, however, attempts to collapse the hysteresis failed due to high variability. Due
to the variability, no further attempts at pharmacokinetic-pharmacodynamic modeling
were conducted.

Microsomal oxidative activity was evident for both control and [FN, treated
rats. The cumulative percent metabolism of lidocaine and percents of total MEGX
formed over 30 min of incubation was not affected by acute inflammatory disease (Figure
4-5).

4.2 Discussion

Lidocaine, propranolol and verapamil are candidates for inflammation-induced
pharmacokinetic changes since these drugs are highly bound to AAG and undergo
extensive presystemic hepatic metabolism. However, unlike propranolol and verapamil,
lidocaine is mainly metabolized in the rat by CYP2C isozymes and blocks fast sodium
channels in Purkinjie fibers and ventricular muscle (McEvoy, 1999). Therefore, to
determine whether acute inflammation caused by administration of IFNg, influences
CYP2C subfamily and cardiac sodium channel activities lidocaine was administered to
healthy and acutely inflamed rats.
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Oral bioavalibility of lidocaine is low due to high first-pass metabolism, therefore
to treat and prevent ventricular arrhythmia associated with myocardial infarction, surgery
and ventricular tachycardia lidocaine is administered intravenously (Pieper and Johnson,
1992). Despite intravenous administration of lidocaine to patients with cardiovascular
disease, by giving lidocaine orally to healthy and inflamed rats, one can use lidocaine as a
probe to investigate the effect of acute inflammation on CYP isozyme function. Oral
administration is essential to evaluate the effect of inflammation on drugs that have a
high first-pass mietabolism (Belpaire et al., 1989). Since decreases in intrinsic hepatic
clearance of highly metabolized drugs, generally result in decreased presystemic rather
than systemic clearance (Gibaldi and Perrier, 1982). For example, after intravenous
administration of propranolol disposition of drug was similar in healthy and inflamed
rats, however, after oral administration inflamed rats had significantly greater
concentrations of propranolol enantiomers compared to controls (Piquette-Miller and
Jamali, 1993). In addition, inflammation reduced presystemic but not systemic clearance
of metoprolol a drug that also undergoes extensive first-pass hepatic metabolism
(Belpaire et al., 1989). Therefore, lidocaine was administered orally to assess the effect
of acute inflammation produced by IFNy, inoculation on hepatic isozyme function. The
m:;tjor metabolite of lidocaine MEGX was quantitated in order to further examine the
affect of inflammation on isozyme function. In addition, MEGX possess approximately
83% of the ahtiarrhythmic activity of parent drug thus formation of this metabolite
significantly contributes to ECG responses after administration of parent drug
(Rodighiero, 1989).
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It is reported that disposition of lidocaine is not altered by IFN,2, treatment
(Melzer et al., 1994). However, since lidocaine was administered via the intravenous
route, therefore, the effect of acute inflammation on isozyme function could not be
determined. However, suspecting that acute inflammation may not alter lidocaine
metabolism, verapamil was used as a positive control as previously IFNg,-induced
inflammation was shown to reduce oral clearance of verapamil and sensitivity to drug
(Mayo et al., 1996). With this ix.1 mind, since lidocaine pharmacokinetics is reported to
not be altered by IFNx,-induced acute inflammatory disease receptor response to drug
i.e., cardiac sodium channel may be determined in the absence of complications of altered
pharmacokinetics.

