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Abstract

Intflammatory conditions decrease cardiovascular (CV) response to calcium
channel blockers and B-adrenergic due. likely. to down-regulation ot the receptors. Thesis
objectives were: 1) A clinical investigation to determine the effect of angiotensin I typc
I receptor (AT, R) antagonists in theumatoid arthritis (RA). 2) Establish a suitable animal
modecl to investigate the effect ot inflammation on the pharmacodynamic (PD) responsc
to CV drugs.

Subjects were divided into 3 groups: 14 with active RA. 12 with controlled
arthritis and 12 healthy subjects. Single oral dose of AT R antagonists” valsartan (160
mg). and losartan (100 mg) were given separately. Serial blood samples were taken for
pharmacokinetic (PK) and inflammatory mediator level analysis. Thirteen CV parameters
were measured. Valsartan. losartan and the losartan active metabolite EXP 3174 were
mcasured using HPLC.

Patients with active discase had significantly higher inflammatory mediator levels
than other groups. PK of valsartan was unaltered. No reduced responsc to valsartan was
noticed. No difference in losartan PK was observed in any of the groups. However. EXP
3174 bioavailability was significantly decreased in arthritic groups. Reduced levels of
EXP 3174 were not accompanied by the expected down-regulation in clinical response.

Our preliminary obscrvation suggested a need to establish an appropriate animal
modcl to study the PD of CV drugs. ECG studies were performed on Spraguc Dawley
(SDR) (n = 8). Wistar Kyoto (WKY) (n= 11). and the Spontaneously Hypertensive rat

(SHR) (n = 12) strains. Rats were divided into IFN .2, treated and control groups and
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sotalol (80 mg/kg) was administered. The PR. RR. and QT. and QTc intervals were
determined.

The positive control SDR responded to sotalol with PR and QT interval
prolongation. as seen in humans. Decrease in responsiveness to sotalol was observed in
inflamed groups in the SDR strain. as expected. Sotalol failed to prolong the PR interval
in WKY and SHR strains. No ditfercnce was observed between controls and inflamed
groups in WKY and SHR with PR interval. A decrease in ;AR cxpression was
suspected in the WKY and SHR. However. receptor expression was not significantly
different among strains. SHR and WKY do not appear to be suitable animal models for

the study of CV receptor downregulation under inflammatory conditions.
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Chapter 1: Introduction

Inflammatory conditions are associated with increases in various pro-
inflammatory mediators (e.g.. interleukins. tumor necrosis factor a. C-reactive protein
and nitric oxide) often proportionate to the severity of discase (Maury.. 1989: Lepore ct
al.. 1994: Ueki et al.. 1996). Many cardiovascular conditions such as hypertension.
congestive heart failure and myocardial infarction (Saito et al.. 2003: Peeters ct al.. 2001
Lieu et al.. 1999: Westhuyzen et al.. 2000) are also associated with increased pro-
inflammatory mediators. Indeed. elevated pro-inflammatory cytokines and C-reactive
protein (CRP) have been suggested to be independent risk factors for atherosclerotic
vascular disease and myocardial infarction (Balbay et al.. 2001: Carlstedt et al.. 1997:
Sung et al.. 2003: Rosenson et al.. 2002: Griselli et al.. 1999). In keeping with this
hypothesis 1s the increased mortality due to development of cardiovascular complications
scen in patients with rheumatoid arthritis. a disease in which there is increase in pro-
inflammatory mediator levels (Prior et al.. 1984: Mutru ct al.. 1985: Myllvkangas-
Luosujarvi et al.. 1995: Wolte ct al.. 1994).

Pro-inflammatory mediators have also been shown to reduce clearance of
cfticiently metabolized drugs through physiological alterations. leading to altered drug
absorption. distribution. metabolism and climination (Morgan.. 1997). A resulting
increased drug plasma concentration is observed. Interestingly. this elevation of drug
concentration is associated with decreased rather than increased potency of. at least.
selected cardiovascular drugs such as calcium channel blockers in patients with

rheumatoid arthritis (Mayo et al.. 2000) as well as B-adrenergic antagonists and
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potassium channel blockers in animal mgodels of arthritis (Kulmatycki et al.. 2001:
Guirguis et al.. 2003). These effects are attributed to possible decrease in receptor
expression. signaling efficiency, or altered downstream signaling mechanisms due to
increases in pro-inflammatory mediators. A reduced effectiveness of cardiovascular
drugs. therefore. may. at least in part. be contributing to the higher rate of mortality in
states with concomitant cardiac disease and inflammation. and it is important to
understand whether the down-regulating etfect is universal to all cardiovascular drugs
during hyper-inflammatory states.

The purpose of the human study was to investigate whether the potency of
angiotensin II type 1 receptor (AT R) antagonists valsartan and losartan. with varying
pharmacokinetic profiles. are also reduced by inflammation. The clearance of valsartan
does not depend upon hepatic metabolism: hence it is unlikely to be affected by
inflammation. The possibility of altered pharmacodynamics can. therefore. be
investigated in the absence of complications arising from altered pharmacokinetics. As
well. losartan pharmacokinetics and pharmacodynamics in the presence of inflammation
was examined. Similar to valsartan. losartan is an AT)R antagonist. However. while
valsartan is a pharmacologically active compound (Mdller et al.. 1997). losartan. on the
other hand. is converted to the more active metabolite EXP 3174 via cytochrome P450
(CYP) enzymes (Lo et al.. 1994 ). The extent of this conversion may be reduced by
inflammation leading to reduced etfect. To elucidate further the mechanism of down-
rcgulation observed with varying cardiovascular drugs. an appropriate animal model.
reflecting the true disease state of the human patient taking antihypertensive drugs. is also

neccssary. So far. the rat models used did not incorporate the hypertensive state in an

[
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inflammatory model. Cardiovascular (CV) complications such as hypertension exhibit an
imbalance between the pro- and anti-inflammatory cytokine profile. and altered
electrophysiology of the heart. The neuro-endocrine release profile is also altered. leading
to the exasperation of the inflammatory state. To understand the pharmacodynamic
profile of cardiovascular drugs in cardio-inflammatory states. we also decided to see
whether we can provide a more suitable inflammatory disease model with the
spontancously hypertensive rat (SHR) and its normotensive counterpart. Wistar Kyoto rat
(WKY). The objective of the rat study was to compare the effect of inflammation on the
pharmacodynamics of sotalol on the electrocardiograph (ECG) parameters of the above-
mentioned strains to the existing, established inflammatory Sprague Dawley rat model
and determine the suitability of the SHR strain as the human model for cardio-
inflammatory disease study.

We chose rheumatoid arthritis as our human model of inflammation since it is
associated with an increase in cardiovascular events and because our previous studies on
down-regulation of calcium channel receptors revealed abnormalities in this group of
subjects. The SHR and WKY rat strains were chosen due to their extensive use in the
medical field as good models to study CV abnormalities. Before discussing the rationale
and objectives of this thesis. background will be provided.

Inflammation

The host immune system consists of individual immune cclls. immune cell
aggregates. immune tissues and immune organs designed to act as the body’s defense
mechanism. The inflammatory process. in its basic form. has the capacity to respond

specifically to foreign antigens and develop an enhanced response to encountered

(93}
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antigens during the first exposure (priming). As well. it should be able to retain specific
memory of an encountered antigen and respond quickly to second exposure and to
distinguish between self and non-seif (Textbook of Rheumatology 1997).

The system is able to perform the above-mentioned duties using a great varicty of
diffusible substances to convey messages. give instruction. and generally enable the
billions of immune cells to communicate with each other. However. autoimmunc
discases arise when immune cells attack the body’s own tissues without distinction.
Pathogenesis of Rheumatoid Arthritis

Rheumatoid arthritis (RA) is the most common autoimmune chronic
inflammatory and destructive arthropathy. affecting about 1 % of the general population
worldwide (Choy et al.. 2001: Textbook ot Rheumatology 1997). Incidence of RA is
constant across the globe. with the exception of the Chinese (< 0.3 %) or the Pima
Indians in North America (~ 5 %) (Textbook of Rheumatology.. 1997). It is a disease of
the joints. and is characterized by polyarthritis and a variety of extra-articular
manifestations in more severe cases (Turesson et al.. 2004: Feldman et al.. 2001). This is
indicative of a systemic disease. with the long-term prognosis being poor: 80 % of
atfected paticents arc disabled atter 20 years (Scott et al.. 1987). and lite expectancy is
reduced by an average of 3-18 vears (Pincus et al.. 1986: Sattar et al.. 2003). The
synovial membrane in patients with RA is characterized by hyperplasia. increased
vascularity. and an infiltrate of inflammatory cells. primarily CD4™ T cells. which are the
main orchestrators of the cell-mediated immune response (Choy et al.. 2001). Damage to
the extracellular matrix is a feature of RA. with degradation of ligaments. tendons. and

bone. In genetic studies. RA is strongly linked to the MHC Class II antigens HLA-
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DRBI1*0404 and DRB1*0401 (Lanchbury JS.. 1992; Dedhia et al., 2002). The main
function of HLA class 11 molecules is to present antigenic peptides to CD4" T cells. and

unidentitied arthritogenic antigens are strongly suspected.

Cardiovascular Risk profile in RA patients

Considerable evidence indicates that patients with RA are at greater risk of
developing CV disease. In fact. the most common cause of death in patients with RA is
due to cardiovascular discases. accounting for 35-59 % of excess mortality in RA patients
(Mutru et al.. 1989: Myllyknagas-Luosujarvi et al.. 1995). Coronary heart diseases appear
to be prevalent, with pericardial effusion being the most frequent cardiac complication
(Carrao et al.. 1995). Myocardial inflammation. coronary vasculitis. as well as
myocardial and endocardial functional abnormalities are also found in the autopsies of
RA patients (Morris.. 1986. Carrao et al.. 1995. 1996; Cindas et al.. 2062). Further
epidemiological evidence can be observed in a prospective cohort study conducted
among 114. 343 women in the Nurses™ Health study who were free of CV diseases
(CVD) and RA in 1976. It was found that women with RA had more than twice the risk
of myocardial infarction compared with women without RA (Solomon et al.. 2003). Most
cvidence suggests that classic risk factors do not explain excess CV disease in RA in the
investigations. In an 8-year follow-up of 236 RA patients. a 3.96-fold higher incidence of
CV events relative to a community-dwelling cohort was noted (del Rincén et al.. 2001).
[n fact. diseasc severity has been associated with CV mortality in RA. It is becoming

more evident that systemic markers of inflammation independently predict cardiac heart
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disease (CHD) events in men and women with or without existing heart disease (Libby et
al.. 2002: Pearson et al.. 2003).

Cardiovascular diseases. such as atherosclerosis. were considered to be a process
of aging. hyperlipidemia. or the fibroproliferative response of the vessel wall to the initial
lipid damage. More recently. the inflammation hypothesis appears to be taking hold. as
the production of adhesion molecules and chemokines due to an initial assault result in
increasing inflammatory response. very similar to the systemic inflammatoery response
observed in RA (Table 1-1). Indeed. RA is not the only chronic inflammatory disease
that is associated with CV disease. Systemic lupus erythematosus is also characterized by
a high rate of coronary artery disease. mediated in part by chronic inflammation (Manzi
et al.. 1997). Factors that underlie this increased risk of myocardial infarction (MI) and
CVD in RA patients appear to be increased inflammatory mediator presence and activity.
as seen in atherosclerosis. Recent studies provide evidence that pro-inflammatory
cytokines and inflammation markers: CRP. fibrinogen and erythrocytes sedimentation
rate (ESR) are associated with cardiovascular disorders in humans (Verheggen et al..
1999: Lagrand et al.. 1999). Many of the cells comprising the inflammatory infiltrate in
the joint lining are likewise found in atherosclerotic plaques. Evidence points more and
more to the imbalance in the T-helper 1 (Thl) or T-helper 2 (Th2) cytokines and the
increasing pro-inflammatory mediators. shared between RA and cardiovascular disorders.
Mediators such as CRP and nitric oxide (NO). are thought t be the instigators promoting
accclerated atherogenesis and CV diseases in RA (Popa et al.. 2004: Weyand et al.. 2001:
Ridker et al.. 1998). Additionally. therapies such as methotrexate and prednisone. both

potent immunosuppressives. as well as anti- tumor necrosis factor (TNF) « therapies
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Table 1-1: Similarities in inflammatory response between atherosclerosis and rheumatoid
arthritis. Adapted from Yeh ETH: CRP as a mediator of disease. Circulation 2004: 109
[suppl I1]: 1I-1 1-1I-14
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have been found to be associated with a reduced rate of cardiovascular mortality.
Improved endothelial function with decreases in pro-inflammatory mediators is observed
in patients with RA with anti-inflammatory treatments (Choi et al.. 2002: Hiirlimann et
al.. 2002: Popa et al.. 2004).
Soluble & Cellular Mediators of Inflammation: The Th1/Th2 balance

Cytokines are soluble protein or glycoprotein molecules secreted by a variety of
cells in response to a challenge. Their primary roles are to regulate the growth,
ditferentiation and function of cells in an autocrine. paracrine and endocrine manner.
Specific cytokines have been dubbed being pro-inflammatory. anti-inflammatory. and
growth factors. Interestingly. the challenge of the immune system is being able to co-
ordinate the pro- and anti-intlammatory cytokines in a homeostatic manner. They are
involved primarily in regulating immune and inflammatory response. The cytokine
secretion patterns and etfector functions rest largely in the T-helper cells. In particular the
CD4 T cells can be divided into at least three different subsets (Table 1-2. Figure 1). All
T lymphocytes start as naive ThO cells. which. after being activated. are able to polarize
into cither Th1 or Th2 cells. Thi develop preferentially during infections with
intracellular bacteria and raise the classic delayed-type hypersensitivity (DTH) skin
response to viral and bacterial antigens. and fight cancer cells. Upon activation. Thi
secrete the pro-inflammatory cytokines interleukin (IL-2). interferon (IFN) v and
lvmphotoxin (LT) o and TNFp. They then activate macrophages to produce reactive
oxvgen intermediates and NO. stimulate their phagocytic functions and enhance their
ability for antigen presentation by up-regulation of major histocompatibility complex

(MHC) class 1l molecules (Schulze-Koops et al.. 2001). Moreover. the Th1 cells promote

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



Thi

pre-inflammatory

Cy.ckines. celiular
IEN-¢ —> immunity
iL-2
Lr Imrmunopatholegy -
Macoshagesd  auicrmmune diseases

precursor cell anti-inflammatory
cvtokinas: humeral
T4 immunity
iL-5
. - macioohages Immuncpathelogy -
effector cel! allergies

Figure 1-1: The balance of Th1/Th2 cytokines in rheumatoid arthritis. Adapted from
Schulze-Koops H. Kalden JR. The balance of Th1/Th2 cytokines in rheumatoid arthritis.
Best Practice and Research Clin Rheumatol 2001: 15: 677-691.

Table 1-2: Subtypes of CD4™ T-helper cells and their characteristic cytokines and eftects

Subtype Defining cytokines Effects(s)
Auive Tho IL-2 Proliferate and differentiate to effector cells
Thi IL-2, IFN 7 Lymphotoxin-a Cell-mediated immunity, opsonizing antibody, Pro-
inflammatory
Muature Thi IFN 3, IL-4, others Unclzar
7h2 IL-4. IL-5. IL-9. IL-10, IL-13 Humoral immunity, Anti-inflammatory

Tregulatory 1 High levels of IL-10, some TGF-f8 Suppress immune response; anti-inflammatory

T-regulatory 1 cell may represent one form of the long-clusive T-suppressor cell. Reccat
data have implicated both CD4" T-regulatory 1 cells and a separate population of CD4’
CD25" T-helper cells in antigen-specific immunosuppression.

Adapted from Spellberg B. Edwards JR: Typel/Type 2 Immunity in Infectious Diseases.
Clin Inf Dis 2001: 32: 76-102.
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the induction of complement-fixing, opsonizing antibodies and of antibodies involved in
antibody-dependent cell cytotoxicity. such as [gG1 in humans. They also stimulate
adhesion molecule expression on endothelial cells and induce endothelial cell retraction
and vascular smooth- muscle relaxation. The result is the accumulation of blood in
dilated. leaky vessels. easing diapedesis of leukocytes into areas of danger and allowing
recruitment of innate immune cells. leading to the 4 cardinal signs of inflammation. Both
IFNy and LT o induce other cell types. including non-leukocytes such as endothelial
cells (Goebeler et al., 1997) and fibroblasts (Rathanaswami et al.. 1993: Teran et al..
1999) to secrete pro-inflammatory cytokines such as TNF and chemokines (Nickoloff et
al.. 1994). Consequently. the Th1 cells have been implicated in cell mediated immunity.
or type | immunity (Spellberg et al.. 2001).

Th2 cells conversely stimulate high titers of antibody procuction. They
predominate after parasitic infections such as gastrointestinal nematodes or helminthes.
Cytokines secreted by Th2 include the anti-inflammatory cytokines I1L-4. IL-5, IL-9. IL-
10. and IL-13. They provide potent help for B cell activation and immunoglobulin class
switching to IgE and subtypes of [gG. They are known to mediate allergic and atopic
reactions. as well as causing airway inflammation seen in asthma and reactive airway
discase (Robinson et al.. 1993: Shi et al., 1998: Li ct al.. 1999). Type 2-mediated
inflammation is characterized by eosinophilic and basophilic tissue infiltrations. as well
as extensive mast cell degranulation. dependent on cross-linking of surface-bound IgE.
The anti-inflammatory actions of IL-4 also inhibit macrophage activation. It appears
some cytokines. such as IL-6. are produced by both types of T-helper cells (Spellberg et

al.. 2001).
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There are five factors inducing polarization of T-helper cells to Thl or Th2 type
immunity. depending on the necessity of the immune protection. The main factor is the
local cytokine milieu. Other four factors are the presence of immunologically active
hormones. the dose and route of antigen administration. the type of antigen presenting
cell stimulating the T cell. and the “strength of signal™ or the affinity of T-cell receptor
for the MHC-antigen complex.

Cytokines involved in Th1/Th2 Balance

IL-12 is the key cytokine allowing polarization into the Th1 phenotype (Seder ct
al.. 1993: Hsieh et al., 1993). while 1L-4 mediates Th2 polarization (Swain et al.. 1988:
Betz et al.. 1990). Thl or Th2 polarization may not occur until an activated T cell arrives
at the site of danger and samples the local cytokine milieu to determine the appropriate
immune response. Hence the phenotype of newly activated T cell is determined within
48-72 h after activation (Sornasse et al.. 1996). Importantly, Th1 and Th2 cells cross-
regulate each other by blocking the generation of the antipodic cell type and by blocking
cach other’s eftector functions. Increasing IFN v secreted by Thl cells will directly
suppress 1L-4 secretion and thus inhibit differentiation of naive ThO cells to Th2 cells.
(Gajewski et al.. 1988 (140. 141)). Conversely, IL-4 and IL-10 inhibit the secrction of IL-
12 and IFNy. thus blocking the ability of ThO cells to polarize into Thi cells (D" Andrea et
al.. 1993: Ohmori et al.. 1997). Ditferentiation of the appropriate T-helper subset is
crucial to the host in mounting protective immunity against an exogenous microorganism.
However. inmune responses driven preterentially by activated Th subsets are also
involved in the development of pathological auto-immune disorders. Whereas atopic

disease result from Th2-dominant response to allergens. Thl-mediated immunity is
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involved in the generation of several organ-specific experimental autoimmune diseases.
such as experimental allergic encephalomyelitis. insulin-dependent diabetes mellitus and
collagen-induced arthritis (Spellberg et al.. 2001). Molecular genetic modification ot the
Tho naive cells may also lead to preferential polarization to cither Thl or Th2 cells.
Ligation of the IL-12 receptor on the ThO cells activates the transcription factor STAT 4.
which triggers regulatory sequences leading to Thl polarization (Bacon et al.. 1995).
Activating STAT 6 by the ligation of the IL-4 receptor on the ThO cells will. in turn. lcad
to Th2 polarization (Hou et al.. 1994).

Indeed. experimental and epidemiological evidence suggest a dominant Thl drive
in RA. For several decades. the ameliorating effects of pregnancy on the course of RA
have been noted (Da Silva et al.. 1992). Interestingly. a marked decrease in Thl-
mediated immunity is evident. as pregnant women have a higher incidence of infections.
in particular. infections with intracellular pathogens. Pro-inflammatory IFNy levels are
also reduced and the anti-inflammatory IL-4 and IL-5 levels increase (Shulze-Koops et
al.. 2001). There 1s also a decreased prevalence of allergic diseases in patients with RA,
with the prevalence of hay fever being significantly lower in RA than appropriate
controls (4 versus 8 %) (Verhoef et al.. 1998). Exogenous cytokines have been used
increasingly for treatment of several ditferent malignancies and viral infections. They
also provide an excellent opportunity to explore the effect of cytokines on T cell function
and differentiation after in vivo application with regard to autoimmunity. In an attempt to
cnhance anti-tumor cellular cytotoxicity. IL-12 was administered to a woman with
metastatic cervical cancer. and a severe exacerbation of her RA was noted. IL-12 is a

strong inducer of Thl cell development with subsequent IFNv production. In RA. the

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



prevalence of Thl drive is evident within the T cells cloned from the human rheumatoid
synovial membrane (Schulze-Koops et al.. 2001). Out of a panel of 19 synovial
membrane derived T cell clones. 18 produced large amounts of IFNy whereas IL-4 was
absent. The markedly elevated Th1/Th2 ratio in the synovial fluid also correlated with
disease activity (Van der Graaff et al.. 1999). Similarly. a drastically reduced IL-4 and
IL-10 mRNA synthesis in mononuclear cells of RA patients correlated with discase
activity (Miyata et al.. 2000).

Altogether. it secms evident that in RA. the autoimmunity is driven by activated
Thl effectors without sufficient Th2 generation to down-regulate inflammation. Selective
manipulation of Th cell differentiation to induce Th2 effector anti-inflammatory
cyvtokines might be a successful approach in interrupting ongoing and established Thi-
driven chronic autoimmune diseases.

In RA. the primary site of inflammation is synovial tissue. from which cytokines
can be released into systemic circulation. Measurable plasma levels of TNFo. IL-1f . and
IL-6 and matrix metalloproteinases are commonly present at several-fold higher levels
than noted. as antigen-activated CD4" T cells stimulate monocytes. macrophages. and
synovial fibroblasts to release these inflammatory cytokines. Increasing CRP levels have
also been implicated in RA patients. and constitute one of the acute phase proteins
inducing the compiement system (Plant et al.. 2000: Hirschfield et al.. 2003). It is
therefore important to take a look at the various pro-inflammatory cytokines and
inflammatory mediators important in disease determination and progression. as well as
investigate their involvement in the pathophysioiogical changes leading to the altered

PK/PD of drugs.
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Pro-Inflammatory Cytokines

Some cytokines function primarily to induce inflammation. while others suppress
inflammation. This concept is based on genes coding for the synthesis of mediator
molecules up-regulated in inflammation. such as type II phospholipase (PL) A2.
cyclooxygenase 2 (COX 2). and inducible NO synthase (Dinarello et al.. 2000). These
genes code for enzymes that increase the synthesis of platelet-activating factor.
leukotrienes, prostanoids. and NO. As well. we have chemokines. which are small
peptides (8000 Daltons) that facilitate the passage of leukocytes from circulation into the
tissues. The prototypical chemokine is the neutrophil chemoatiractant IL-8. which also
activates neutrophils to degranulate and cause tissue damage. Cytckines IL-1 and TNF
are thought to have primary roles in the pathogenesis of many disease states. They can be
induced by variety of mechanisms, such as infection. trauma. ischemia. immune-activated
T cell. or toxins. They aggravate disease states by such mechanisms as inducing
endothelial adhesion molecules. essential for the adhesion of leukocyvtes to the endothelial
surface prior to emigration into the tissues (Chin et al.. 1990). Taken together. these are
the pro-inflammatory cascade of gene products usually not found in the healthy
population and they initiate the cascade of inflammatory mediators by targeting the
synovium and joints in RA. as well as other organs. such as the endothelium and the

heart.
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TNFa

TNFa. or cachectin, is a soluble 17 KDa protein existing as a trimer. produced
mainly by monocytes/macrophages. but also by mast cells. B cells, T cells. and
tibroblasts with any potential noxious stimuli (Vassalli.. 1992). Newly synthesized TNFa
is inserted into the cell membrane and subsequently released through the cleavage of its
membrane-anchoring domain by a serine metalloproteinase (Black et al.. 1997). /n vivo.
TNFa is the most rapidly produced pro-inflammatory cytokine, with serum levels
detectable in mice within 30 min (Tracy et al.. 1987). In fact, in many chronic
inflammatory diseases. such as RA. pre- and post infarct patients. angina, and
atherosclerosis. TNFa concentration is significantly increased and appears to be the
dominant cytokine (Maury.. 1989; Lepore et al.. 1994: Mutru et al., 1985). They exert
their action by binding to specific high affinity cell-surface receptors and initiating a
scries of intracellular signal transduction pathways to stimulate early response genes
(Kuby.. 1997). Therefore. blocking TNFa will have a local. as well as a global ettect on
inflammation as it has a dominant role in promoting inflammation. through potent
autocrine and paracrine induction of other inflammatory cytokines. including IL-1. LL-6.
IL-8 and granulocyte-monocyte stimulating factor (Figure 1-2) (Nawroth et al.. 1986:
Butler ct al.. 1995: Haworth et al.. 1991). TNFa also induces fever. either directly via
stimulation of prostaglandin E> (PGE») synthesis by the vascular endothelin of the
hypothalamus. or indirectly by 1L-1 release (Warren.. 1990). Results of studies in animals
provide further evidence of importance of TNFa in RA. For example. transgenic mice
expressing a deregulated human TNFa gene develop a spontaneous RA-like destructive

polyarthritis (Ketfer et al.. 1991). Pretreatment of these animals with monoclonal
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Figure 1-2: Cytokine cascade from the increasing TNF a levels in rheumatoid arthritis.
Adapted from Feldman M. Elliot MJ. Woody JN. Maini RN. Anti-tumor necrosis factor-
alpha therapy of rheumatoid arthritis. .Advances in Immunology 1997: 64: 283-350.
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antibody against TNFa prevents the development of arthritis. Several treatments.
blocking TNFa binding and receptor activation, have been developed and are undergoing
clinical trials. A soluble TNF receptor fusion protein made up of two recombinant p75
soluble TNF receptors fused with the Fc portion of human 1gG1. called etanercept. is a
dimeric structure 1000 times more efficient than a monomeric soluble pSTNF receptor at
neutralizing TNF o (Mohler et al.. 1993). Several placebo-controlled trials with patients
having RA have indicated twice weekly subcutaneous injections of 25 mg etanercept
results in significant improvement. with minor adverse effects (Moreland et al.. 1997
1999) Combination with methotrexate was significantly more effective than monotherapy
in 89 patients with RA who have had a partial response to methotrexate (Weinblatt ct
al..1999). Anti-TNFa therapy using chimeric monoclonal IgG1 antibodies against TNFct.
called infliximab. is also an option for those exhibiting acute and chronic inflammatory
state. such as RA. SLE (Feghali et al.. 1997). and chron’s disease (Kirman et al.. 2004). A
single intravenous dose of 10 mg of infliximab/kg rapidly reduces the number of swollen
joints in RA as well as the serum concentration of CRP (Elliott et al., 1994). The tissue
content of E-selectin and vascular cell adhesion molecule 1 in synovial biopsies also
show significant reductions with infliximab treatment (Tak et al.. 1996). It should be
noted that TNF-receptor blockade is now the treatment of choice for RA (Yeh.. 2004).

IL-1

Encoded by two different genes. IL-1 o and 8 are 17.5 kDa for the secreted
molecule and they are secreted by the same sources as TNFo. The IL-1 signaling system

appears to be more complex than the TNFa system. as it binds to two types of cell
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surface receptors. Only type | receptors have a cytoplasmic tail and are capable of
intracellular signaling (Sims et al.. 1993). Type Il receptors are decoy receptors in which
they bind circulating IL-1 but do not deliver any intracellular signals (Colotta et al..
1993). Soluble forms of both types of receptors. as well as naturally occurring antagonist
(IL-1ra). compete with cell surface receptors. thereby decreasing 1L-1 mediated
activation of cells (Svenson et al.. 1995). TNFa and IL-1 work synergistically to trigger
fever. headache. myalgias. and arthralgias by PGE- synthesis by the vascular endothelium
of the hypothalamus and stimulate T cell proliferation (Dinarello.. 2000). IL-1 also elicits
the release of histamine from mast cells at the site of inflammation. which. in turn. trigger
carly vasodilation and increase vascular permeability (Warren et al.. 1990). IL-1 1s
strongly implicated in joint damage via stimulating the release of matrix
metalloproteinases from fibroblasts and chondrocytes (MacNaul et al.. 1990). As
blocking the ability of a receptor to bind its cytokine is a useful strategy in signal
interruption. a recombinant human IL-1 receptor antagonist has been studied clinically.
with moderate clinical improvement (Jiang et al.. 1998). However. the drawback to the
therapeutic use of 1L-1r antagonist is the short t; > (6 h) in plasma. thus necessitating
tfrequent daily treatment (Campion et al.. 1996).

IL-6

A pleiotropic inflammatory cvtokine produced by T-cells. monocytes.
macrophages and synovial fibroblasts. IL-6 was identified as a factor inducing the final
maturation ot B cells into plasma cells (Van Snick.. 1990). IL-6 function is ambiguous. as
it appears to be both an anti-inflammatory. as well as a pro-inflammatory mediator. Its

anti-inflammatory properties include the induction of the release of IL-1ra. as well as
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inhibiting the release of IL-1 and TNF (Gabay et al.. 1997: Schindler et al.. 1990).
However. IL-6 involvement has also been clearly implicated in propagating RA-
accelerated insulin resistance. atherogenesis, as well as bone resoption, muscle atrophy
and anemia. Further inflammatory induction is observed in its production of plasminogen
activating factor (PAF) and superoxide anions through neutrophil priming (Bift] et al..
1996: Borish et al.. 1989). Deleterious activity of IL-6 in vivo has been suggested by
experimental models of ischemia reperfusion and lung injury (Cuzzocrea et al.. 1999a. b).
Presently. a clinical trial of a humanized monoclonal antibody against the IL-6 receptor is

currently under way for the treatment of RA (Choy et al., 2001).

Interferon (IFN) o

Interferon (IFN)a. the first cytokine to be produced by recombinant DNA
technology. has emerged as an important regulator of growth and differentiation. It
affects cellular communication and signal transduction as well as immunological control.
Since the discovery of IFN in the 1950s. there has been increase in application of IFN in
clinical treatment including virology. cell biology and immunology (De Maeyer E and De
Maeyer-Guignard J.. 1988).

IFNa possesses both antiviral and antitumor activity. Patients with various
neoplastic and chronic viral diseases have been treated with IFN with variable results.
These conditions include chronic myeloid leukemia. hairy-cell leukemia, lymphoma.
malignant melanoma. and carcinoid tumors. as well as chronic hepatitis B and C and

human related Kaposi sarcoma (Talpaz et al.. 1986: Foon et al.. 1986: Leavitt et al.. 1987:
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Vugrin et al.. 1985: Borgstrom et al.. 1982: Quesada et al., 1986: Oberg et al.. 1986..
Gutterman.. 1994).

Like most other cytokines. the interferons are produced by the body, and they act
locally at the site of inflammation. Systemically, certain toxic eftfects are seen. such as
skin. neurologic. endocrine and immune toxicities. While rarely associated with toxicity.
neutralizing antibodies have developed in patients treated with certain forms of IFN «
(Gutterman et al.. 1982: Antonelli et al.. 1991 Bocci., 1991). The antibodies may
abrogate biological effects in vivo, and the amino acid composition might explain the
difference in immunogenicity between recombinant subtypes (Gutterman., 1994).

Interestingly. development of arthritis as a complication of IFN,,», treatment in
individuals with various conditions has been observed (Nesher et al.. 1998). IFN,,,
administered to individuals with chronic hepatitis C caused depression in these patients,
as well as a worsening of their arthritic conditions (Malaguarnera et al.. 1998). Thus. a
caretul selection of hepatitis C patients is recommended before initiating IFN,,», therapy.

The effects of interferon on pre-existing arthritis may be explained by the fact that
IFNs have multiple effects on the immune system. An enhancement of immunoglobulin
production by B cells is observed at low IFN concentrations. whereas high [FN
concentrations lead to its suppression (Pestka et al.. 1987). Interferon also modulates the
activity of natural killer cells and monocytes/macrophages and inhibits T-suppressor cell
functions. In addition. enhanced expression of major histocompatibility complex class I
and II antigens is observed with increased IFN levels (Pestka et al.. 1987). Consequently.
IFN will induce or worsen autoimmune diseases but also may induce remissions. This is

reflected in the case of psoriasis. in which IFN therapy may results in either remission or
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exacerbation of the disease (Ziegler-Heitbrock HWL et al.. 1989: Kurzrock et al.. 1983).
In fact. IFN stimulates production of Th1 cells. which make IFN y and IL-2. at the
expense of Th2 cells. which make IL-4 andIL-5 (Parronchi et al.. 1992).  Elevated IFN
levels are described in several autoimmune diseases (Pestka et al.. 1987: Clarkson et al..
1993). In cases of SLE and rheumatoid arthritis, it may correlate with the disease activity.
The involvement of IFN« as a potent inducer of Th1 is reflected on its role in
aggravating pre-existing RA. as well as increasing the incidence of autoimmune disease
between 4-19 % (loannou et al.. 2000). IFN can induce production of a lupus idiotype in
vitro. Indeed. IFN therapy is associated with the production of various autoantibodies.
including antibodies to thyroglobulin. microsomal thyroid antigen, nuclear antigens and

epithelial cells. (Pestka et al.. 1987: Sen et al.. 1992: Clark., 1991)

Cytokine Stimulated Inflammatory Mediators

C-Reactive Protein

In response to most forms of inflammation. there is the synthesis ot a number of
acute-phase proteins from the site of pathology. but principally in hepatocytes. under thc
control of IL-1. TNF « and IL-6 (Gabay et al.. 1999). C-reactive protein was the first
acute phase protein to be described over 70 years ago to be a blood protein that binds to
the C-polysaccharide of pncumoccocci (Yeh.. 2004: Hirschfield et al.. 2003). CRP is a
pentamer of 23 kDa subunits. The level is usually low in normal individuals. and
acceptable literature values vary. ranging from 0.3 mg/l to 0.8 mg/l. Following an acute-
phase stimulus however. values may increase by as much as 10.000 fold. De novo hepatic

svnthesis of CRP starts very rapidly. with serum concentrations rising by about 6 h. and
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peaking around 48 h after a single stimulus (Kushner et al., 1978). CRP levels are high in
RA patients. as well as many CV disorders such as acute myocardial infarction, ruptured
plaques. and coronary syndromes (Sano et al.. 2003). It is a useful non-specific
biochemical marker of inflammation. as the plasma t; » is about 19 h under all conditions
and is sole determinant of the plasma concentrations. The synthesis rate. therefore.
reflects the intensity of the pathological process (es) stimulating CRP production
(Hirschfield et al.. 2003). Human CRP exerts its effects by binding with highest affinity
to phosphocholine residues and extrinsic ligands. then precipitating or aggregating the
cellular structures bearing these autologous or extrinsic ligands (Hirschfield et al.. 2003).
When human CRP is ligand-bound. it is recognized by C1q and potentially activates the
complement pathway. engaging C3. the main adhesion molecule of the complement
system. and the terminal membrane attack complex C5-C9 (Mold et al.. 1999: Volanakis
etal.. 1974: Siegel et al.. 1974). The secendary effects of CRP that follow ligand binding
resemble key properties of antibodies. suggesting possible CRP contribution to host
defense against infection and role as a pro-inflammatory mediator (Figure 1-3)
(Hirschtield et al.. 2003). High levels of CRP are a reliable predictor of outcome in
patients with CV disorders. and are useful in the prediction of future cardiovascular risk
in apparently healthy men and women (Ridker et al.. 2001: 1997). In CV diseases.
circulating CRP binds selectively to oxidized and enzyme-modified low density
lipoproteins (LDL) as found in atheromatous plaques. and is deposited in majority of
such plaques ( de Beer et al.. 1982: Zhang et al.. 1999 ). The range of CRP"s pro-

inflammatory properties may
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include tissue damage. coronary calcification and insulin resistance (Hirschfield et al..
2003). More substantial CRP values are associated with poor prognosis in severe unstable
angina (Liuzzo et al.. 1994). future stroke. as well as outcome following stroke (Di
Napoli et al.. 2001) and the outcome in chronic renal disease (Arici et al.. 2001). CRP
level elevation is also observed in CV disorders in non-postoperative arrhythmia patients
(Chung ct al.. 2001). The Prevention of REnal and Vascular ENdstage Disease
(PREVEND) study also indicated the strong association between ECG abnormalities.
measuring the T-axis. which is a strong independent predictor for fatal and nonfatal
cardiac events. and CRP (Asselbergs et al.. 2003). Taken altogether CRP involvement in
intflammatory disorders appears to be becoming prominent. thus warranting further
investigation of the effect of lowering CRP levels in improving mortality in CV patients.
Indeed. large clinical studies indicate CRP level lowering with statins. independent of
lipid lowering eftect of statins. may have beneficial effects in survival rates (Albert et al..
2001).