In rats N-dealkylation of lidocaine to MEGX is catalyzed mainly by CYP2C
subfamily [i.e., CYP2C11] with CYP1A2, 2B1, 3A2 and 2D1/2 having less significant
roles (Masubuchi et al., 1991; 1993; Oda et al., 1989). Therefore, to determine the effect
of IFNg,-induced inflammation on CYP2C activity concentrations of both lidocaine and
MEGX in control and inflamed rats were compared. There also exists a gender difference
in formation rates of lidocaine metabolites (Lennard et al., 1983) arising from preferential
expression of CYP2C11 and CYP3A2 in the male rat, but not in the female rat. Hence,
male rats were used in this study (Smith, l991j. Concentrations of major metabolite,
MEGX, were also measured since formation kinetics of MEGX is reported to be sensitive
to hepatic isozyme function (Esen et al., 1997; Pieper and Johnson, 1992). Interestingly,
formation of MEGX after lidocaine administration has been used to assess metabolic
impairment in severe sepsis, liver function, and enzyme activity before and after liver
transplantation (Esen et al., 1997; Reichel ez al_, 1997).
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Despite a reduced oral clearance of verapamil enantiomers in the rat with
inflammation caused by administration of the cytokine similar concentration-time curves
of lidocaine, MEGX and the AUC ratios of MEGX to lidocaine in healthy and inflamed
rats were observed. This indicates that acute inflammation caused by the cytokine had no
effect on N-dealkylation of lidocaine to MEGX. Although other models of inflammation
may influence CYP2C subfamily differently (Morgan, 1997), IFNx, administered
subcutaneous to rats in this study did not significantly alter lidocaine metabolism or
MEGX formation. In support of this finding, our laboratory has reported acute
inflammation caused by administration of IFNa2, did not alter presystemic clearance of
nifedipine that is also metabolized in the rat by CYP2C subfamily (Eliot and Jamali,
1998; Smith, 1991). Similarly, the results of the in vitro study reflect those of intact rat,
suggesting that acute inflammation caused by administration of the cytokine does not
alter metabolism of lidocaine.

The present data indicates a selective effect of acute inflammation caused by
administration of IFNgx, on presystemic metabolism of cardiovascular drug and
responsiveness of cardiac ion channels. Interestingly, prolongation of the PR interval in
the rat can be produced by both sodium and calcium channel blockade in the
atrioventricular node (Penz et al., 1992). Decreased prolongation of the PR interval was
observed with inflamed rats administered verapamil indicating reduced sensitivity of
cardiac calcium channels in the atrioventricular node. This perhaps, is due to alterations
in calcium channel configuration, density or chemical messenger activity (Opie, 1998).
Unlike verapamil, prolongation of the PR interval after lidocaine administration was not

significantly different for inflamed compared to healthy rats suggesting that acute
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inflammation caused by IFN, treatment selectively altered cardiac ion channel activity

in the atrioventricular node.

The selective effect of acute inflammation on PR interval responsiveness to
cardiovascular drug was accompanied by similar heart rate reductions in healthy and
inflamed rats administered lidocaine and verapamil. Interestingly, multiple regulatory
mechanisms control heart rate such as sympathetic and parasympathetic nervous systems
and various local chemical messengers (Opie, 1998). Thus, an inflammation-induced
alteration in heart rate response was not observed due, perhaps, to these complex
physiological mechanisms adjusting heart rate responses to verapamil and lidocaine in

healthy and inflamed rats.

Similar to the PR interval and heart rate, responsiveness of QT intervals to
lidocaine was not influenced by IFNx,-induced inflammation. Verapamil had no effect
on the QT interval. This was anticipated since verapamil blocks L-type calcium channels,
slows conduction and prolongs refractoriness in the atrioventricular node (McEvoy,
1999). Previously we had reported that IFNu,-induced acute inflammation reduced
responsiveness of cardiac wﬁsﬁum channels to B-adrenergic/potassium channel blocker,
sotalol (Kulmatycki and Jamali, 1997). Pharmacokinetics of sotalol was not altered by
inflammation thus decreased prolongation of the QT interval in the inflamed rat observed
after administration of sotalol indicated a reduced cardiac potassium channel response.
The lack of effect of IFNxa. on sodium channels suggests a selective effect of the
cytokine-induced inflammation on ventricular ion channel activity since similar to

sotalol, pharmacokinetics of lidocaine were not altered by the pro-inflammatory cytokine.
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Therefore, similar pharmacokinetics and pharmacodynamics of lidocaine in healthy and
IFNa2, inoculated rats indicates a selective effect of the cytokine-induced inflammation

on CYP isozymes and cardiovascular receptor.

4.3 Conclusions

As expected inflammation caused a significant decrease in verapamil clearance
but reduced the effect of drug on PR interval. A selective effect of inflammation on CYP
isozyme and cardiac ion channel function was observed since lidocaine pharmacokinetics
and pharmacodynamics was not altered by the cytokine-induced inflammation.
Therefore, effect of inflammation on pharmacokinetics-pharmacodynamics of
cardiovascular drug can not be generalized since the influence of inflammatory disease

on drug disposition and activity is not universal.
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Table 4-1. Hematological parameters after administration of 2 doses of [FN2, 5.0 x 10*

units subcutaneous for in vivo and in vitro experiments. Values are expressed as mean +

standard deviation, ‘denotes significantly different from control (p<0.05).

Parameter (%) Control IFN2\
Rats used for in vivo experiment

Lymphocytes 78+7 77+2
Neutrophils 18%5 13+2
Segmented Neutrophils 4+3 10£2°
Rats used for in vitro experiment

Lymphocytes 80+6 82+6
Neutrophils _ 15+4 5+2°

Segmented Neutrophils S5+1 135
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Table 4-2: Pharmacokinetic indices following oral administration of lidocaine (90 mg/kg)
to control and inflamed rats. Values are expressed as mean * standard deviation, no

significant differences were found between control and IFN,, inoculated rats (p>0.05).

Placebo IFNg2, Treatment
Conax (1g/mi)* 244+1.43 1.87 + 1.04
Tomx (h)° 0.36 £0.07 0.46 £0.19
tiz (h)° 1.15£0.57 0.86 +0.31
AUCq3; (ug*/ml)? 257+1.14 1.87 £0.54
AUCy.. (ug*ivml)® 3.00+1.30 2.12+0.48
CL/F (L) 11.67 £5.64 16.63 +3.96
Vd/F (L) 17.79 £ 10.28 21.71 £ 11.65
MEGX, T (h) 0.49+0.15 0.57 £0.26
MEGX, Conax (Hg/ml) 450+1.77 4.57+1.69
MEGX,AUCo.3 (ng*h/ml) 8.14 +2.09 7.89+2.73
AUC Ratio® . 350%116 4.18+£0.79

* Maximum observable plasma concentration

® Time at maximum observable plasma concentration

¢ Terminal elimination half-life estimated from at least 3 data points of each rat
¢ Truncated area under the plasma concentration-time curve from 0 to 3 h

® Area under the plasma concentration-time curve extrapolated to infinity

f Oral clearance ,

£ Oral volume of distribution

® AUC Ratio of MEGX/Lidocaine
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Table 4-3: Truncated area under the effect curves from 0-3 h following administration of
lidocaine (90 mg/kg) to control and IFN«, inoculated rats. Values are expressed as mean

+ standard deviation, no significant differences were noted between healthy and inflamed

rats (p>0.05).
PR Interval QT Interval Heart Rate
(msec x h) (msec x h) (msec x h)
Control  IFNg, Control IFN,.5, ntrol IFNw2

Lidocaine 250+13 261+41 376+41 378+36 2063+156 1941 +211
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Figure 4-1: Effect of inflammation on verapamil oral clearance following administration
of verapamil (20 mg/kg) to healthy and inflamed rats. Error bars represent standard

deviation of the mean, ‘denotes significantly different between control and inflamed rats