Inducible Nitric Oxide Synthase

The diverse biological actions of NO have been defined in biological systems
depending on the enzyme which it is produced from. the nature of stimulus. the amount
produced and the site of secretion. NO acts as a mediator of vasodilation. platelet
aggregation. neurotransmission. regulator of death and survival of various cell types
(Moncada et al.. 1991: Lincoln et al.. 1997: Coleman et al.. 2002). In gencral. in
physiological concentrations. NO generated is in the picomolar range. and is
constitutively produced by calmodulin-dependent NOSs (endothelial and neuronal NOS)

(Moncada et al.. 1991: Lincoln et al.. 1997). NO acts directly on guanylyl cyclase to
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induce cGMP production. leading to controlled vasodilation. In contrast. however.
immune and inflammatory responses via many cell types such as
monocytes/macrophages. fibroblasts. and NK cells induce NO production via iNOS.
leading to the production of relatively slow. sustained and high levels of NO (Moncada et
al.. 1991: Lincoln et al.. 1997: Nathan et al.. 1994). The over-expression of NO leads to
the production of reactive nitrogen oxide species (RNOS) from NO,. generated from
oxygen. As RNOS are unstable. they rapidly S-nitrosylate cellular thiols including amino
acids cysteine and glutathione. key targets in cell regulation (Butler et al.. 1995: Wink et
al.. 1996). Oxidative stress through NO interaction with the superoxide anion (O>)
generates the highly reactive peroxynitrite anion (ONOO’) (Wink et al.. 1996). Increase
in NO in synovial joints has been implicated in RA pathogenesis (Sattar et al.. 2003).
possibly inducing further pro-inflammatory cytokine production. as well as cell
proliferation and difterentiation (Schwentker et al.. 2002). Inducible NOS knock-out
animals or iNOS inhibitors have shown to ameliorate the physiological damage caused by
excess NO produced with inflammatory stimulus (Coleman et al.. 2002).

Inflammatory actions of Angiotensin II (AGII)

During the last few years. an exponential rise has been seen in the understanding
of function and signal transduction mechanisms for AGII via the AT,R and AT-R. The
active component of the renin-angiotensin system (RAS). this octapeptide hormone is the
product of the inactive decapeptide angiotensin [ (AGI). formed from tissue
angiotensinogen by renin. AGI is then converted by angiotensin converting enzyme
(ACE) to form angiotensin I1 (AGII). which has traditionally been seen to maintain blood

pressure. fluid and clectrolyte homeostasis and aldosterone release (Ruiz-Ortega et al..
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2001). AGII is formed within the blood as well as local interstitium of tissues (Thomas..
1999). In particular. the role of AGII is mostly mediated through its binding to the high

affinity. G-protein coupled angiotensin Il receptor, type I and type 11 (AT |R. AT,R).

Molecular Biology of AT|R and AT,R

The use of selective antagonists has revealed the heterogeneity of AT-Rs and
different cDNAs corresponding to each receptor (Inagami.. 1999). allowing the two
structurally similar receptors. with distinct pathways to have opposite physiologic eftects
(Figure 1-4). The vascular actions of AGII however have been attributed to the
stimulation of the AT R subtype. The 7-transmembrane G-protein coupled receptors
(GPCR) are expressed on many tissues and organs. including liver. heart. brain. gut.
adrenal kidney. endothelial cells, monocytes and vascular smooth muscle cells (VSMCs)
(Sayeski et al.. 1998: Thomas et al.. 1999). AT;R activation induces a cascade of cellular
responses. including rapid activation of phospholipase C $1 (PLC B1) dependent
activation of protein kinase C (PKC) via Gg/11 heterotrimeric G proteins and
intracellular calcium release (Brasier et al.. 2002: Thomas et al.. 1999: Dostal et al..
1997). AT R stimulation by AGII also activates intracellular signaling pathways
traditionally associated with growth factor and cytokine receptors through tyrosine kinase
stimulating pathways. They include tyrosine phosphoryvlation. and activation of PLC1.
mitogen activated protein (MAP) kinases. and the JAK/STAT pathway (Marrero et al..
1995: Berk et al.. 1997: Dostal et al.. 1997). The processes that couple ATR activation to

thesc diverse. growth-factor like signaling pathways are not known. but may involve the

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



AG I
a

ATR AT>R
Gy/!lcoupling Gic2/Gias
coupling
pm===-=e-sececc-eo--oq | Phospholipase C 1Ll -
' Vasoconstriction : i Vasodilation
' e , R 1 . ! ) . oy .
| Vascular. myocyte cell 1+ © PKC i Cell growth inhibition
: %rowlh ! + Apoptosis
qtIve | 7 1 srepr - V0. pe s ATy ' M
+Positive inotropy ' : Recepior type- Kinin’NO/cGMP + Negative chronotrophy
[, RIS oo ~ e 1 bt O\ 3 H
: .C\‘ldc‘w:urlone. sg‘cr‘;luor?a v Ivrosine Kinases ' Natriuresis
; atecholaming reiease i Protein !
o N 1

: : Sre-familyv- phosphatase '
' ' nrosine kinascs MKP-1. PP24 .
' , PP24, '
: : SHP-1 !
o b J4AK2 L

MAPKs Ceramide

Cross-talkwith g- ¢+ i .. ..

AR. Growth

Fuctor receptors

B S K :

; Arachidonic acid :
! NF- kB i

L g A

Production of ROS
Tissue remodceling, hyvpertrophy
Crvrokine induction/inflammatory responses

Figure 1-4: AGII mediated effects via stimulation of AT|R and AT>R
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“classical™ G-protein activation. or may be through non-conventional interaction and
activation of signaling molecules other than the G-proteins coupling with the 7-
transmembrane AT|R (Thomas 1999). Ultimately. AGII can elicit trans-activation of
growth factor receptors upon AT;R stimulation. and thus regulate fibronectin and pro-
inflammatory actions (Moriguchi et al.. 1999). AT-R development is primarily highest
during fetal development. but drops after birth. AT-R expression is also modulated by
.aultiple growth factors. various other cytokines, as well as through self-induction by
AGII (Horiuchi et al.. 1999). AT-R stimulation activates NO production through cGMP,
as well as phosphatase(s) resulting in the inhibition of ERK and Bcl-2 dephosphorylation.
Moreover. AT2R stimulation increases ceramide production, leading. overall. to apoptosis
and antigrowth eftects (Figure 1-4). Interestingly. increasing vascular diseases. injury
and CVD appear to be marked also by increased expression of AT>R. which is up-
regulated along with AT,R expression (Peng et al.. 2002; Horiuchi et al.. 1999). It
appears that up-regulation of the AT-Rs may be mediated by the increasing pro-
inflammatory cytokine production observed in these disease states. Increasing IL-6 and
TNFa appear to be some of the instigators in the up-regulation of the AT|R in endothelial
dysfunction and cardiac cells (Peng et al.. 2002: Wassmann et al., 2004). Vascular
remodeling and apoptosis. as seen in atherosclerosis and angina. are attributed to AT-R
up-regulation through increasing inflammatory mediators (Akishita et al.. 2000). Up-
regulation of AT-Rs would potentiate the effect of AGII in disease states. Morcover,
increases in AGII activation mark CVDs such as hypertension. MI and atherosclerosis
(Virdis et al.. 2003). By the same token. markers of inflammation have been shown to be

up-regulated in different forms of cardiovascular disease, correlating with the vascular
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risk. Increasing activity of AGII. as a pro-inflammatory mediator, is evident in the
increase in ROS. adhesion molecules. chemokines and cytokines (Ruiz-Ortega et al..
2001: Virdis et al.. 2003). Increased level of selectins and adhesion molecules have been
observed in hypertensive patients as well as patients with coronary artery disease.
Increased production of P-selectin. and the corresponding increase in angiotensin 11
induction of the adhesion of monocytes and neutrophils to endothelial cells. is implicated
(Prasad et al.. 2001). Increased monocyte/macrophage infiltrate, as well as ICAM-1 up-
regulation. is also observed in perivascular space in cardiac tissuc and VSM (Muller et
al.. 2000). The up-regulation in activity of nuclear factor kB (NFxB) through AGII
activation of AT-Rs is thought to promote and accelerate the inflammatory
atherosclerotic process and cardiovascular inflammatory injury (Ruiz-Ortega et al.. 2000:
Virdis et al.. 2003: Sadoshima.. 2000). More and more reports define the cytokine-like
actions of AGII and its role in activating cells regulating the expression of many
substances. such as growth factors. cytokines. and chemokines. The vascular response to
AGlIl is further up-regulated through the up-regulation of AT|R. as seen in studies with
AT>knockout mice (Tanaka et al.. 1999). It appears that cytokines and pro-intlammatory
mediators such as CRP up-regulate the AT |R in end-stage heart failure. VSM. and in
experimental myocardial infarction (Kaprielian et al.. 1997: Wang et al.. 1999: de Boer at
al.. 2003). Cardiac hypertrophy is also defined by an over-expression of the AT-Rs.
especially AT R. as AGII also acts as a growth factor. inducing hyperplasia/hypertrophy
depending on the cell type (Egido.. 1996). Vascular dystunction and increasing pro-
inflammatory levels eventually lead to the varying cardiovascular disorders such as

hypertension. atherosclerosis. infarction. left ventricular hypertrophy. and heart failure.
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Therefore. the control of AGII etfect and thus the control of inflammatory states. either
directly or indirectly. become important. Presently. the use of ACE inhibitors and AT R
antagonists is more prevalent in the treatment of not only hypertension. but also varying
cardiovascular diseases. Numerous studies indicate renin angiotensin system inhibitors
lower AGII levels and activity and pro-inflammatory cytokine levels in disease states.
The clinical outcome of ACEI and AT|R antagonists, which appear to ameliorate the
inflammatory cascade. is of great importance. considering the prevalence of various

inflammatory disease states with an underlying cardiovascular complication.

ACE and ATR Inhibition: Therapeutic Relevance

It appears that ACEI and AT)R antagonists modulate the balance between pro-
and anti-inflammatory cytokine productions and are thus potentially useful as therapeutic
agents. /n vitro reports find valsartan and captopril to be effective agents against
lipopolysaccharide (LPS) induced stimulation of TNFa and IL-1 at high doses. while
increasing the anti-inflammatory cytokine IL-1Ra (Peeters et al.. 1998). However. singie
dose treatment in essential hypertensive patients does not influence LPS-stimulated
production of cytokines by whole blood (Peeters et al.. 1998). Interestingly. AT-R
stimulation may compensate. and may in fact counteract. the inflammatory effects
induced by ATR stimulation. This is suggested by the decreased eftectivencss of AT;R
antagonist valsartan in AT, null nice compared with controls (Wu et al.. 2001).

In vivo experiments and clinical studies in intflammatory processes and
cardiovascular disorders also indicate a decrease in elevated levels of pro-inflammatory

cytokines with the treatment of ACEI and AT R antagonists. In myvocardial infarcts.
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administration of losartan or captopril decreased the TNFa mRNA expression. which had
increased with AGII administration (Frolkis et al., 2001). One dose of enalapril was
enough to decrease the mRNA expression of TNFa and IL-6 in endotoxin-induced
cytokine production in SHR (Niimi et al.. 2002). In cardiac heart failure. captopril also
dose dependently suppressed IL-1 and TNF« production by human mononuclear cells by
60 and 74 % respectively in patients with heart failure (Schindler et al.. 1995). Chronic
treatment with captopril. enalapril. fosinopril or ramipril also induced cardiac regression
in LVH and decreased ACE activity (Raasch et al.. 2002). In chronic heart failure. 14-
week treatment with candesartan decreases plasma levels of TNFa. IL-6 and various
adhesion molecules (Tsutamoto et al.. 2000). Yet another study with patients with
premature atherosclerosis, irbesartan significantly reduced levels of adhesion molecules
VCAM-1. soluble TNFa. and superoxide levels. with the maximal eftect on cardiac
artery disease seen at 12 weeks (Navalkar et al.. 2001).

Expression of other inflammatory mediators, such as inducible nitric oxide
synthase (iNOS). is also decreased with the use of ACEI such as quinapril (Bachetti et al..
2001). The NO»-NO; and TNFa levels. elevated during the LPS induced inflammation in
SHR. were also significantly attenuated.

The beneficial effects of AT,R antagonists and ACEI in cardiovascular diseases
can be extended to other inflammatory conditions with elevated cytokine levels. In fact.
any organ in which the AT R is expressed most likely will benefit from RAS inhibitors.
as increasing cytokine levels will. in the long run. increase cardiovascular pathogenesis
and compromise organ function. Thus. the ability of the body to respond to therapy will

be further compromised in hyper-inflammatory conditions. whether it is pharmacokinetic
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or pharmacodynamic in nature. We therefore decided to investigate if AT R antagonists
will be aftected in a model of inflammation. as seen in rheumatoid arthritis. Losartan and
valsartan were chosen for their varying pharmacokinetic and pharmacodynamic
properties.

Losartan Pharmacokinetics and Pharmacodynamic;

Losartan is the first of the series of non-peptide. orally active selective
angiotensin II type 1 receptor antagonist. containing the Takeda series of 1-benzyl
imidazole-3-acetic acid derivatives. with a biphenyltetrazole moiety (Lo et al.. 1995:
Mclntyre et al.. 1997). The oral bioavailability of losartan tablet is less than 30%. with
the peak concentration attained within 30 to 60 min (MclIntyre et al.. 1997). Losartan is
the only other AT )R antagonist. aside from candesartan cilexetil. which undergoes
cxtensive first-pass metabolism in the liver. Only 1/3 ™ of the oral dose reaches the
systemic circulation unchanged. /n vitro studies have revealed the metabolism and
clearance of losartan follows one of two major pathways and involves the oxidation of
the benzylic imidazole substitutents by CYP 450 in liver cells. which is followed or
preceded by glucoronidation (Steamns et al.. 1995). At least five metabolites of losartan
have been 1dentified and are presented in Figure 1-5 (Mclntyre et al.. 1997: Schmidt et al.
2003). The oxidation of the alcohol side chain of losartan into the carboxylic acid moiety
in the major pathway gives the aldehyde EXP 3179, which is rapidly oxidized to the
active metabolite EXP 3174. The oxidation is mainly performed by hepatic CYP 2C9 and
3A4 enzymes. with only 14 % of the total losartan dose being converted to EXP 3174.
However. the resulting EXP 3174 is 10-40 times more potent as an AT R antagonist than

losartar. and is responsible for most of the receptor antagonism seen with losartan
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Figure 1-5: CYP 450 oxidation of losartan. Obtained from Steams RA. Chakravarty PK.
Chen R. Chiu SHL. Biotransformation of losartan to its active carboxylic acid metabolite
in human liver microsomes. Drug Metab Dispos 1995: 23: 207-215.
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(Kaukonen et al.. 1998: Lo et al., 1995; Yasar et al.. 2002: Yun et al.. 1995: Schmidt et
al.. 2003). Approximately 5% of the dose is excreted unchanged in the urine and about
8% of the dose is excreted in the urine as EXP 3174. In total. ~ 92% of the administered
dose can be accounted for by excretion of drug in urine and feces (Mclntyre et al.. 1997).
As well. binding studies indicate losartan antagonism ot the AT R is competitive with
increasing AGII. while EXP 3174 exhibits noncompetitive antagonism (See.. 2001). The
measured and predicted bioavailability from the hepatic extraction ratio show absorption
of losartan from the gastro-intestinal tract (GIT) is complete. Losartan. but not EXP 3174.
i1s also a substrate for P-glycoprotein (Pgp) (Soldner et al., 2000). Both losartan and EXP
3174 are highly protein bound to albumin (98.7% for losartan, 99.8% for EXP 3174) with
the final Vd being 34 L for losartan and ~ 10 L for EXP 3174 (Christ.. 1995). Neither
losartan nor Exp 3174 are significantly displaced in vitro by therapeutic concentrations of
highly protein bound drugs such as naproxen. ibuprofen. diazepam. or warfarin.
suggesting clinically significant drug interactions are unlikely to occur (Christ.. 1995).
Disease states mainly appear to alter the active metabolite levels rather than the parent
drug. In elderly patients. single oral and /v doses of losartan did not alter its
concentrations. while EXP 3174 levels were increased 3 fold. The efficacy and safety
however remained unaltered (Mclintyre et al.. 1997). Liver disease also appeared to
increasc the EXP 3174 two- fold as well. and drug level monitoring appear to be
recommended (Christ et al.. 1995). Renal insufficiency. as seen in moderate to severe
kidney disease (Clcr of 10-29 ml/min) decrease the renal clearance of losartan and

EXP3174. although the levels of EXP 3174 was unchanged (Sica et al.. 1995).
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Valsartan pharmacokinetics and pharmacodynamics

Valsartan is the S-enantiomer of N-valeryl-N-[[2°-(] H-tetrazol-5-yl) biphenyl-4-
vl] methyl]-valine (Figure 1-6). as the R-enantiomer has 170-fold less activity in terms of
AT\R binding. Valsartan is a competitive antagonist against AT|R with 20.000 fold
higher potency for AT, R than for ATaR (See.. 2001). At least 51 % of the dose is
absorbed. with ~ 92 % of the drug being bound to plasma albumin. and ~22% binding to
AAG. The Vd is therefore small. at 16.91 £ 6.90 L (Thiimmann et al.. 2000). The
accumulation factor is small with multiple dosing at 1.21 with 200 mg o.d over 8 days.
No change in antihypertensive effect of valsartan is observed however. Waldmeier et al
administered "*C-labeled valsartan to six healthy volunteers to observe the excretion
pattern. Ninety six percent of *C-labeled valsartan was recovered from plasma. feces.
and urine. Biliary excretion was found to be the primary elimination route ot valsartan.
with ~ 70 % of the dose excreting unchanged through the biliary route. The only verified
metabolite was V-M1 (Figure 1-6) was identified by MS and 'H NMR and confirmed by
total synthesis (Waldmeier et al.. 1997) and metabolism contributes to less than 20 % of
its clearance. A significant food dependency of the bioavailability is unique to valsartan
and may result in up to 50 % reduction in drug availability. Valsartan is not
recommended for patients with severe hepatic dysfunction and/or biliary cirrhosis
(Brookman et al.. 1997: Martin ct al.. 2002). Dose adjustment should also be considered
in 70-year old patients. because plasma clearance of valsartan is predicted to be 22 %

lower compared with that in an average 55 year old (Sioufi et al.. 1998). As well. those
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Figure 1-6: Structure and metabolic pathway of valsartan. Adapted from Schmidt B.
Schietter B. Angiotensin Il AT1 Receptor Antagonists. Clinical Implications of Active
Metabolites. J Med Chem 2003: 46: 2261-2271.
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with severe renal impairment should be considered for dose reduction of valsartan.
although as the fraction of valsartan excreted unchanged by the kidney is only 10-15%.
dose reductions in mild-to-moderate renal impairment or the elderly do not routinely have
to be considered (Martin et al.. 2002). Both losartan and valsartan lack affinity for

adrenergic. histamine. substance P. muscarinic and serotonin receptors (Burnier.. 2001)

Clinical Applications of Losartan and Valsartan

ATR antagonists are considered as an alternative therapy for essential
hypertensive patients intolerant of ACEI due to the persistent cough caused by increase in
bradykinin levels. As well. AT|R antagonists will decrease the activity of AGII produced
through alternate pathways from the ACE. The deleterious effects of AGII on the heart
and kidney in patients having high levels of plasma renin activity may then be
ameliorated. thus decreasing the risk ot stroke and MI (Burnier.. 2001). Presently. in
addition to the treatment of hypertension. losartan decreases mortality and morbidity as
compared to some conventionally used f-blockers. such as atenolol (Okin et al.. 2003.
Lindholm et al.. 2002). A similar reduction in blood pressure is also observed with AT|R
antagonists as with the B-blockers. however. with a better tolerability profile in some
complications (Dahlof et al.. 2002). Indeed. losartan therapy has also been indicated. and
its use approved. in patients with diabetic nephropathy. with proteinuria and
hypertension. as the incidence of doubling of the serum creatinine concentrations and
end-stage renal disease is reduced with treatment. It is also the only agent to demonstrate
a significant delay in end-stage renal disease (Brenner et al.. 2001). AT|R antagonists.

along with ACEIs. have been deemed beneficial in reducing complications associated
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with myocarditis by down-regulating the potential autoimmune component of the disease
(Godsel et al.. 2003). Interestingly, clinical trials show valsartan significantly reduces the
combined end point of mortality and morbidity improving ejection fraction. The signs
and symptoms of heart failure. as well as the quality of life improve significantly when
compared with placebo when valsartan is added to prescribed therapy (Cohn et al.. 2001).
Losartan outcome is superior to atenolol in treating isolated systolic hypertension and left
ventricular hypertrophy (LVH) (Kjeldsen et al.. 2002).