(P<0.05).
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Figure 4-2: Effect of inflammation on PR interval prolongation and heart rate reduction
following administration of verapamil (20 mg/kg) to healthy and inflamed rats. Error bars
represent standard deviation of the mean, "denotes significantly different between control

and inflamed rats (p<0.05).
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Figure 4-3: Plasma lidocaine and MEGX concentration-time plots for control and
inflamed rats following oral administration of 90 mg/kg lidocaine. Plasma concentrations
are expressed as mean + standard deviation. No significant differences between control

and inflamed rats are observed (p>0.05).
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Figure 4-4: Time courses of lidocaine effect following administration of single oral doses
of lidocaine (90 mg/kg) to healthy and inflamed rats. Control (O) and inflamed ({J), error
bars represent standard deviation of the mean, no significant differences were noted
(p>0.05).
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Figure 4-5: Time courses of microsome metabolism of lidocaine in healthy and [FNx.
inoculated rats (n=6/group). Cumulative percent metabolism of lidocaine and percent of
total MEGX formed during incubation at substrate concentration of 2.5 pug/ml. Error bars

represent standard deviation of the mean, lines through the data points represent the best
fit lines.
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Chapter 5

GENERAL DISCUSSIONS AND CONCLUSIONS
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5.1 History

Greater concentrations of drug in inflammatory disease were discovered
serendipitously during a study of propranolol absorption in patients with celiac disease
(Schneider et al., 1976). Patients with Crohn’s disease and rheumatoid arthritis have also
been reported to have higher concentrations of propranolol than healthy individuals
(Schneider et al., 1979). These greater concentrations of drug in rheumatoid arthritis and
Crohn’s patients seemed to be related to the ESR a nonspecific marker of inflammation.
Shortly after these observations altered disposition of propranolol and other
cardiovascular drugs in individuals with various types of inflammatory disorders were
reported (Kendall er al., 1979; Schneider et al., 1981). In addition to human studies
inflammation-induced changes in pharmacokinetics of cardiovascular drugs have also
been observed in laboratory animals (Belpaire et al., 1989; Piquette-Miller and Jamali,

1993).

Mechanisms proposed for these greater drug concentrations in laboratory animals
and patients with inflammatory disease were greater binding of drug to plasma proteins
and reduced intrinsic hepatic clearance. Piafsky ef al., in 1978 reported that the acute-
phase protein AAG was elevated in individuals with Crohn’s disease and rheumatoid
arthritis. Interestingly, greater concentration of AAG in Crohn’s disease and rheumatoid
arthritis was negatively correlated with free fraction of propranolol (Piafsky et al., 1978).
With this in mind, elevated drug concentrations in inflammation were thought to be due
to increased binding to plasma proteins (Walker ef al., 1986). However, altered
disposition of cardiovascular drug in laboratory animals with inflammation has also been

explained by a reduction in drug metabolism. Belpaire ef al., in 1989 reported that
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presystemic clearance of metoprolol was less in rats with turpentine-induced arthritis.
Metoprolol is negligibly bound to plasma proteins and undergoes extensive first-pass
metabolism the reduced oral clearance observed in the arthritic rat was explained by a
reduction in intrinsic hepatic clearance (Belpaire ef al., 1989). A possible explanation for
the reduced metabolism of drug is increased expression of pro-inflammatory cytokines
causing an elevation of nitric oxide which, in turn, oxidizes heme groups on CYP
isozymes inhibiting enzyme activity (Morgan, 1997). Interestingly, a positive correlation
between AUC of propranolol enantiomers and severity of adjuvant arthritis has been
reported (Piquette-Miller and Jamali, 1995) thus severity of inflammation contributes to
the extent of the reduced oral clearance of drug. Therefore, greater concentrations of drug
in laboratory animals and patients with inflammatory disease are attributed to increased

binding of drug to plasma proteins and reduced hepatic clearance.

Despite concern expressed in 1982 over well-being of patients with inflammatory
disease who have greater concentrations of these cardiovascular drugs few studies to date
have examined the effect of inflammation on drug responsiveness (Schneider and Bishop,
1982). Three studies reported a reduced f-adrenergic response to propranolol in adjuvant
rats treated with isoproterenol. It was thought that the reduced responsive to propranolol
was due to an increased binding of propranolol to AAG preventing drug from interacting
with B-adrenergic receptors (Belpaire et al., 1986; Barber et al., 1983; Walker et al.,
1986). Recently the effect of inflammation on pharmacokinetics and pharmacodynamics
of verapamil and propranolol were investigated (Mayo et al., 1996; Guirguis and Jamali,
1996). Greater concentrations of verapamil enantiomers were observed in laboratory rats

with IFNg,-induced inflammation compared to controls (Mayo et al, 1996).
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Interestingly, despite elevated concentrations of verapamil stereoisomers in rats with
inflammation, responsiveness of cardiac calcium channels to verapamil was decreased in
the inflamed rat compared to controls. Greater concentrations of propranolol are observed
in laboratory rats with inflammation compared to controls (Piquette-Miller and Jamali,
1993). Despite higher drug concentrations in rats with inflammation, a reduced
responsiveness of B-adrenergic receptors to propranolol was observed (Guirguis and
Jamali, 1996). Interestingly, treatment with an NSAID [i.e., ketoprofen] reduced
inflammation and normalized propranolol pharmacokinetics, however, the PR interval
was still decreased after propranolol administration, comparing healthy to arthritis rats,

indicating reduced responsiveness of B-adrenergic receptors (Guirguis and Jamali, 1996).

It was not known whether this reduced responsiveness of cardiac calcium
channels and B-adrenergic receptors is due to increased protein binding or reduced
receptor responsiveness since both verapamil and propranolol are highly protein bound.
In addition, the diminished activity of verapamil and propranolol observed in the
presence of inflammation is opposite to what is commonly seen and understood since
higher concentration of drug is considered to cause either greater effect or toxicity. This
suggests that concentration-effect relationships in inflammatory disease can not be fitted
to typical pharmacokinetic-pharmacodynamic curves. Therefore, additional studies that
examine the effect of inflammation on drug activity and disposition are crucial in order to
understand the mechanisms responsible for increased concentration and altered response

to drug in individuals and laboratory animals with inflammatory disease.
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5.2 Pharmacokinetics-pharmacodynamics of sotalol

Adjuvant arthritis and IFN2,-induced inflammation altered ECG responses to
sotalol after administration of both racemate and stereoisomers. The altered response to
drug may possibly be explained by changes in the unbound or total drug concentrations.
However, no pharmacokinetic differences are noted between control and inflamed rats
after administration of racemate and enantiomer. Inflammation has been shown to result
in increased serum AAG and decreased intrinsic hepatic clearance (Piquette-Miller and
Jamali, 1995). Since sotalol binds to plasma proteins only to a limited degree (<2%)
(Belpaire et al., 1982) and is predominantly cleared through the renal pathway, the lack
of effect of inflammation is not unexpected. Therefore, the observed changes in
pharmacodynamics may be attributed to altered receptor sensitivity. Interestingly, this
suggests the reduced responsiveness of B-adrenergic and cardiac calcium channels to
propranolol and verapamil respectively is due to alterations in receptor function rather

than protein binding.

Adjuvant arthritis and inﬂamrﬁation caused by inoculation with IFNg, resulted in
reduced B-adrenergic response to sotalol. This decreased P-adrenergic responsiveness
may be due to the presence of pro-inflammatory cytokines causing an alteration in 8-
adrenergic receptor structure, density or chemical messenger activity. By taking
advantage of stereochemistry and administering S-sotalol, pure potassium channel
blocker, the effect of mﬂammanon on cardiac potassium channels was confirmed.
Reduced cardiac potassium channel sensitivity to S-enantiomer was observed in IFNy,

treated rat. Pro-inflammatory mediators released by the inflammatory response may
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change function or number of cardiac potassium channels. Therefore, the altered response
to drug in the inflamed rat may be attributed to the influence of pro-inflammatory
cytokines on the action of sotalol on both the P-adrenergic and potassium channel

receptors.