With losartan in particular. recent investigations show novel AT R independent
functions. which encompass anti-inflammatory and anti-aggregatory actions. The eftccts
are not related to the anti-hypertensive effects. and are mediated through actions of
another losartan metabolite EXP 3179 (Sadoshima.. 2002). After single oral 100 mg
losartan. inhibition ot PGF»,, production was observed over 6-8 h in vivo corresponding
to increasing EXP 3179 production (Kramer et al.. 2002). It appears EXP 3179 is
structurally similar to indomethacin, and therefore acting like a COX inhibitor. EXP 3179
may also share COX-like inhibition of NF kB. AP-1 or CCAAT enhancer-binding
proteins. thus negatively regulating transcription of pro-inflammatory cytokines. As
well. EXP 3179 acts as a receptor antagonist for TXA» receptors to prevent U46619-
induced platelet aggregation (Sadoshima.. 2002). In heart failure. MI and atherosclerosis.
inflammatory mediators. as well as inflammatory receptors such as COX-2. PGE- and
TXA,. are up-regulated. AT|R antagonists such as losartan and valsartan may therefore
be much more preferable alternatives to other CV drugs in the treatment of CVD due to
their added anti-inflammatory properties. Recent studies compared valsartan. simvastatin.

quinapril on their suppressive action of ROS generation. NF kB production in
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mononuclear cells. and CRP levels. Valsartan, at 160 mg. exerted a profound and rapid
ROS and intflammation-suppressive effect as compared to the other 2 treatments over a |
week period (Dandona et al.. 2003). The potential implications of the beneficial effects of
valsartan in atherosclerosis. diabetes and CHF must be further investigated. The use of
ATR antagonists are becoming more relevant and essential in the treatment of
inflammatory and cardiovascular disorders, conditions which express increased
circulating AGII levels and ATR up-regulation in cardiovascular disorders.

Influences from Pro-Inflammatory Mediators on Drug Pharmacokinetics

Absorption
Drug bioavailability from the GIT can be affected by alteration to the epithelial

permeability. changes to the mucosal blood flow. varied expression of major drug
metabolizing enzymes. such as CYP 3A4, and altered expression of P-glycoprotein (Pgp)
(Bertilsson et al.. 2001). CYP 3A4 accounts for ~30 % of hepatic CYPs, and >70 % of
small intestinal CYPs. The highest concentration of CYP 3A4 is found just below the
brush border. near the absorptive surface (Watkins.. 1997). Recently. much investigation
has tocused on the expression of the multi-drug resistance (MDR) transporters. as well as
the CYP enzymes. during inflammation. P-glycoprotein is best characterized as plasma
membrane MDR protein. As they are efflux proteins. responsible for the active efflux of
drugs and xenobiotics. they are thought to play an important role in systemic drug
absorption. Substrates of Pgp are generally hydrophobic and structurally unrelated. In the
GIT system. they are transported from gut epithelial cells and plasma back into the gut
lumen. thus decreasing their bioavailability (Benet et al.. 1996: Ayrton et al.. 2001).

Substrates dependent on gut CYP 3A4 enzymes and are Pgp substrates are thought to
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have limited exposure to the enzymes in the gut. The oral clearance of Pgp substrates can
be related to the level of available gut Pgp. For example. cyclosporin oral clearance is
positively correlated with Pgp levels. in which the higher the intestinal Pgp level. the
higher the oral clearance (Hall et al.. 1999). Substrates for Pgp include vinblastine.
cyclosporine. verapamil. dihydropyridines. nicardipine. and nifedipine. Drugs and
xenobiotics. which are Pgp substrates. can also act as Pgp protein inhibitors. and thus
increase the absorption kinetics of other Pgp-dependent substrates.

Few studies have addressed the impact of inflammatory mediators on drug
absorption and metabolism in intestinal cells. especially on the permeability and the
expression of Pgp and CYP 3A4. However, results appear conflicting, possibly due to the
varying cell lines and inflammatory process under investigation (Bertilsson et al.. 2002:
Kalitsky-Szirtes et al.. 2004). Caco-2 cells express Pgp and when treated with 1a. 25-
(OH),D; allow CYP 3A4 mRNA expression as well. The presence of five different pro-
inflammatory cytokines. as released from co-cultured macrophages or added separately.
diminished the expression of CYP 3A4 mRNA in all treatments compared to the
untreated controls (Bertilsson et al., 2002). Results are in agreement with findings by
Abdcl-Razzak et al who saw a down-regulatory eftect on CYP 3A4 expression in
hepatocytes with cytokine treatment (Abdel-Razzak et al.. 1993). Bertilsson et al however
found a positive effect on MDR1 mRNA expression in epithelial cells with local
inflammatory process. indicating the possibility of increased efflux action of Pgp
substrates during inflammation. On the other hand. there was an increase in epithelial
permeability of Caco-2 cells. possibly negating any decrease in absorption that may be

observed with Pgp expression. Interestingly recent study by Kalitsky-Szirtes et al indicate
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that Pgp expression in the jejunum of rats treated with endotoxin or LPS is down-
regulated by ~50% (Kalitsky-Szirtes et al.. 2004). Corresponding reductions in the
basolateral to apical eftlux of digoxin. amiodarone. and carboxyfluorescein were
observed. resulting in significant increases in the apical to basolateral absorption of these
compounds (Kalitsky-Szirtes et al.. 2004). Altogether. it appears that during
inflammation. absorption of lipophilic drugs, which may also be a Pgp and 3A4
substrates. may be increased during inflammation. leading to increasing plasma levels ot
such drugs.

Hepatic Excretion and Transport Proteins

The role of transport proteins extends to the hepato-biliary excretion by the
transter ot drugs to metabolic sites and /or the biliary canalicular membrane mediated by
intracellular transfer proteins and passive diffusion. (Ayrton et al.. 2001: Pascaud et al..
1998). The carrier proteins involved in the active excretion of drugs from the hepatocytes
to the bile are the organic anion transporting polypeptide (OATP) and the ATP-dependent
transport systems canalicular mutispecitfic organic anion transporter (c(MOAT) and MDR.
which includes the Pgp (Ayrton et al.. 2001). Acidic. basic. zwitterionic and neutral
compounds are all potential substrates for OATP. and MDR?2 have been shown to
mediate the transport of endobiotics. anionic drugs and drug conjugates. including
prevastatin and methotrexate (Yamazaki et al.. 1997: Hooijberg et al.. 1999). Although
some transport proteins are specific to the liver. cMOAT and OAT transfer proteins. as
well as Pgp also mediate renal active excretion. Very few studies have been performed
on canalicular transport of drugs during inflammation. as with the MDRs in the intestine.

However. some have shown down-regulation of Pgp activity and levels in rat hepatocvtes
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with increasing cytokine levels such as IL-1 § and IL-6 (Sukhai et al.. 2001). The effect
of inflammation on other transport proteins in the liver and kidney is vet to be
investigated. However. the potential effect of cytokines and inflammatory mediators in
the biliary excretion of drugs and to drug influx into the hepatocytes to the CYP enzymes
must be considered. as it may increase the plasma levels of those drugs in the systemic
circulation.

Metabolism

Inflammatory stimuli and pro-intflammatory mediators change the activities and
expression of various forms of cytochrome P450 in the liver. kidney, and brain. Many
important drugs. whether they undergo high or low extraction. rely on hepatic
metabolism by CYP450s for clearance from the circulation and pharmacological
activation or conversely. inactivation. Therefore. factors that modulate the CYP4350s have
the potential to adversely or tavorably affect the therapeutic effects of drugs. (Morgan et
al.. 1997).

A large number of infectious or inflammatory agents have been shown to depress
CYP450 catalyzed drug metabolism in humans and in experimental animals. The first
observation of CYP being modulated during a host detense response was made by
Samaras and Dietz in 1953 when they reported that the actions of pentobarbital were
greatly exaggerated when the reticuloendothelial system (RES) was stimulated by trypan
blue (Samaras et al.. 1953). In humans. the first indication of clinically important
infection-evoked alteration in metabolism was the major outbreak of influenza in Seattle
(USA) that affected ~50% ot the pediatric population. Eleven asthmatic children

developed a sudden decrease in theophylline clearance and were hospitalized with
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toxicities ranging from headache to seizures (Kraemer et al., 1982). Patients with arthritis
also exhibit a compromise in drug biotransformation (Ishizuki et al., 1983), and the loss
of biotransformation has been linked to increased IL-1 production. Morgan et al report
selective CYP 450 downregulation in vivo and in vitro with different diseases and models
of disease (Morgan et al.. 1997). Reduced clearances of antipyrine. hexobarbital and
theophylline were observed in human volunteers given low doses of LPS (Shedlofsky et
al.. 1994). Moreover. reduced clearance of the drugs correlated with the initial peak
values of TNF« and interleukin 6. Cytokine production may be systemic. from
monocyte/macrophages. or local. via modulation of the RES. which includes hepatic
kuptter cells (Morgan.. 1997). In a complex in vivo inflammatory response. many other
factors may potentially atfect CYP450 expression. For instance. actions of cytokines in
the central nervous system affect the hypothalamo-pituitary axis (Bernton et al.. 1987),
resulting in altered secretion of glucocorticoids. thyroid hormones. and growth hormone.
each of which regulate; CYP 450 expression (Morgan et al.. 1998). Direct action of
toxins on the CYP450 system is also observed. as LPS can act directly on hepatocytes
and down-regulate CYP450 expression (Ansher et al.. 1992). Despite the fact that many
CYP450s are suppressed during inflammation or infection. it can be discerned from the
literature that some are unaffected and some are induced. such as CYP 4As (Sewer et al..
1997). Difterential regulation of CYP enzymes depends on the particular stimulus and
infection (parasitic versus bacterial). the type of cytokine being produced. the tissue being
studied. as well as the animal model being used (Morgan.. 1997). LPS stimulation. for

example. will release systemic IFNy , TNFa. IL-1 and IL-6, and induce the local release

of acute phase proteins from the liver. Cultured primary hepatocytes initially have high
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levels of total CYP 450 expression, which plummet during the first 24-48 h after
inflammatory stimulation (Kocarek et al.. 1993). However, there may not be a total
change in CYP microsome level. as there is diversity in how individual CYP enzymes
respond to stimulus. In fact. some enzymes are up-regulated while others are down-
regulated by an inflammatory stimulus. Selective down-regulation or up-regulation of
many constitutive and inducible CYP 450s by cytokines are thought to be due to
repression of gene transcription. changes in RNA and/or protein turnovers or direct
decrease in P450 catalytic activity (Iber et al.. 1999: Jover et al.. 2002.: Khatsenko et al..
1998: Shedlofsky et al.. 1994). The pre-translational mechanism in the loss of the CYP
1soform preceed the depression of specific mRNA species. and subsequent decrease in
enzyme synthesis and activity is observed. Varying molecular mechanisms are involved
in CYP enzyme down-regulation. The down-regulation of CYP 2C11 by IL-1 and IL-6
involves the proximal promoter region of the CYP2C11 gene (Chen et al.. 1995).
CYPIAI regulation by IL-6 on the other hand appears to involve the induction of heme
oxygenase (Fukuda et al.. 1994). Increases in NFkB induction by IL-1 B may also be
involved in changes to CYP gene transcription such as CYP2C11 (Iber ..2000) and rapid
turnover of mRNA is shown to be accelerated by IFN in the rat (Delaporte et al.. 1997).
When activated. a latent endonuclease that cleaves single-stranded mRNA after UA. UG.
UC. and UU residues at the 3" end could degrade mRNAs coding for CYP. accounting
for the increased mRNA turnover (Salehzada et al.. 1993). Protein degradations may also
contribute to overall CYP loss. independently from the increase in mRNA turnover

(Mannering et al., 1986).
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The involvement of ROS and NO in CYP down-regulation have also been
considered. Increasing oxidative stress observed in the liver during intlammatory
response depresses CYP (Proulx et al., 1995), and the addition of anti-oxidants appear to
prevent the loss in CYP and alterations in drug metabolism (Renton.. 2001). Production
of NO. possibly from iNOS stimulated during inflammation. is also speculated to be
involved in CYP down-regulation. The magnitude of CYP down-regulation appears to
correlate with NO increase. Nitric oxide appears to physically bind to enzyme protein. in
particular to the prosthetic groups such as heme or iron-sulfur clusters, leading to
activation or. more likely. the loss of CYP-mediated activity (Khatsenko.. 1998). Itis
clear that the modulation in the CYP enzyme expression and activity during inflammation
will alter the capacity to metabolize. activate. or de-activate drugs or endogenous
materials.

Plasma Protein Levels

Highly protein bound drugs are at risk of altered distribution and elimination.
because the concentration of plasma proteins change during inflammation. Alpha-acid
glycoprotein binds to basic drugs. and is an acute phase protein. whose level increcases
markedly during systemic inflammation. On the other hand. plasma albumin. which binds
mostly acidic xenobiotics. appears to be decreased during chronic inflammation. Albumin
depression can be caused by increasing cytokine levels. as seen in patients with severe
RA (Van Den Ouweland et al.. 1988). Changes in protein binding will alter the clearance
of drugs. as only the free drug can be metabolized and eliminated. The balance between
bound and unbound drug may therefore be altered in inflamed states. for highly protein

bound drugs (Mayo et al.. 2000: Piquette-Miller et al.. 1993).
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The inflammatory response is not only limited to changes in the pharmacokinetics
of drugs. Circulating cytokines alter function of various tissues. including adipose.
skeletal muscle. liver. and vascular endothelium, to generate a spectrum of pro-
atherogenic changes that will alter the tissue and organ function.

Influences of Pro-Inflammatory Mediators on Drug Pharmacodynamics

Studies have shown that B-adrenergic antagonists and calcium channel blockers
have decreased potency in inflamed states (Guirguis et al.. 2003: Kulmatycki et al.. 2001:
Mayo et al.. 2000). which may be due to the effect of inflammatory mediators on the
expression and function of G-protein coupled receptor (GPCR) and ion channels. Ion
channel expression in disease state has not been extensively studied. although the ability
of the ion passage into and out of the cells is often altered in disease states. Evidence has
been accumulating on changes that possibly occur to G-protein function in cardiovascular
disease states. which have also been expressing hyper-inflammatory activity. as discussed
previously. The possible mechanism of down-regulatory effect on the GPCRs in disease
states would. in fact. explain the therapeutic inefficacy being observed for cardiovascular

drugs in inflamed states.

G Protein Coupled Receptor (GPCR) Activation

GPCRs constitute a superfamily of 7 transmembrane spanning proteins
responding to a diverse array of sensory and chemical stimuli (Ferguson.. 2001). GPCRs
transduce the information into intracellular second messengers. which are then
interpreted as meaningful signals by the cells. This process involves the coupling of

agonist-activated GPCRs via interaction with heterotrimeric G-proteins. G-proteins
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consist of a.. B and v subunits (Lombardi et al., 2002). Binding of an agonist to a GPCR
results in conformational changes in the receptor. which promote guanine nucleotide
cxchange (GDP for GTP) on Gu resulting in subsequent dissociation from the GBy
subunits. The dissociated Go. GTP and Bv subunits can independently activate or inhibit a
range of signaling proteins including phospholipase C (PLC). adenylate cyclase (AC) and
ion channels (Neer.. 1995). Hence. the final outcome of most ot the biological responses
mediated by GPCRs is the result of a complicated network of intracellular signaling
pathways. Changes seen in GPCR effectiveness in varying disease states may be due to

any number of factors altering the signaling molecules.

GPCR Regulation: Implications in CVD and Inflammation

More and more studies in various cardiovascular and inflammatory diseases show
that GPCR response. in particular the B-AR response. is impaired. Animal and human
data in forms of ischemic heart failure. hypertrophic cardiomyopathy. hypertension,
airway smooth muscle signaling and human bronchial epithelial cells indicate down-
regulation in effect. For example. the positive inotropic eftects of 3;-AR in heart and
vasodilatory effects of $-AR are diminished in the airway smooth muscle cells with
inflammation (Ungerer et al.. 1993, 1994: Penn et al.. 1996: Hammond et al.. 1992).
Low-aftinity agonist binding. decrease in adenylate cyclase (AC) activity. increase in
phospholipase C (PLC) level and the inhibitory Gi proteins is also observed in diseases
exhibiting hyper-inflammatory state (Lombardi et al.. 2002: Hammond et al.. 1992:
Meij.. 1996: Ungerer et al.. 1994). When the G protein-coupled receptor kinases (GRK)

and PKC cxpression and activity are also measured. an increase in expression of GRK2
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(also known as BARK) and B-arrestin was observed in ischemic and failing heart. as well
as hypertension (Gros et al.. 1997.2000: Ungerer et al.. 1994). GRK and B-arrestins are
involved in GPCR desensitization process (Ferguson.. 2001). As well. increasing
catecholamine level and activity is also observed in varying inflammatory states and in
CVDs such as heart failure (Meij.. 1996: Egger et al.. 1982: Harbuz et al.. 1994). This. in
turn. would increase receptor uncoupling. desensitization, and internalization. leading to
the observed receptor down-regulation. In fact. the desensitization mechanism proposed
with agonist-stimulation can either lead to receptor recycling and re-sensitization or be
targeted to storage and/or lysosomes (Ferguson.. 2001). This may lead to decrease in
receptor density. The multi-faceted abilities of GRK and B-arrestins are also evident in
immune cells. in which they are involved in mediating ERK activation and production of
MAPK (Lombardi et al.. 2002). It appears that PKA and PKC modulate GRK activity
and membrane targeting. via transcriptional control at the mRNA level. Interestingly.
GRK expression appears to decrease in inflammatory states such as rheumatoid arthritis.
opposite what is observed in cardiovascular disorders. Chemokine and pro-inflammatory
cvtokines such as TNFa. IFN v and IL-6 are increased in RA. and treatment of PBMC
with these compounds strongly promotes GRK2 down-regulation (Lombardi et al.. 1999,
2001). The down-regulation of GRK. in pre- and post-transcriptional regulation appears
to be the instigators in GRK degradation and/or decrease in expression. In some cases.
the GRK level is decreased but the B-arrestin levels are increased in varying
inflammatory stimulus (Lombardi et al.. 2004: Vroon et al.. 2003). The varying effects
observed in hyper-inflammatory states in RA and hypoxia/ischemia does not explain the

therapeutic failure observed in animal models of inflammation treated with B-adrenergic
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antagonists (Guirguis et al.. 2003; Kulmatycki et al., 2000). It is possible. however, that
GPCR dimerization and /or oligomerization may lead to cross talk between various
receptor and thus to down-regulation in effect.