A decreased B-adrenergic and cardiac potassium channel response to sotalol was
observed in both acute, [IFNx,-induced, and chronic, Mycobacterium butyricum-induced,
models of inflammation. Inflammation caused by injection of Mjycobacterium butyricum
resulted in greater inflammatory responses and tissue damage than observed after
cytokine inoculation. Interestingly, sotalol pharmacodynamics were affected to a similar
extent by both chronic and acute inflammatory disease despite inherent differences

between these two models of inflammation.

5.2.1. Clinical implications of inflammation on sotalol

Administration of B-adrenergic antagonists have been found to be less efficacious
in treating hypertension in older than younger individuals (Messerli et al., 1998).
Decreased prolongation of the PR interval indicating reduced sensitivity of cardiac
calcium channels to verapamil has been reported in older patients (Abernethy et al.,
1986). This, perhaps, is due to an increased expression of inflammatory cytokines
affecting cardiac calcium channel activity since increased concentrations certain pro-
inflammatory cytokines (i.e., TNFa, IL-1) are observed in the elderly (Bruunsgaard et

al., 1999; Liao ef al., 1993). In addition, altered adrenergic sensitivity to B-blockers has
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also been shown to occur with advancing age as seen with propranolol (Brodde et al.,
1995; Tenero et al., 1990). The Medical Research Council of Britain reported that elderly
patients treated for hypertension with atenolol, a cardioselective ;-adrenergic antagonist,
experienced no benefits (MRC Working Party, 1992). Clinically, therefore, reduced B-
adrenergic receptor response may occur in various circumstances not only with
individuals having inflammatory conditions such as arthritis, Crohn’s disease, infection,
but also in the elderly.

The reduced QT response to sotalol observed in the inflamed rat may be due to an
inflammation-induced alteration of cardiac potassium channel function since no changes
in pharmacokinetics was observed. The pro-inflammatory mediators released by the
inflamed tissue may alter the function or number of active channels. This reduced
sensitivity may affect not only effectiveness, but also adverse effects such as torsades des
pointes. Torsades des pointes are excessive prolongation of QT intervals that cause a
polymorphic ventricular tachycardia, which may lead to ventricular fibrillation (McEvoy,
1999). This effect is suggested to be dose related; i.e., approximately 0.5% and 6% after
low and higher doses respectively (McEvoy, 1999). Therefore, perhaps the incidence of
this side effect is less in individuals with inflammatory disease.

In support of our findings in the rat, the pro-inflammatory state is reported to be a
major factor in the prognosis of individuals with cardiovascular diseases who received
standard drug treatment. For example, inflammatory status has been shown to be a main
determinant in the outcome of patients with unstable angina (Verheggen et al., 1999).
Patients with unstable angina wl}o had significantly greater concentrations of

inflammatory mediators CRP, fibrinogen, and ESR were refractory to standard therapy.
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In addition, serum CRP concentration and mortality after acute myocardial infarction was
investigated (Pietila et al., 1996). Patients with significantly higher CRP concentrations, a
marker of inflammation, treated with thrombolytic drugs had an increased mortality up to
6 months post 'myoca.rdial infarction. Thus, despite drug treatment a higher mortality rate
was observed in these patients. These two studies indicate that inflammatory disease
influences response to conventional medical therapy. Therefore, inflammatory status of
the patient due to disease or aging may have a significant impact on response to drug,

hence, patient outcomes.