Cross-talk between Receptors and Receptor Oligomerization

There is now a large and diverse body of evidence suggesting that GPCRs indeed
function as dimers. or oligomers. Dimerization can occur among identical receptors. close
family members. or between distinct families. They have been reported among f3-AR. the
d-opioid receptor. the chemokine receptor. the C a” sensing receptor and the metabotropic
¢lutamate receptor (Breitwieser., 2004). Receptors. which oligomerize are summarized in
Table 1-2. Receptor dimerizations have been linked to GPCR sequestration, and appears
to also affect ligand binding. receptor activation, desensitization and trafficking in a
number of instances. It was mentioned above that second messenger PKC is able to
independently phosphorylate GPCR via a heterologous signaling pathway. It appears that
in human platelet activating factor monomer GPCR. PKC activation can enhance receptor
multimerization. contributing to its desensitization/internalization (Perron et al.. 2003).
Eftects of the oligomerization of the receptors on signaling appear widespread and
varied. For example, during heart failure. expression of $,AR is reduced. while B-AR
expression 1s increased. [t may be that heterodimerization creates a negative crosstalk in
which the expression of one receptor subtype is attenuated. As well. the complex
interactions of multiple. branched signaling pathways will lead to positive and negative
feedback. termed cross-talk. The effect of cytokines on the down-regulating effect on
GPCR observed during varying inflammatory states appears. in part. to occur via the

cross talk of the intracellular
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Tablc 1-3: Functional consequences of GPCR Heterodimerization

Changes in Co-desensitization or Altered Coupling to G Proteins and/or Signal
Receptor Intemalization in Responseto  Transduction Pathways: Synergy in Signaling
Pharmacology Partner Agonist
C{_‘."R-ﬂ,AR C(:AR-ﬂ/AR A T/R-B:
Di-Ala AR AT,R-B: PAR-00R, B~AR->nOR
M2-m3 S-AR-8OR, -AR-5-~xOR CCR2-CCR3
SuOR TRHI-TRH? SuOR
&KOR B-B- AR mGluRla-A14R
SST2a-S8T3u mGIluR5-A2u
SST2a-uOR
A2a-D2

Adapted from Dzimiri N: Receptor Cross-talk. Implications for cardiovascular function.
disease and therapy. Fur J Biochem 2002: 269: 4713-4730.

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



signaling proteins. In airway smooth muscle cells. cytokines IL-1 and TNFa coordinate
with the epithelial growth factor to initiate 2 distinct signaling pathways to desensitize
GPCR (Pascual et al.. 2001). An increase in PKA due to PGE, is presumably thought to
down-regulate the $>AR. Cross talk is also seen in cardiovascular diseases. and may be
one of the important causes of B;AR decrease in function. In congestive heart failure rat
model using ML inotropic responses to ;AR stimulant isoproterenol was reduced by 65
%. indicating GPCR desensitization, with no changes to receptor density. However. the
expression of Gi versus Gs (in B;AR) was greater. indicating the up-regulation in Gi from
another GPCR signaling lead to $;AR down-regulation in response (Kompa et al.. 1999).
Adenylate cyclase activity impairment in severe septic shock patients also appear to be
due to heterologous desensitization mechanism of BAR and cytokine receptor cross-talk
with BAR signaling mechanism. leading to significant decrease in cAMP levels and
adenylate cyclase activity (Bernardin et al.. 1998). In fact. evidence suggests increasing
cvtokine and cytokine receptors in advanced heart failure may increase cross talk
between the cytokine signaling molecules and the GPCR in the heart (Deswal et al..
2001). Inhibiton of B-AR responsiveness may also be due to AGII stimulation of the
AT,R and subsequent PKC activation leading to NO production. and increased OP2
receptor activity (Dzimiri..2002). leading to inhibition of B-AR stimulated AC activity
via the Gi protein. Ca’” regulation is also affected by the negative cross talk from various
other receptors. The compartmentalization of the Gs stimulated cAMP signal from f3;AR.
duc to B;-B2AR heterodimerization. selectively atfects plasma membrane effectors such

as L-type C a>~ channels (Xiao et al.. 2001).

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



AT|R and AT,R exhibit negat. e cross talk as the signaling molecules
downstream from the receptor have opposing eftects on the body (Figure 1-4). However.
AT, R may very well have a positive cross talk with cytokine and growth factor receptors.
Presumably. the tyrosine kinase pathway. through the JAK/STAT proteins. is similar
between the AT|R and growth factor receptors, leading to the possible shared response.
Differential regulation however can be expected depending on the tissue and the
stimulation conditions. Indeed. AGlIs pro-inflammatory activities may partially be
through the induction of cytokine receptors. The therapeutic efficacy ot AT,R antagonists
in inflammatory states may well be investigated as the signaling mechanisms of AT|R
vary from the BARs. as well as their expression and function in mediating the
physiological system. Not much is known about the effect of inflammation on the
therapeutic efficacy of AT|R antagonists. especially in autoimmune conditions where
much potential for variability exists in drug availability and efficacy at the receptor site.
Objectives of the Clinical Investigatio

The objective of our human study veas to investigate the effect of inflammation on
the pharmacokinetics and pharmacodvnamics of CYP450 metabolized (activated)
anrihvpertensive drug., losartan, and a non-CYP450 metabolized drug, valsartan. We
chose rheumatoid arthritis as our model of inflammation as it is associated with an
increase in cardiovascular events and because our previous studies on down-regulation of
calcium channel receptors revealed abnormalities in this group of subjects. Three groups

were chosen for the study: Active RA. Controlled RA and healthy subjects.

(v
8]
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Hypotheses for the Clinical Investigation
1. Valsartan pharmacokinetics will not be altered with the presence of inflammation
2. Losartan pharmacokinetics will be altered with the presence of increased
inflammatory state.

Decreased formation of the active metabolite EXP 3174 will be observed with

(93]

patients treated with losartan.

4. The pharmacodynamic parameters for valsartan will not be altered in arthritic
patients as compared to healthy subjects (ie. no down-regulation in AT;R will be
observed).

5. The pharmacodynamics for losartan will be altered due to a decrease in the active

metabolite level. but not due to AT|R down-regulation.

Depending on the results of the human study. we wished to investigate the mechanism of
change in GPCR in inflammatory states. It was important. furthermore. to understand the
effect of inflammatory state in an animal model with an underlying disease state. It was
discussed previously how the incidence of cardiovascular events increase with the
presence of inflammation. and that the cause of morbidity and mortality in RA patients
in particular. is due to cardiovascular complications arising with the progression of
arthritis and the increase in pro-inflammatory mediators (Solomon et al.. 2003). RA
patients are prone to essential hypertension. which eventually propagates into
atherosclerosis and cardiac heart failure, despite the anti-hypertensive treatment.
Although therapy failure due to increase in inflammatory mediator is suspected. studies

so far have only investigated the possible mechanisms in a healthy animal model. without

(9]
(OS]
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any underlying cardiac abnormality. in which acute and/or chronic inflammation is
induced. Studies done so far also induce CV disease states in animals with underlying
hypertension. but rarely is another type of inflammatory state induced to check drug
eftect in multiple disease state studies. Different animal models have different
inflammatory response. which may not reflect what is occurring in the human body. It is
therefore imperative to study disease-disease interaction. as well as drug-disease
interaction as a more relevant animal model. The genetically hypertensive rat strains have
become one of the mainstay models to study essential hypertension in humans.

Hypertensive Rat Model Strains

There are four major strains of rats with hypertension. These include the
spontaneously hypertensive rat (SHR) developed by the Japanese workers. Okamoto and
AoKi. in 1963 (Okamoto et al.. 1963), a strain developed from Wistar rats in New
Zealand by Smirk and Hall (1958). the Milan hypertensive strain developed from Wistar
rats by Bianchi and co-workers (Bianchi et al., 1975). and the Dahl salt-resistant (R) and
salt-sensitive (S) strains developed by Dahl and co-workers (Dahl et al.. 1962).

In 1963 Okamoto and Aoki reported the development of a strain of Wistar rats
sclected for hypertension. The development of the SHR as a severely hypertensive strain
of rat showed that hypertension took place over relatively few generations. By the F6
generation the level ot blood pressure was reaching a plateau at about 180 mm Hg
(Okamoto . 1969). Based on a genetic analysis by Tanase (1979) it appears that over 50
% of the increase in blood pressure in the SHR is associated with a single gene. With

succeeding generations there has been a tendency for greater and earlier increase in blood
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pressure. The strain breeds true with 100 % of the offspring developing hypertension. It
has become one of the more widely used strains inbred rats in the United States.

SHR have been claimed to be a good model for the study of essential
hypertension in man since the condition is spontaneous. increases in severity with age.
and is more severe in males. It is also often associated with complications of several
organs including heart. brain. and kidneys, whose severity increase with age. similar to
those found in human hypertension. In the brain there is often cerebral infarction,
subarachnoid haemorrhage. and microscopic cerebral haemorrhages (The Laboratory
Rat.. 2000). Myocardial necrosis and microscopic fibrosis occur as well as
nephrosclerosis and vascular lesions including fibrinoid necrosis and hyaline
degeneration in renal, pancreatic. hepatic, and less commonly, coronary arteries. Early
phase of hypertensive state appear to start from 6 weeks of age. however indications of
end organ damage and cardiac hypertrophy do not appear until much later in life. at
around 50 weeks or more.

The study of pathogenesis of hypertension oftern compares the hypertensive
strains with their respective normotensive “controls™. which are the Wistar-Kyoto rat
(WKY) strain for the SHRs. However. there have been many differences reported in the
literature when characteristics of the SHR have been compared with WKY. Genetic
fingerprinting has determined that the SHR and WKY strains only share approximately
50 % of their DNA fingerprint bands (St. Lezin et al.. 1992). The genetic difterence
would explain a number of significant differences. and illustrate one of the major
problems in developing genetic models in providing a perfect control animal. The three

major differences between the SHR and the normotensive controls may be significant
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W
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with regard to the pathogenesis of the disease. and are as follow. The first of these relate
to the level of sympathetic nerve activity. It appears that SHR has a greater sympathetic
nerve activity than do age matched WKY (Judy et al.. 1976; Nagatsu et al.. 1974). The
consequent hyperactivity observed with the SHR as compared to WKY may prove to be
problematic in studies of drug response. Also, there is an increased wall to lumen ratio in
SHR as compared to WKY and there is an increase in rate of protein synthesis in the
vasculature even before the animals become severely hypertensive (Animal Models:
Assessing the Scope of their Use in Biomedical Research., 1985). Finally. there is an
apparent defect in the system for maintaining ionic homeostasis within various cell types
(Meyer et al.. 1983). Another interesting and significant finding is a marked
immunodeficiency in SHR with nearly a 90 % loss of T-cells (Takeichi et al.. 1981).
although the contribution of T- cell deficiency in the hypertensive state has not been
clearly stated.

Despite the enormous amount of work done with the SHR. the primary cause of
its hypertension in the SHR is still unclear with different possibilities. In one case, defects
in fluid and sodium reabsorption have been indicated to lead to hypertension. Renal
transplant studies between SHR and WKY have shown that hypertension seems to follow
the path of the kidney. For example. if an SHR kidney is placed in a WKY rat. the animal
becomes hypertensive. If the reverse is done. the blood pressure of SHR will decrease
(Uber et al.. 1996: Kopf et al.. 1993). Exaggerated salt and water retention due to reduced
GFR. and a reduction in both total and fractional urinary sodium excretion is thought to
be caused by abnormalities in several transport mechanisms. primarily in the proximal

tubule (Beierwaltes et al.. 1982). It does not fully explain its involvement in the vascular
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and sympathetic changes, which may contribute to hypertension as well. Although
differences in strains is being slowly understood, clearly there is more work that needs to

be done to fully adapt an acceptable model for studies in human hypertension.

Objectives for the Animal Study

The objective of the animal study was to establish a hypertensive-inflammation
rat model. and compare it to the established inflammatory rat model in order to study the
changes in pharmacokinetics and pharmacodvnamics of cardiovascular drugs in
inflammation. The Sprague Dawley Rat (SDR) inflammatory rat model, with the B-AR
and K” channel blocker sotalol, was adapted to the spontaneously hypertensive rat (SHR)

and the normotensive counterpart Wistar Kyoto rat (WKY).

Sotalol Pharmacokinetics and Pharmacodynamics

Sotalol (C>H2oN-OsS) is a hydrophilic $-adrenergic blocker with a water/n-
octanol partition coefficient (log p value) of 0.24 (Brugada et al., 1990). Unlike other f3-
adrenergic antagonists that are aryloxypropranolamines. sotalol enantiomers are
methanesulfonamide-substituted phenethanolamines and thus are amphoteric. Therefore.
the pKa values are 9.8 and 8.3 for the amine and sulfonamide.

Sotalol is a selective 3-AR and K™ channel blocker. It exerts its anti-hypertensive
ettects by decreasing the heart rate and affecting the cardiac conduction system. and
prolongs the PR and the QT intervals in both human and the SDR model.

The oral bioavailability of sotalol racemate is 90-100% in humans (Anderson et

al.. 1999). The absorption rate is less than other B-adrenergic antagonists with peak

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



concentrations occurring at 2-4 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, with a half life of 10-15 h (Singh et al.. 1987). In humans
protein binding is reported to be less than 2 % with albumin and AAG contributing to the
binding (Belpaire et al.. 1982). Diseases that alter renal excretion of sotalol will generally
alter pharmacokinetics and pharmacodynamics as shown by the increased -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). Sotalol’s pharmacokinetics allows development of optimal dosing for initiation of
therapy relative to changes in creatinine clearance with further dose adjustment by

monitoring the QT interval on the surface electrocardiogram.

Clinical Applications of Sotalol

Sotalol is administered as a racemate and is indicated for the treatment of
hypertension. angina. and ventricular arrhythmias (Anderson et al.. 1999). It has no
intrinsic sympathomimetic or membrane stabilizing activities and elicits the
antihypertensive/antiarrthythmic effect by non-selectively blocking -adrenergic receptors
and potassium channels in the myocardium (Anderson et al., 1999). Sotalol was first
synthesized in 1960 and 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 Cardiac Arrhythmia Suppression Trial (CAST) proved an increased risk of

sudden death with class I antiarthythmic agents. Sotalol inhibits the delayed rectitier and
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other cardiac potassium channels, and in 1992 the racemate was approved by the Food
and Drug Administration for use in the treatment of life-threatening ventricular
arrhythmias (Anderson et al.. 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 d-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 d-sotalol, perhaps, is that B-adrenergic blockade is required to counteract the
sympathetic activation that accompanies prolongation of the cardiac action potential
(Adamson et al. 1998). Despite cancellation of the SWORD study there is renewed
interest in d-sotalol as an agent to treat sustained ventricular tachycardia (Advani et al..
1993). Also. use ot d-sotalol to decrease defibrillator energy requirements 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).

In inflammatory animal models. such as in the Sprague Dawley rat it was
established that acute and chronic inflammation decreases the QT and PR prolongation
observed with sotalol treatment (Kulmatycki et al., 2001).

We wanted to further establish whether an underlving hypertensive stare will have
an effect on the pharmacodvnamics of sotalol as compared to a normotensive state.

Based on the results and its comparability to sotalol effect in humans. the model can be
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further extrapolated and used to closely examine the AT |R antagonist pharmacokinetics
and pharmacodynamics. The SHR and the WKY rat models were picked because QT
prolongation suggests the persistence of a higher risk of cardiovascular mortality that in
patients that are borderline essential hypertensive as well (Kaftan et al., 2000). Similar
ECG abnormality is observed in the SHR strain. A higher heart rate and inflammatory
mediator level such as TNF. ILs and NO in the SHR strain has also been implicated in the
formation of left ventricular hypertrophy. and increased mortality within 12 months.
Induction of the acute inflammatory model may. in fact, worsen the electrocardiographic
abnormality. Although the B-AR function and levels were not determined in SHR strain.
the increase in pro-inflammatory mediators may in fact have an effect in decreasing
sotalol antagonism on the B;AR and K™ channel blocking by negative cross-talk and

hence down-regulation in sotalol effect may not be so evident in hypertensive state.

Hypotheses for the Animal Study
1. Sotalol potency on QT and PR interval prolongation will be diminished in the

hypertensive SHR strain.

19

Acute inflammation will decrease sotalol potency on the PR and QT interval
prolongation in the normotensive WKY and SDR strain. but inflammation will

not alter sotalol effect in the SHR strain as compared to its controls.
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Chapter 2: Experimental Materials and Methods

Assays for Pharmacokinetic Determination

High performance liquid chromatography (HPLC) assays were used for the
measurement of drug plasma levels for valsartan and losartan in the human subjects.

1997).

HPLC Apparatus

An HPLC apparatus was used, consisting of a model 590 pump and a 712 Wisp
autosampler. For valsartan. a 712 Wisp autosampler and a scanning fluorescence detector
model 470 (Waters. Millipore. Mississauga, Canada) was used for sample detection.
Losartan and EXP 3174 samples were detected using a UV detector model 470 (Waters.
Millipore. Mississauga. Canada) with the wavelength was set at 254 nm. The apparatus
also included a model 3390A recorder integrator (Hewlett-Packard. Palo Alto. CA.
USA). A pre-packed ODS 10 cm x 4.6 mm [.D. C; analytical column packed with 5-um
particles (Phenomenex. Torrance, CA. USA) attached to a NovaPak Cy Guard-Pak HPLC
Precolumn insert (Waters. Millipore. Mississauga. Canada) was used. The columns were

operated at ambient temperature.

Assay for Valsartan
A novel HPLC assay was developed for the measurement of valsartan

(Daneshtalab et al.. 2002). Previous assays included gas chromatographic. mass
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spectroscopic and other HPLC methods requiring lengthy sample preparation involving
solid-phase extraction. the use of commercially unavailable internal standards (Sioufi et
al.. 1994). or were non-specific as they were based on determination of radioactivity of
“C compounds (Waldmeier et al.. 1997). Our purpose was to develop a more simple and
convenient assay employing commercially available internal standard for the quantitation

of valsartan in human plasma using a liquid-liquid extraction procedure.

Sample preparation

Human samples for the valsartan assay were prepared as follow: A 100 ul volume
of a5 pg/ml losartan (internal standard) solution was added to 0.5 ml of patient sample
and q.s’d to 1 ml with blank human plasma. Samples were then acidified to pH 2.5 with
125 ul of 1 M phosphoric acid (BDH. Edmonton, Canada). To the analvtes were added
10 ml ot methyl-tert-butyl ether (Fisher Scientific. Edmonton. Canada). The solutions
were vortex-mixed for 3 min and centrifuged at 1800 g for 5 min. The organic solvent
was transferred to clean tubes containing 200 ul of 0.05 M NaOH (pH > 10) (BDH.
Edmonton. Canada). and vortex-mixed for 2 min. The aqueous layer was frozen by
immersing the tubes in a dry ice-acetone bath. The organic layer was discarded and the
aqueous layer thawed and neutralized with 75 ul ot 0.2 M phosphoric acid (BDH.

Edmonton. Canada). Aliquots of 125 ul were injected into the HPLC.

Quantification

Standard curves were prepared using known concentrations of valsartan powder.

kindly provided by Novartis Pharma (Basel. Switzerland). Concentrations of 10. 70. 100.
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500, 1000 and 2000 ng/ml of valsartan were prepared using varying volumes of the
working stock solutions of the drug. A 100 pl aliquot of the Spug/ml internal standard and
1 ml of blank human plasma were also added and extracted as described above. The area
under the HPLC response peak was recorded for the analytes and the drug/internal
standard peak ratios were plotted versus concentrations. Linear regression was used to

estimate the best fit.

Extraction efficiency, accuracy, and precision

To calculate the extraction efticiency. solutions for various valsartan
concentrations were made using the above-mentioned valsartan stock concentrations.
were extracted as described above. and aliquots of 125 ul were injected into the HPLC.
The peak areas of samples were compared with that obtained after direct injection of
unextracted valsartan solutions. To determine the variability of the intra-day and inter-
day extraction. aliquots of blank plasma were spiked with valsartan and the internal
standard to make final concentrations of 10. 100, 500. 1000. 1500. and 2000 ng/ml. The
samples were then extracted according to the developed method. The accuracy and
precision for the intra-day and inter-day samples were determined as the % recovery
(found concentration/given concentration x 100 %) and the % coefticient ot variation

(C.V). respectively.

An excellent linearity was observed (r >99) between reponse and concentration
within the examined range of 10-2000 ng/ml. Equations describing typical standard
curves of the low (10-500 ng/ml) and high ranges (500-2000 ng/ml) were y=0.0199x-

0.0071 and y=0.0209-0.3172 respectively. The limit for quantitation for valsartan was 10
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ng/ml (CV <11%). with percent accuracy of 96 + 4 % based on 1-ml plasma sample,
which was comparable to those previously reported. However, solutions containing as
low as 2.5 ng/ml exhibited a signal-to-noise ratio of 5. The average extraction efficiency
for concentrations of 10, 100 and 1000 ng/ml valsartan was 69 + 4.3 %. In addition. the
observed accuracy and precision (Table 1) were well above the acceptable limit and

comparable with other reported methods (Sioufi et al.. 1994).

The mobile phase consisted of 70% pH 2.8 phosphate buffer and 30% acetonitrile
(Fisher Scientitic. Edmonton. Canada), pumped at a flow-rate of 1.3 ml/min. Standard
curve was linear over a 10- 2000 ng/ml range. Losartan was used as the internal standard
(Merck.. Rahway. NJ. USA). The internal standard and valsartan sample were eluted out

at ~10 min and ~26 min respectively (Figure 2-1).

Table 2-1:

Accuracy (% error) and precision (coefficient of variation: % C.V.) of the valsartan spiked solutions

Inter-day variability (n=4) Intra-day variability (n=6)
Added C.V. (%) C.V. (%)
(ng/mi) Concentration (ng/mi) Concentration (ng/mi)
Observed % Error Observed % Error
10 9.9 99.3+ 10.8 10.8 10.0 99.8 £ 8.1 8.9
100 96.5 96.5+6.8 7.1 95.3 95.3+73 8.4
500 465.8 93.2:8.7 9.4 456.1 91.2+73 8.8
1000 917.8 918+24 26 883.1 88.3+5.2 6.6
1500 14701 983.0+2.2 2.2 1472.7 98.2+£1.9 2.1
2000 2012.9 100.6 £ 0.7 0.7 2011.3 100.6+ 0.9 | 0.8
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Figure 2-1: Examples of
chromatograms obtained
from an extract of 1 ml
blank human plasma (A).
sample plasma spiked
with 10 ng/ml of valsartan
(B). and a sample from a
patient 5 h post-dosc (C).
Losartan and valsartan
B peaks are depicted at ~ 11

and ~26 min after
injection into the HPLC
system.
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Assav for Losartan

The previously published HPLC assay was slightly modified for the measurement
of losartan and EXP 3174 (Ritter et al., 1997). Briefly, a 100 pL aliquot of the I ng/mL
of the internal standard was added to 0.5 mL of patient sample and quesced to 1 mL with
blank human plasma. Samples were then acidified to pH 2.5 with 125 uL of 1 M
phosphoric acid. To the analytes were added 10 mL of methyl-zerr-butyl ether. Solutions
were vortex-mixed for 3 min and centrifuged at 1800 g for 5 min. The organic solvent
was transferred into clean tubes containing 200 pL of 0.05 M NaOH (pH > 10). After
vortex mixing and the centrifugation process, the aqueous layer was frozen by immersing
the tubes in a dry ice-acetone bath. The organic layer was discarded. the aqueous layer
thawed and neutralized with 75 uL of 0.2 M phosphoric acid. Hexane (5 mL) (Fisher
Scientific. Edmonton. Canada) was then added followed by vortex mixing for 1 min to
wash the aqueous fraction. The hexane was discarded by further centrifugation and
freezing process in acetone/water. To improve solubility, 75 uL isopropranolol was
added to the remaining aqueous sample. Aliquots of 125 uL were injected into the HPLC.

Losartan mobile phase consisted of 0.015 M H;PO;. acetonitrile and tri-ethyl
amine (TEA) (Fisher Scientific. Edmonton. Canada) in a ratio of 71:29: 0.078 and
pumped at a flow-rate of 1.3 mL/min. Standard curve was linear over a 10- 2000 ng/ml
range with a CV <10 %. The elution times for losartan, internal standard and EXP 3174
were 13 min. 17 min and 27 min respectively. Samples were compared with standard
curves prepared using known concentrations of losartan. EXP 3174 and Internal standard.

kindly provided by Merck Research Laboratories (Rahway. NJ. USA). The minimum

quantifiable concentration was 2.5 ng/ml with a CV <15%.
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Inflammatory Determination Assays

Nitric Oxide determination

Total nitrite (NO- 7) a stable breakdown product of both NO and ONOO'. 1s an
indirect measure of reactive nitrogen species levels in plasma. As the ultimate metabolic
fate of NO in vivo is nitrite (NOj3") it must be reduced to nitrite by nitrate reductase for
measurement using a method reported by Archer and Grisham (Archer et al..1995:
Grisham et al.. 1995). Briefly. 100 uL of plasma was incubated for 30 min at 37 °C in the
presence of 10 U/ml Asperigillus nitrate reductase, 1 M HEPES buffer. 0.1 mM flavine
adenine dinucleotide (FAD). 1 mM nicotinamide adenine dinucleotide phosphate
(NADPH) in a total of 500 uL to reduce all the NO; to NO» ". The reaction was then
quenched with 1500 U/mL lactate dehydrogenase (LDH) and 50 uL of 100 mM pyruvic
acid for 10 min. The reaction oxidized any unreacted NADPH remaining and prevents
interference with Griess reaction. The above-mentioned chemicals for NO determination
were purchased from Sigma Chemical Co (St.Louis. MO. USA). One mL of premixed
Griess reagent (1:1 of 0.2 % [w/v] naphthyleneethylenediamine and 2 % [w/V]
sulfanilamide in 5% [v/v] phosphoric acid) was then added. and after 10 min incubation.
the absorbance was measured at 540 nm using a Powerwave x 340 plate reader (Bio-Tek
Instruments. Fisher Scientific). Calibration was performed using standard solutions of
NaNO- and NaNOs. A comparison of NaNO> and NaNQj calibration curves was used to

test the dehydrogenase efficiency. The assay was linear from 5-200 uM with a CV <10%.

C - Reactive Prorein determination

CRP is one of the acute-phase proteins whose plasma levels rise during general.

nonspecific response to infectious and noninfectious inflammatory process. Not only can
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CRP levels be indicative of an acute and chronic inflammatory processes. rising from 0.5
mg/L to 20-500 mg/L within 4-8 h atter an acute event, it may aid in the assessment of
the risk of cardiovascular and peripheral vascular disease.

For the human study. the Dade-Behring (Deefield. IL) assay kit, using a
nephelometric measuring method, was used at the University of Alberta Hospitals to
determine CRP levels. This high-sensitivity CRP assay consists of a suspension of
polystyrene particles coated with mouse antibodies to human CRP. The BN™ I
nephelometer then measures the concentration of suspended particles optimal for
agglutination. The CRP content can be determined by the addition of reagents. which
allow variable scatter of light depending on the concentration. The values would then be
compared with prepared standard concentrations.

Segmented Neutrophil count.

As a measure of inflammatory response to IFN,,. white blood cell counts were
performed using fresh blood withdrawn from the rat-tail. The amount of segmented
neutrophils was counted since activation of the inflammaotory response is thought to
accelerate the maturation process (Dahlgren and Karlsson.. 1999). In addition.
administration of IFN,,»,. 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 et al. 1994). As well, oxidative burst
responsiveness by neutrophils correlates with severity of inflammation (Hansen et al..
1999). Fresh blood was placed on a microscope slide and spread evenly throughout the

whole slide to form a very thin layer of blood. The smear was then air-dried at room
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temperature for 15 min, and covered with differentiating Jenner stain (1:1 Methylene blue
and Eosin Y) for 30 to 60 sec.

The slides were then placed in Sorenson’s phosphate buffer (Sorensen SPL.
1909) (0.067M KH>POj; and 0.067 M Na>-HPO42H,0) for 30 min and washed with
distilled water. A total of 100 white cells were counted to determine the percentage of

segmented neutrophils.

Human Clinical Study Protocol

Ethics and Consent
The study was performed in accordance with the Declaration of Helsinki. The
protocol was approved by the University of Alberta Hospital Research and Ethics
Committee. All participants provided written informed consent. Subjects were recruited
from rheumatology clinics in the city of Edmonton. Alberta.
Inclusion Criteria
Subjects meeting all of the following criteria were included in the study:
e Males or females of non-childbearing potential (birth control pill [must have been
on for 3 months], IUD. post-menopausal or surgical sterilization)
¢ Clinical laboratory values outside the laboratory’s stated normal range unless the
Clinical Investigator decides the abnormalities are not clinically significant and
records this fact on the CRF.
¢ Healthy (except for rheumatoid arthritis) according to the laboratory results and
physical examination. Patients with known hypertension were not included.

e Non-smoker for at least 3 months
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Exclusion Criteria
Subjects meeting one of the following criteria were excluded:

e History of hypersensitivity to any angiotensin Il antagonists

e History of angioedema due to ACE inhibitors

e Significant history of presence of gastrointestinal liver or kidney disease, or any
other conditions known to interfere with the absorption, distribution. metabolism
or excretion of drugs.

e Significant history of asthma. chronic bronchitis, other bronchospastic conditions

o Significant history of inflammatory disease of the gastrointestinal tract such as
peptic ulcer disease, gastritis, esophagitis, regional enteritis or ulcerative colitis.

e Significant history of allergies

o Significant history of presence of cardiovascular or unexplained haematological
disease.

e Presence of diabetes mellitus or any other condition. which would preclude
fasting

e Maintenance therapy with any drug (except those prescribed for rheumatoid
arthritis. or antihypertensives). or history of drug dependence. alcohol abuse. or
serious psychological disease. Antihypertensive drug use is not exclusion
provided no more than two antihypertensive drugs are being used and the original
hypertension severity was either mild or moderate. Antihypertensives must be
able to be safely withdrawn for one week prior to. and during, the sampling
periods.

e Use of an angiotensin II antagonist within 30 days prior to the start of this trial.
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e Any clinically significant illness other than rheumatoid arthritis in the previous 30
days before day 1 of the study

e Use of enzyme-modifying drugs in the previous 30 days before day | of this study
(All barbiturates. systemic corticosteroids. di and methyl-phenylhydantoin. etc)

e Blood donation in the previous 56 days or multiple blood sampling in the
previous 30 days before day 1 of this study

e History of fainting upon blood sampling

e Participation in another clinical trial within 30 days of the start of this trail

Subject Selection and Protocol Summery

A total of 38 subjects. in the age range of 22-74 year. were entered into the study.
The subjects were divided into three groups: 14 patients with active rheumatoid arthritis.
12 patients with controlled rheumatoid arthritis, and 12 healthy subjects as controls.
Patients were selected independent of blood pressure. However. known hypertensives
were excluded and study subjects were not on any cardiovascular drugs.

The subjects all underwent routine laboratory tests one week prior to the
commencement of the study. The screening studies consisted of hematology. routine
biochemistry. ECG. urinalysis. and C-reactive protein levels.

Patients were matched between groups based on the arthritis therapy used. They
were diagnosed according to the American Rheumatism Association 1987 revised criteria
(Schumacher et al.. 1993). Arthritic index was calculated using number of joints

involved and the level of severity. Subjects were dosed with 160 mg capsules of valsartan
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or 100 mg tablets of losartan with a one-week washout period in between. The AT|R
antagonists were purchased from the University of Alberta Hospital Pharmacy.

On the study day. subjects arrived before 0700 to the clinical investigation unit
after at least an 8 h fast. An intravenous line was inserted for blood sampling and the
patient allowed to rest recumbent for 30 min prior to measuring baseline physiological
variables. Physiological variables included: mean arterial pressure (MAP). systolic blood
pressure (SBP). diastolic blood pressure (DBP). pulse. cardiac ejection time (card ¢j)
calculated stroke volume index (SV. SVI). calculated cardiac index ( CO. CI). peripheral
vascular resistance (PVR). large artery compliance (LE). small artery compliance (SE)
and total vascular impedance (TVI). All measurements were carried out using an
HDI/Pulsewave™ Cardiovascular Profiling Instrument CR-2000 (Hypertension
Diagnostics Inc.. Minneapolis, MN). The percent change from baseline. the maximum
percent effect and the area under the percent effect curve (AUEC) were calculated for the
cardiovascular parameters.

No arthritic medications were taken within 24 h of the study. and all subjects
tasted on the evening prior to the study. If necessary. acetaminophen was given for pain
control. Acetaminophen does not interfere with pharmacokinetic analysis of valsartan or
losartan. For ethical reasons. subjects could not be without anti-rheumatoid arthritic
medication for longer than 48 hours. Most actively treated patients were receiving
methotrexate (12/14 in the acute group. 6/12 in the chronic group) with some patients
receiving other or a combination of agents: gold (2 patients). chloroquine (2 patients) and
salazopyrin (2 patients). All patients took a variety of non-steroidal anti-inflammatory

drugs as necessary in addition to the preceding remitive agents.
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After baseline measurements were carried out and a blood samples taken for the
measurement of NO levels. the subjects were given the respective drugs along with 250
m! of distilled water. Valsartan (Diovan. Novartis Switzerland) 160 mg capsules were
purchased from the University of Alberta. For arthritic subjects (active and remission) lot
number 009100 was used. For normal subjects. lot number COB03081 was used.
Losartan (Cozaar. Merc Frosst) 100 mg tablets were purchased from the University of
Alberta. For arthritic subjects (active and controlled arthritis group) lot number C012160
was used. For healthy subjects. lot number F010760 was used. Drug administration was
double-blinded and the order randomized. After drug administration. subjects were
required to remain upright for a minimum of two hours. At two hours subjects received
240 ml of orange juice and were then free to drink at will. At four hours and nine hours.
standard meals were provided. No other food was consumed other than that provided.
After the final sampling. subjects left the clinical investigation unit to return in one week
for the second period.

Blood samples (approximately 10 mL) were taken and pharmacodynamic
measurements were carried out at 0. 0.5, 1. 1.5.2. 3. 4. 5. 8. and 12 h. Blood was
centrifuged immediately after collection and the plasma immediately frozen at —70°C.
Pharmacokinetic indices were calculated using the model independent approach. Oral
clearance (CL/F). oral volume of distribution (Vd/F), area under the plasma concentration
vs. time curve (AUC (...). terminal elimination rate constant ([3). terminal half life (t ; ).
maximum plasma concentration (Cyn,) and the time of its attainment (T,n,, ) were

estimated. Plasma nitrite levels were measured in the time zero blood samples. As well. a
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concentration versus percent effect change from baseline assessment was performed on

the average values for each group.

Power Of the Study

The power of the study was calculated to detect a significant difference in the
pharmacokinetic and pharmacodynamic parameters. At the power of 0.8. the study will
be able to detact a significant difterence in Cmax and AUC ... . 2 6.3 mmHG difference
in blood pressure. and a 20 % difference in other cardiac parameters. assuming usual
measurement standard deviations and an « of 0.05. The calculations were determined

using the following formula:

- NxJ»
R R

where N is sample size. d is the maximum difference (20 %) accepted in the mean values
for the variables studied. 6~ is the mean squares residual. and Za is the value
corresponding to a two-tailed a of 0.05 (1.96). Zp and the corresponding one-tailed 3

value are calculated. therefore giving the power (1-3).

Statistical Analvsis for the human study

The SAS program. as well as the Microsoft Exel stastical program. was used for
calculations. Statistical significance of the observed differences were tested using the one
way ANOVA followed by the post-hoc Duncan’s New Multiple Range test at a = 0.035
for two and more means. For AUEC in which each data point was comprised of multi-

measurement. the standard error of mean was calculated. All other indices are expressed
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as mean + standard deviation. The unpaired and paired Student’s t-test was used to
compare whether the baseline and post-treatment blood pressure measurements were
significantly different from one another.

To test the significance of correlation between degree of inflammation and
parameters. a least-squares linear regression was performed using a Pearson's correlation

coefficient to determine goodness of fit.