5.3 Pharmacokinetics-pharmacodynamics lidocaine

Inflammation caused by administration of [FN., had no effect on lidocaine
pharmacokinetics. This is surprising since lidocaine undergoes extensive first-pass
metabolism is highly protein bound and inflammatory disease is considered to influence
drugs which have these characteristics (Belpaire ef al., 1989; Piquette-Miller and Jamali,
1995). Although administration of the cytokine did not alter the disposition of lidocaine,
however, pharmacokinetics of verapamil were changed. The lack of effect of IFNg2\-
induced inflammation on pharmacokinetics of lidocaine may perhaps be explained by
isozyme specificity since in the rat lidocaine is mainly metabolized by CYP2C subfamily
[i.e, CYP2C11]. In support of this finding, similar plasma concentrations of nifedipine
were observed in healthy and IFN, treated rats (Eliot and Jamali, 1998). Nifedipine like
flidocaine is metabolized by CYP2C subfamily in rats (Smith, 1991).
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ECG responses to lidocaine in healthy and inflamed rats were not different. This
indicates a selective effect of inflammation on cardiovascular receptor since
pharmacokinetics of lidocaine were not affect by the inflammation. Therefore, cardiac
sodium channel responsiveness to drug is not altered by inflammation caused by

administration of IFNg,.

5.3.1. Clinical implications of inflammation on lidocaine

The lack of effect of inflammation caused by IFNx, administration on disposition
and responsiveness of cardiac sodium channels to lidocaine indicates a selective effect of
acute inflammation on cardiovascular receptors and isozymes. Interestingly, the
influences of inflammatory disease observed  with propranolol and verapamil
pharmacokinetics and pharmacodynamics do not occur with lidocaine. Therefore,
generalizing the effect of inflammation on drug disposition and activities may subject

patients to experiencing inappropriate pharmacotherapy.
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5.4 Conclusions

1. Adjuvant arthritis and IFN,-induced inflammation did not alter pharmacokinetics of
sotalol enantiomers after administration of racemate and stereoisomers. Hence, both
acute and chronic models of inflammation had a similar effect on disposition of
sotalol. This was expected since sotalol is negligibly bound to plasma proteins and

eliminated via the renal route.

2. Pharmacokinetics of sotalol enantiomers were not altered by either acute or chronic
inflammatory disease. This suggests the altered response to drug observed in the rat

with inflammation is due to pharmacodynamic rather than pharmacokinetic changes.

3. Responsiveness of B-adrenergic receptors to sotalol is decreased in rats with
inflammatory disease observed by a reduced prolongation of the PR interval in rats
w?th adjuvant arthritis and [FNg,-induced inflammation compared to controls. The
reduced B-adrenergic ‘function in the inflamed rat is in agreement with in vitro
observations of less activity of P-adrenergic receptors in the presence of pro-

inflammatory cytokines.

4. Cardiac potassium channel responsiveness to sotalol was reduced in adjuvant arthritic
rats and IFNy, treated rats compared to controls. The reduced cardiac potassium
channel activity in the cytokine and adjuvant treated rat is similar to in vitro

observation of reduced cardiac potassium channel function in the presence of IFNg2,.
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S. Reduced cardiac potassium channel and B-adrenergic responsiveness to sotalol
observed in rats with acute, IFNx,-induced, and chronic, Mycobacterium butyricum-

induced, inflammatory disease was similar.

6. Pharmacokinetic observation may not necessarily reflect pharmacodynamic outcome
since a decreased response to sotalol was observed in rats with inflammation despite
unaltered pharmacokinetics. Thus, indiscriminate use of pharmacokinetics to predict

drug response may result in inappropriate pharmacotherapy.

7. Despite elevated concentrations of verapamil after administration of I[FNga,
disposition of lidocaine and formation of MEGX was similar in healthy and cytokine
inoculated rats. This is due perhaps to isozyme specificity since CYP2C subfamily

[i.e. CYP2C11] mainly catalyzes breakdown of lidocaine to MEGX.

8. Cardiac calcium channel response to verapamil was reduced in the cytokine treated
rat. However, responsiveness of cardiac sodium channels to lidocaine is not altered by
administration of the cytokine. This suggests a selective effect of [FNg,-induced

inflammation on cardiac ion channel function.
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