Rat Study Protocol
Animals and dosing
The investigation was performed in adherence to the principles of the Animal
Ethics Committee of the University of Alberta. Three strains of adult male rats were all
purchased from the Health Sciences Laboratory. The strains consisted of Sprague-
Dawley (n=8.311.7£4.2 g). Wistar Kyoto (n=11. 284.1 + 27.1 g) and Spontaneously
Hypertensive rats from Charles River (n=12.274.8 + 11.6 g ). They were all housed in
standard rodent cages. kept on a 12 h light/dark cycle. and fed a standard diet of Purina
rat chow.
Induction of inflammation
Each strain was divided into two groups. Acute inflammation was induced to one
group by 2 subcutaneous injections of 5.0 x 10* units of IFN,», (Roferon A. Roche
Pharmaceuticals, Mississauga ON, Canada) using a 21 gage needle at 12 and 3 h prior to
sotalol administration. The [FN», used is manufactured by recombinant DNA
technology using genetically engineered Escherichia coli contaning DNA coding for

human protein. The second. non-inflamed group received equi-volume of saline instcad
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of IFN,.. Inoculation time for each strain and group were at the same time as to prevent
the diurnal rhythms of pro-inflammatory cytokines (Petrovsky et al.. 1998; Loubaris et
al., 1983).

To determine the severity and the presence of inflammation, three sets of blood
samples were taken using tail-vein sampling from the veins located on the lateral surface
(either side) of the tail. Tail was first wiped with gauze soaked with warm antiseptic soap
and water. To allow the vein to dilate. sampling was performed under a heat lamp. The
tail was straightened between the thumb and index finger and the 21G needle was
inserted in a 30-45 degree angle from the distal most part of the tail. Since the vein is
very shallow. deep insertions were not necessary. The first sampling period was prior to
the commencement of IFN,,», and/or saline injection to determine baseline levels of
inflammatory mediators. The second sample was taken just prior to the second injection
of IFN,,2, / saline. The last blood sample was taken at the end of the experiment. In total.
approximately 0.5 mL blood was taken to determine the severity of inflammation. Each
sampling was done using | mL syringes coated with 10 U/ml of heparin. These blood
samples. in heparinized eppindorf tubes. were centrifuged for 3 min at 35.000 rpm and
the plasma was separated and frozen at -70 °C until use. A drop of the blood sample was
used for differential staining and segmented neutrophil count. The percent segmented
neutrophils was determined since activation of the inflammatory response is thought to
correlate with severity of inflammation (Hansen et al.. 1999).

Drug administration
Racemic sotalol [(L)YGD8741. exp April 2004] 80 mg tablets were a gift from

Central Care Pharmacy (Edmonton. Alberta. Canada). They were administered by
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grinding the tablets using a mortar and pestle and dissolving in normal saline.
Appropriate volume was given to the rats/weight, to a dose of 80 mg/kg using oral
gavage.
Eectrocardiographic Measurements and Analysis

At 12 h prior to induction of inflammation. rats were anaesthetized using ethyl
cther. Three braided stainless steel Teflon coated electrodes (Cooner Wire Co,
Chaterworth. CA) were placed subcutaneously in the left and right axilla and over the
xyphoid process (Figure 2-2). The rats were allowed to recover from the anesthetic and
baseline ECG was measured for 5 h. The lead II 5 electrocardiogram was recorded using
a Hewett-Packard Digital Holter with full disclosure (Hewlett-Packard. Avondale. PA).
The ECG amplifier was a Honeywell for Medicine ECG amplifier (Honeywell
Electronics for Medicine, Edmonton. Canada) and the data recorded using Acknowledge
software (World Precision Instruments, Miami FL) on a personal computer. The mean of
five cycles was taken for the measurement of PR and QT intervals and heart rate (HR).
QTc was calculated by QT/(SQRT(60/RR)) using Bazett’s formula. The PR interval was
measured as the distance from the base of the P wave to the base 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. The RR interval is the distance
trom the crest of one R wave to another. and this represents heart rate. In the rat. the ST
segment of the ECG is often a plateau and not clearly defined. The quantification of the
QT interval was therefore the distance from the Q dip to the bottom of the ST segment.
The QT interval represents the conduction through Purkinjie fibers and ventricular

muscle represents ventricular depolarization and repolarization and is used to assess
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Figure 2-3: Typical rat ECG : illustrating P-Wave. QRS complex and T-Wave.
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Group | Group i

SDR WKY SHR SDR WKY SHR
(n=4) (=6) (n=6) (n=4)  (n=6)  (n=5)
Interferon Saline
s.c. 2 doses s.c. 2 doses
0 hr — Ohr —
Shr — | — Shr —| —
ECG Measurement ECG Measurement
V¥ Blood Sample ' Blood Sample
Sotalol ——3 hrs after 2nd inj—— Sotalo!
(80 mg /kg p.o.) (80 mg /g p.0.)
6 hrs 6 hrs

ECG Measurement ECG Measurement

Figure 2-4: Experimental Protocol Summery for the rat experiment.

cardiac potassium channel blocking activity. Figure 2-3 depicts the typical rat ECG and
the ECG parameters measured are indicated as well. The percent change from baseline.
the area under the percent change from baseline versus time and the maximum percent
change from baseline were calculated. Comparisons were made between the control and
inflamed group within a strain. or between different strains within one group. Figure 2-4

depicts the protocol summary for the rat experiments.
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Western blot techniques
Homogenization of the rat hearts

The cardiac cell preparations were obtained based on conventional methods. All
the procedures were carried out in the cold room. and all the buffers. cocktail solutions
and tissues were kept on ice during the course of experiment.

One week after the experiment, rat hearts from each strain was isolated after
cardiac puncture and heart exsanguinations and immediately placed in a bottle kept in dry
ice. Each heart sample was then cut into small pieces placed in freshly prepared ice-cold
Tris-Cocktail buffer (10 mL/g wet tissue). The buffer contained 0.2 M Tris-HCl buffer
solution and protease inhibitor cocktail (0.5 mL/10 mL buffer) (Sigma. Saint Louis.
Missouri. USA). Homogenization of the heart was performed using an Ultra Turrex T25
homogenizer at speed of 207000 rpm for 30 sec with the tube immersed in ice bath. The
crude homogenate was placed in clean plastic tubes and centrifuged at 5000 rpm for 10
min to sediment the nuclei and cytoskeletal elements. The supernatant was separated and
transferred into clean tubes and frozen at -70°C. An aliquot was used to determine the
protein concentration by the method proposed by Bradford. using bovine serum albumin
at 10 mg/10 mL for standard preparation (Bradford et al . 1976). Samples were diluted to
1/500" of their concentration and performed in triplicate. Eight hundred uL of each
standard stock or sample was then taken and 200 puL of Bio Rad protein assay dye was
used for the colorometric detection of the protein was performed at 540 nm wavelength

using a Powerwave x 340 plate reader (Bio-Tek Instruments. Fisher Scientific).
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BiAR Protein Densitv Level Determination

To study the expression of ;AR. volumes of heart homogenate supernatants
corresponding to 50 or 100 ug of total protein were mixed with equal volumes of sample
buffer (50 L of B-mercaptoethanol and 950 puL of Laemmeli’s sample buffer) ( BioRad.
Hercules). These solutions. along with 15 pL broad range pre-stained marker proteins
(PSM) /gel (New England Biolabs) were immersed in boiling water for 3-5 min and
loaded into 10 % SDS-PAGE gel. Using running bufter (Tris, 25 mM/glycine. 192
mM/0.1 % SDS bufter) the gel was run at 75 volts for 20 min and at 200 volts for 30 min
at room temperature. Following electrophoresis. the proteins on the gel were transferred
to a nitrocellulose membrane using transfer buffer (Towbin buffer: Tris 5 mM/glycine.
192 mM) at 100 volts for 1 h. The membrane was washed 4 times at 10 min intervals in
TPBS (1 % Tween in phosphate buffered saline). Non-specific binding sites were
blocked by immersing the membrane in 5 % skimmed milk powder suspended in TPBS
bw'emight at 4°C. The membrane was incubated with the primary rabbit anti-rat ;AR
polyclonal antibody (1/500 dilution in 5 % milk suspension in TPBS buffer) for | hr.
After thoroughly washing the membrane in four times in ten min intervals with TPBS
wash butter. it was further incubated with the conjugated Horse Radish Peroxidase —goat
anti-rabbit IgG [ H + L] secendary antibody (1/10.000 dilution in 5 % milk suspension in
TPBS butfer ) for 30 min at room temperature. In order to confirm the accuracy of
sample loading into the wells, the density of B-actin is used as an internal standard. After
another set of washing with TPBS (four times ten min intervals). the membrane was
incubated with goat anti-rat B-actin polyclonal antibody (Actin {I-19!. 1/2000 dilution in

5 % milk suspension in TPBS buffer) for 30 min followed by washing with four changes
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of TPBS buffer in 10 min intervals. The secendary antibody ( 1/50,000 dilution of
HRPO-conjugated rabbit anti goat IgG [H + L ] in 5 % skim milk suspension in TPBS
buffer) was then added to the membrane and incubated for 30 min. The B;-actin bands
would be present at 42 KDa. Antibody binding at 64 KDa is indicative of §;-AR protein.
Enhanced Chemi-Luminescence (Amersham Biosciences) system kit was used for the
detection of the protein bands. The principle of ECL detection system uses measurement
of the light emission resulting from the dissipation of energy from a substance in an
excited state affected by a chemical reaction. The reaction measures the HRP/Hydrogen
Peroxide catalyzed oxidation of luminol in alkaline conditions. Immediately following
oxidation, the luminal is in an excited state which then decays to ground state via a light-
emitting pathway. Oxidation of luminal by the HRP in the presence of chemical
enhancers such as phenols will increase the light output approximately 1000 fold. which
peaks after 5-20 min and decays slowly. The light radiation is then detected on a sensitive
radiographic film. Equal volumes of reagent 1 and 2 were mixed. The final volume was
made to be 0.125 ml/cm” and the blot was incubated for one min in the solution. Excess
amount of ECL was tapped off and the blot was placed on a clean piece of saran wrap
and wrapped with care as to rid of all bubbles. The blot was then fixed unto developing

cassette and developed in the dark room using Kodak film at various exposure times.

Statistical Analysis for the Rat Study
The SAS program and the Microsoft Exel statistical program were used for
statistical analysis. For baseline differences in ECG parameters between strains. in which

multi-measurements were made for each rat in each strain. the standard error of mean
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was calculated. All other indices are expressed as mean * standard deviation. Inter-strain
and intra-strain significant difterences in inflammatory mediator levels and the
pharmacodynamic parameters measured were tested using the one way ANOVA
followed by the post-hoc Duncan’s New Multiple Range test at o = 0.05 for two and
more means. The Student’s t-test for unequal variances was used for comparison between

IFN.», and saline treatments within the strains.
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Chapter 3: Human Study Results and Discussion

Results:
Subject Characteristics

Subject characteristics are shown in Table 3-1. There were no significant
differences between groups in age. height. and weight. Baseline blood pressure indices
did not difter signiticantly among the subjects. For the arthritic groups. the arthritic
medications taken by the subjects are not known to interfere with the pharmacokinetics or

the pharmacodynamics of losartan or valsartan.

Inflammatory Mediator Levels

The activity of the rheumatoid arthritis was based on arthritis index. CRP and
nitrite levels (Figure 3-1). TNF« levels were also measured in all subjects. however
results were not indicative of true levels. Sample degradation due to improper storage
conditions. for a period of more than 8 months. may account for the distortion in the
results (Biosource International). Therefore. TNFa results were not included. Arthritic
index was significantly ditferent between the three groups. as signiticantly higher
numbers of joint inflammation were determined in patients with active inflammation
(Table 3-2. Figure 3-1). Higher pro-inflammatory levels were also observed. as plasma
NO-"and CRP levels were significantly elevated in patients with active rheumatoid
arthritis as compared to those with controlled arthritis and healthy subjects (Table 3-2,

Figure 3-1).
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In addition. plasma CRP (r = 0.46. p <0.05.n=38) and NO, (r=0.53.p <0.05.
n = 38) significantly correlated with disease severity expressed as arthritic index (Al)
(Figure 3-2). Also. there was a positive correlation when the increase in CRP levels was
compared with NO-" levels (r = 0.37, p < 0.05. n = 38). In all correlations. the slope of the

regression line was relatively flat.
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Table3-1: Characteristics of subjects. Mean = SD presented.

Control Active arthritis Controlled Arthritis
(n=12) (n=14) (n=12)
Age (Years) 56 + 12 51+13 51+17
Male/female ratio 3/9 10/4 715
Height (cm) 167.5+13.5 30.3+8.7 276+33
Weight (kg) 86.1£205 88.6+214 81.4+£127
Body Mass Index 30.6+£5.6 30.3+8.7 276+33
Baseline Blood
Pressure (mmHg)
SBP 131.3%13.3  129.3+12.3 120.8£14.4
DBP 72.6+9.8 74.216.8 73.0£13.2
MAP 94.3+10.0  95.1%9.9 91.4+15.4
Other Medications none Methotrexate Methotrexate (6/12);
(12/14); Hydroxychroloquine
Hydroxychloquine (2/12);
(1/14); Gold (2/12);
Gold (2/14) Salazopyrin (2/12);
36
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Figure 3-1: Mean = SD of markers of inflammation. Arthritic Index. C-reactive protein.
(CRP) and nitrite (NO>").

* Significantly different from other groups (one way ANOVA followed by the Duncan’s
New Multiple Range test at o = 0.05). Control (n=12). Active Arthritis (n=14).
Controlled Arthritis (n=12).
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Table 3-2: Mean = SD of inflammatory mediator characteristic of subjects.

Controlled
Control Active RA RA
{(n=12) (n=14) (n=12)
CRP (mg/L) 7.2+ 6.8 30.1 +29.1* 8.7+ 8.0
NO; (uM)
228 +12.2 63.5+29.9"* 37.7+17.2
Arthritic Index 0 16+4~ 5+4

* Significantly different from other groups (one way ANOVA followed by the Duncan’s
New Multiple Range test at o = 0.03).
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Figure 3-2: Correlation graphs between Arthritic Index and CRP (A). Arthritic Index and

NO-" (B). and CRP and NO> ™ (C).
Pearson’s correlation coefficient was used to calculate significance at o= 0.05.

89

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



Valsartan Pharmacokinetics

Valsartan pharmacokinetics in each group was determined from the plasma
concentration versus time graphs. There was no significant difference in the drug
pharmacokinetics in presence of inflammation. Indeed. the concentration-time profiles of
valsartan were remarkably consistent among the three groups (Figure 3-3. Table 3-3).
Protein binding of valsartan during inflammation was not determined in our study since

no change in pharmacokinetics was observed.
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Figure 3-3: Mean £ SD of plasma valsartan concentration-time curves for healthy
subjects. active arthritis and Controlled arthritic groups following oral administration of

160 mg.

Table 3-3: Mean = SD valsartan pharmacokinetic indices.
Control (n=12). Active Arthritis (n=14), Controlled Arthritis (n=12).

Tmax. h Cmax. mg/L  tip. h AUC. mg.h/L Vd/IF, L CL/F. L/h
Control -
26+1.0 24%11 3211 12.9%55 68.9 £40.8 16.6£11.6
Active
Arthritis
26+0.7 26%*13 34+09 13.8+8.9 81.2%46.2 16.1%8.2
Controlled
Arthritis 24%09 24%17 45%35 143154 131 £ 121 18.7+12.2
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Losartan Pharmacokinetics

The concentration vs. time graphs of losartan and the active metabolite EXP 3174
are presented for the three subject groups in Figure 3-4. Rheumatoid arthritis did not
significantly alter losartan pharmacokinetic parameters (Figure 3-5. Table 3-4). However.
the presence ot inflammation altered the pharmacokinetics of the major metabolite EXP
3174. In particular. the AUC of EXP 3174 was significantly lower in arthritic patients
(Figure 3-5). The AUC ratio of EXP 3174/losartan also negatively correlated with disease
severity (r =0.35. p < 0.05. n = 38). No difterence in the maximum concentration.
terminal elimination half-life. or the time to maximum concentration of EXP 3174 was
observed. Samples from one healthy subject (Figure 3-6) did not contain detectable
concentrations of EXP 3174. The blood pressure response of this patient was within the

range observed for other healthy subjects.
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Figure 3-4: Mean = SD of plasma concentration versus time curves of losartan (top) and
EXP 3174 (bottom) for the three groups of subjects. Control (n=12). Active Arthritis
(n=14). Controlled Arthritis (n=12)
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Table 3-4: Mean = SD of Losartan and EXP 3174 pharmacokinetic indices.

Control Subjects Active Arthritis Controlled Arthritis
n=12 (n=14) (n=12)
Losartan
Tmax (h) 1.4£1.1 1.2+0.9 1.0+ 0.3
Cmax (mg/L) 0.5=0.6 0503 0502
t;2 (h) 1.8+£0.7 1.8+ 1.4 1.8+ 0.9
AUC (mg.h/L) 1.1£1.0 09+04 09+04
Vd/F (L) 369.7 = 213. 357.2 £324.1 327.5+£165.6
CLF (L/h) 182.7 +133.3 146.4 = 88.0 136.6 + 67.4
EXP 3174
Tmax (h) 3.1x1.1 3.1=1.1 2.7x 1.1
Cmax (mg/L) 0.5+0.3 03=0.1 04=0.2
t;2 (h) 5.7+8.1 3612 5.0+ 3.1
AUC (mg.h/L) 42=+43 1.7 £ 0.6%* 24£1.1%
AUC Ratio* 6.0+6.8 23+15 3.1£2.1

* AUC Ratio EXP 3174 /LOSARTAN

*Significantly different from other groups (one way ANOVA followed by the Duncan’s

New Multiple Range test at o = 0.05).
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Figure 3-5: Graphical presentation of the Mean = SD of AUC for losartan and EXP 3174
in control. active RA and Controlled RA subjects.

* Significantly difterent from other groups (one way ANOVA followed by the Duncan'’s
New Multiple Range test at o = 0.05). Control (n=12). Active Arthritis (n=14).
Controlled Arthritis (n=12).

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



o
2
3
s 10.00 -
E i
= 8.00 -
v '
> i
83 600
£
< E 400 -
2 | No
S 2.00 - Detectable
= i Levels
2 0.00 —
=) Losartan EXP 3174
8
<
40.0 - systolic diastolic mean arterial
blood pressure blood pressure pressure

Area under the % Effect from Baseline
(% change x time)

Figure 3-6: Abnormal subject Data. Area under the Concentration versus time (AUC)
curve for losartan and EXP 3174 and the area under the percent effect from baseline x
time curve (AUEC) in an abnormal (open bars) subject (n=1) compared to the mean of
control populations (closed bars: n=11). Results are Mean * SD for the AUC and Mean

+= SEM for the AUEC. There were no detectable EXP 3174 levels in the plasma of the
abnormal subject.
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Pharmacodynamic Characteristics

We measured and analyzed 13 pharmacodynamic parameters among the study
subjects. The area under the percent effect from baseline versus time (AUEC) and the
maximum percent effect from baseline were analyzed for all the parameters. Table 3-5
and 3-6 represent pharmacodynamic changes observed with valsartan and Table 3-7 and
3-8 for losartan. However. the focus of the study was maintained on the systolic and the
diastolic blood pressure and the mean arterial pressure with drug treatment, as the
changes in blood pressure parameters encompass the total effect of AT|R antagonists on
the cardiac and vascular parameters. The concentration versus percent effect changes
from baseline graphs for the SBP. DBP and MAP are presented in Figure 3-7 for

valsartan. Figure 3-10 for losartan, and Figure 3-11 for EXP 3174.

Valsartan Pharmacodynamics

There was no statistically significant difference in the baseline pharmacodynamic
indices among groups. Valsartan administration was associated with a signiticant drop in
blood pressure in all groups (Figure 3-8). Valsartan effect on both DBP and MAP.
expressed as percent maximum and AUEC. appeared to be greater in both arthritic groups
compared to healthy subjects. The difference. however, failed to reach statistical
signiticance. Interestingly. the concentration versus % effect from baseline indicates
increased effect in DBP and MAP for the two arthritic groups (Figure 3-7). As the blood
pressure indices decrease with increasing concentration. a counter-clockwise hysterisis is
observed. No difference among groups was observed at each time point of measurement

when the percent effect from baseline versus time was graphed for SBP. DBP and MAP
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Table 3-5 Mean + SEM calculated for each parameter.

change from baseline

Valsartan Pharmacodynamics as expressed in area under the effect curve of the

Control Active Arthritis Controlled
(n=12) (n=14) Arthritis
(n=12)
Systolic blood 245%216 388233 222+317
pressure
Diastolic blood -30.6+44.3 65.4+26.8 -71.6 % 56.2
pressure
Mean ‘a‘nenal 18.0+208 56.1 +29.0 549+ 389
pressure
Pulse 6.8%+17.6 -30.7£15.7 -33.2%17.3
cardxac. ejection 8.0+13.0 09+105 0.7 +10.1
tme
Stroke volume -8.9%23.1 216+17.4 20.0+£19.3
Stroke volume 47 +23.1 206 +18.2 18.4£17.6
index
Cardiac output -18.5%117 -11.8+£12.3 -13.2+£8.7
Cardiac index -15.2%120 -10.0+x129 -18.8+ 8.8
Larg anery 74.4+90.3 73324438 23.7+47.3
elasticity
Small artery 130.1 £ 188.7 161.9+91.8 307.9+ 119.7
clasticity
systemie vaseular | 57 44 494 -37.1£26.0 -37.8+ 50.1
resistance
Total vascular 786+ 1439 127 £50.0 38.4+405
impedance
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Table 3-6: Mean = SD calculated for each parameter.

Maximum effect seen with Valsartan treatment as expressed as % change from baseline

Control Active Arthritis Controlled Arthritis
(n=12) (n=14) (n=12)
Sysmh.c. blood 98+56 103+7.4 85+12.9
pressure
Dlaslolff: blood 97+129 133 +8.8 -15.2+18.5
pressure
Mean arterial 93:63 14.6£10.1 1362125
pressure
Pulse 1.56£123 -21x11.7 -7.3£11.1
cardiac cjection 3952 6863 34135
time
Stroke volume 8.0z11.2 5277 8266
Strolfe \'o'lume 9.5+ 10.9 52+9086 8.3x7.0
index
Cardiac output 25142 52x77 8.2+6.6
Cardiac index 24142 32282 1.5+25
Large artery 34.0 £40.7 26.9+223 23.0 + 21.1
elasticity
Small artery c N .
clasticity 65.3+96.3 55.1+25.5 67.9+50.8
Systemic vascular ,
resistance -11.1+£138 -11.6£13.0 -11.6+18.8
Total vascular 139310 162 19.0 102:250
impedance TeeEse e Tes e
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101

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



SBP vals artan

T 150 4
T 100

13

Z 50D

= B.0 _

2 s ==

L 100 '\

S 150D

& -0 4 Cantrolled R A&
® 250

DBP valsartan

o Baseline

%% Change fr

MAP valsartan

150
10.0 4
S0
oo
-5.0 -
100 S
-15.0
200 S
260 4

-0

hange from Baseline

-

% (

Time {h}
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102

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



(Figure 3-9). Similarly no significant difference was observed among the groups in terms
of the effect of valsartan on other measured cardiovascular parameters, expressed as

AUEC and maximum effect from baseline as presented in Table 3-5 and 3-6.

Losartan Pharmacodynamics

Losartan administration was associated with a significant drop in blood pressure
in all groups (Figure 3-12). However. there was no statistically significant difference in
the baseline pharmacodynamic indices among groups. No difference among groups was
observed at each time point of sampling when the percent effect from baseline versus
time was measured for SBP. DBP and MAP (Figure 3-13). The effect on SBP. DBP and
MAP expressed as AUEC appeared to be much less in both arthritic groups than healthy
subjects (Figure 3-12). The difference. however, failed to reach statistical significance.
Similar lower response is seen with increasing concentrations of EXP 3174 in arthritic
subjects. when the concentration versus % effect from baseline is determined for SBP.
DBP and MAP (Figure 3-11). A counter-clockwise hysteresis is apparent when the
concentration versus % effect from baseline is observed with both increasing losartan and
EXP 3174 concentration (Figure 3-10. 3-11). Interestingly. there is an immediate drop in
blood pressure with losartan administration. followed by further antihypertensive
actitivity as the EXP 3174 level increase, indicating the total blood pressure lowering
activity is attributed to both the parent drug as well as the active metabolite. The
maximum percent change in blood pressure did not indicate any difference among

subjects post drug administration. The AUEC and the maximum effect with losartan
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Table 3-7: Mean £ SEM represented.

Losartan Pharmacodynamics as expressed in area under the effect curve of the change
from baseline

Control Active Arthritis Controlled Arthritis
(n=12) (n=14) (n=12)
Systolic blood 6514229 220+294 841203
pressure
Diastolic blood 1037 £ 196 -53.4 % 25.1 124 %226
pressure
Mean arterial
N -855+273 61.4+259 -99.0 +29.8
pressure
Pulse 04167 -14.7 £14.5 -43.8+18.8
cardiac ejection , .
time 6.2+ 13.8 21.3+11.1 58+13.5
Stroke volume 0.4+209 -151+11.4 40.0+22.8
Stroke volume N . .
index -1.3+21.0 -156.3+12.3 440+214
Cardiac output -15.1+20.2 276+ 13.4 -25.1£13.9
Cardiac index -127 179 -24.0+14.6 -27.6 151
Large artery N . .
elasticity 193.3+101.2 53.3+65.5 230.5+53.9
Small artery N
elasticity 198.0 £ 131.6 299.4 + 124.2 198.9 + 103.0
Svstemic vascular ) .
resistance -76.1£40.2 -13.2+24.2 -76.4 £24.8
Towl vascular 72.5+93.6 17.659.4 108.0 + 29.0
impedance Tfe9=es V=0T TVOA = LY
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Table 3-8: Mean + SD represented.

Maximum effect seen with Losartan treatment as expressed as % change from

baseline
Control Active Arthritis Controlled Arthritis
(n=12) (n=14) (n=12)
Systolic blood 115+8.3 112+85 14247
pressure
Diastolic blood
pressure -159+7.5 -13.7£9.3 -18.7+8.3
Mean arterial .
N -169+£7.3 -144+8.4 -187+8.4
pressure
Pulse -3.2+12.1 -19+126 -7.3£129
cardiac ejection 5.4:6.8 35:7.0 3148
time
Stroke volume 8.4+7.3 50+9.6 11.9£10.9
Stroke volume 84174 5.0 £ 10.2 12.1£11.1
index
Cardiac output 36+7.0 29+7.2 3.2+438
Cardiac index 40:+6.8 24176 29+53
Large artery 36.7 + 34.1 292+ 335 437204
elasticity
Sm]?l_‘ arery 67.9 = 59.3 80.5+ 922 78.6 + 65.6
clastuciy
systemic vaseular | 44 3. 415 121 £11.1 -16.2£6.9
resistance
Total vascular |
: . -25.6 + 26.1 -19.7 £ 18.2 25979
impedance
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Figure 3-10: Concentration versus % effect from baseline curves for SBP, DBP and MAP
with Losartan treatment. Values represent mean of the subjects within each group per
point. Control (n=12). Active RA (n=14), Controlled RA (n=12).
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Figure 3-12: Effect of a single 100 mg oral dose of losartan on blood pressure. Bars
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baseline. Control (n=12). Active Arthritis (n=14). Controlled Arthritis (n=12).
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Arthritis (n=12) per time point.
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dosing for other cardiovascular indices also did not show any significant difference

among the groups, as expressed in Table 3-7 and 3-8.

Discussion:

Inflammatory states have been shown to alter the pharmacokinetics and
pharmacodynamics of various cardiovascular drugs including B AR antagonists and Ca™
channel blockers (Kulmatycki et al.. 2001: Mayo et al.. 2000: Guirguis et al.. 2003). It
has been shown that the calcium channel blocker verapamil has decreased potency in
prolonging the PR interval in normotensive rheumatoid arthritis patients as compared
with healthy subjects despite increased plasma concentrations (Mayo et al., 2000). Using
animal models of inflammation. similar altered pharmacodynamics have been reported
for verapamil as well as for the 3-adrenergic blockers propranolol and sotalol (Guirguis et
al.. 2003: Kulmatycki et al.. 2001). Such findings are therapeutically relevant since these
drugs are used in the treatment of such cardiovascular diseases such as myocardial
infarction (MI). atherosclerosis and angina pectoris. As in the case of rheumatoid
arthritis. the latter conditions are also associated with increased expression of pro-
inflammatory mediators. There are significant increases in TNFa. interleukin 1[3.
interleukin 6. CRP and NO in MI. essential hypertension and angina (Balbay et al.. 2001:
Carlstedt et al.. 1997: Sung et al.. 2003: Rosenson et al.. 2002; Deten et al., 2002). Our
results demonstrate an average 2-3 fold increase in plasma NO.', a stable breakdown
product of NO. as well as up to 4 fold increases in CRP levels (Figure 3-1. Table 3-2)

associated with active RA.
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The observed changes in pharmacodynamics of these cardiovascular drugs in
inflammation may have important therapeutic consequences (Hinz et al.. 1975).
Rheumatoid arthritis patients have an increased mortality rate (Prior et al.. 1984: Mutru et
al.. 1985) and die on average 2.5 years earlier in community-based studies (Myllykangas-
Luosujarvi et al., 1995) and up to 18 years in hospital-based cohorts (Wolfe et al.. 1994).
Approximately 50% of these deaths are due to cardiovascular diseases (Wolfe et al.,
1994). The reason for this increased cardiovascular mortality in RA 1s not clear.
However. in addition to the generally acknowledged risk tfactors (i.e., hypertension.
smoking. high cholesterol and obesity). elevated baseline diastolic blood pressure and a
prothrombotic state have been suggested for arthritic patients (McEntegart et al.. 2001:
Wallberg-Jonsson et al.. 2000). Very recently, in other forms of inflammation, namely
MI. atherosclerosis and unstable angina, the presence ot pro-inflammatory mediators
such as CRP. TNFa and IL 6 have been identified as additional risk factors (Griselli et
al.. 1999: Deten et al.. 2003: Pietila et al.. 1996; Lindmark et al., 2001) Indeed. there
appears to be a close association between death and elevated CRP after myocardial
infarction (Pietila et al.. 1996). Therefore. it is reasonable to question the influence of
pro-inflammatory mediators in the high mortality rate in both RA and cardiovascular
patients. This is particularly important since based on the limited human data (Mayo et
al.. 2000). supported by observations made using experimental animals (Kulmatycki et
al.. 2001: Sattari et al.. 2002) and in vitro tests (Penn et al.. 1996: Hammond et al.. 1992:
Bernardin et al.. 1998: Kadoi et al.. 2002). the presence of these mediators also appear to

reduce the potency of some drugs used in the treatment of cardiovascular diseases.
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Reduced potency of cardiovascular drugs may. at least in part. be due to a down-
regulation and/or inactivation of the receptors and channels. caused by inflammatory
mediators. In fact. a decrease in § adrenergic receptor density and binding sites in the
airway. heart. as well as blood mononuclear cells have been observed with increase in
inflammation (Penn et al.. 1996; Hammond et al.. 1992: Bernarin et al.. 1998: Kadoi et
al.. 2002: Krause et al.. 1995). Recent observations made using a rat model of
inflammation suggest the down regulation of the myocardial 3, adrenoceptor. both at the
level of receptor binding (Sattari et al.. 2003) and density (Sattari et al.. 2002). Altered
receptor tunction may also be due to receptor uncoupling of B adrenoceptor from guanine
nucleotide protein or intracellular modifications to protein kinases, adenylate cyclase
activity and cAMP regulation and changes in calcium trafficking (Penn et al.. 1996:
Hammond et al.. 1992: Bernardin et al., 1998; Kompa et al .. 1999).

The downregulations in effect observed were with the G-protein coupled receptor
beta adrenoceptor blockers and calcium channel blockers. Although AT,Rs are also G-
protein coupled receptors (Thomas et al.. 1999). their activation and signal transduction
mechanism. as well as their intracellular messengers. varies somewhat from
adrenoceptor (Sayeski et al.. 1998). We therefore did not expect similar results to be seen
with AT |R antagonists. With the emergence and increase in the usage of angiotensin 11
receptor antagonists as a treatment option for cardiovascular diseases, mainly
hypertension and CHF (Toth et al., 2003), it became important to understand the effect of

inflammation on the pharmacokinetic and pharmacodynamics of these drugs.
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Our present data suggest that inflammation. at least. as manifest in RA. has no
down-regulating effect on AT,R antagonist valsartan. This is contrary to the reduced
response reported for verapamil (Mayo et al., 2000) in humans as well as propranolol
(Guirguis et al.. 2003) and sotalol (Kulmatycki et al.. 2001) in experimental animals.
Indeed. patients with RA demonstrated a trend toward increased response to the
hypotensive effect of valsartan as compared to the control group (Figure 3-6). The
apparent increased potency did not reach statistical significance due. perhaps. to the
limited study population size and high variability in response. However. increasing
evidence regarding the effect of CRP and TNFa in up-regulating ATRs in various
inflammatory conditions including atherosclerosis, myocardial infarction and congestive
heart failure may shed more light in valsartan effect in RA subjects (Gurantz et al.. 1999:
Kaprielian et al.. 1997: Peng et al.. 2002; Wang et al.. 2003: de Boer et al.. 2003). For
example. increased levels of TNFa and interleukin 1 augment the mRNA levels of the
AT R by up to 5-fold in cardiac fibroblasts (Gurantz et al.. 1999). Studies with insulin
growth factor indicate a post-transcriptional mechanism. leading to mRNA stabilization.
There is also an up-regulation of the renin-angiotensin system during differentiation of
monocytes to macrophages (Okamura et al., 1999). and increased angiotensin 11 levels in
MI and LVH (Gurantz et al.. 1999). The above-mentioned changes, combined with
increase in AT;R expression. may exaggerate the vascular response via AT|R on
cardiovascular parameters (Tanaka et al.. 1999). Although the mechanisms of up-
regulation have not been fully elucidated. some studies have looked into the possibility of

the involvement of PKC and tyrosine kinases in the up-regulation mechanism (Motojima

ct al.. 1999).

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



There was also a pronounced decrease in pulse. indicative of decreased heart rate
and function with valsartan and losartan treatment in RA patients as seen in Table 3-5 to
Table 3-8. It was expected that there would be a compensatory increase in heart function
with a drop in blood pressure with the use of AT R antagonists. which would lead to an
increase in pulse, through increasing adrenergic activity. Since heart rate is in control of
B AR. the result was not explicable, until recent results by Barki-Harrington et al
suggested a possible heterodimerization of AT|R with 3, AR receptors. and a resulting
cross-talk between the two receptor types. as expressed by dual inhibition of §; AR and
ATR by AT\R antagonist valsartan (Barki-Harrington et al.. 2003). The trans-inhibitory
etfect of both receptors by one single antagonist may occur due. possibly. to valsartan

interference with B AR-Gs coupling. As a result, the downstream signaling and

trafficking of B-AR is effectively reduced by valsartan treatment. This. coupled with the
potential up-regulation in AT,R level in the cardiac myocytes of RA patients. would
explain the compounded inhibitory eftfect in the $-adrenergic receptors observed with
AT R antagonist treatment in RA patients on the B-adrenergic receptor.

The increase in the AT;R combined with a stable pharmacokinetic profile would
explain the possible increase in potency of valsartan in controlling blood pressure in RA
subjects who have an increased level of inflammatory mediators. As well. AT|R blockade
would increase the level of AGII. which is also increased in inflammatory state (Phillips
et al.. 2002). The AGII would then exert its effect via the AT>R. which would potentiate
further vasodilation (Carey et al.. 2001). This attribute of valsartan would be useful for
patients who may exhibit an inadequate control of their cardio-inflammatory disorders

with their prescribed 3-AR antagonists and calcium channe! biockers. This leads to the
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potential therapy failure and high mortality rate due to secendary cardiovascular
complications with their RA.

An unexpected finding was the apparent lag time between valsartan dosing and
antihypertensive effect. leading to the counter-clockwise hysterisis in the concentration
versus percent etfect from baseline graphs (Figure 3-7). A counterclockwise hysterisis is
often seen when a prodrug is administered. as there is a time delay between the formation
of the active metabolite and the exerted effect. Since valsartan is in itself the active
compound. this reasoning can be negated. Interestingly. the counterclockwise hysterisis is
also evident with losartan dosing (Figure 3-10). Comparison of the active metabolite EXP
3174 concentration to the observed effect was expected to collapse the hysterisis and
linearize the graph. Surprisingly, we also observe an unexpected time lag in effect with
the active metabolite (Figure 3-11). The possible explanation for the time lag in effect
may be due to the need for AT,R antagonists to travel into another compartment in order
to exert their actions on the receptor. Although AT|R preside in many organs. including
the brain. kidney. heart and blood vessels. the exact location of the receptors within the
tissue and the organ have not been properly characterized. Further work must be done in
order to characterize the AT R availability to its effectors.

Valsartan is mainly eliminated through biliary excretion (~70%) with metabolism
contributing only to approximately 20% of its clearance (Waldmeier et al.. 1997: Miiller
et al.. 1997). This limited dependency of clearance on metabolism may explain the
observed lack effect by RA on valsartan pharmacokinetics. It is mainly drugs with
efticient hepatic clearance that have been shown to be influenced by inflammation

(Piquette-Miller et al.. 1995). However. as biliary excretion is the major pathway
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involved in the removal of valsartan. we must consider the etfect of inflammation on this
pathway as well. Recent studies have shown an increase in methotrexate concentration in
adjuvant arthritic rats due to a decrease in biliary excretion. More specifically, adjuvant
arthritis decreased the expression and activity of the hepato-biliary ATP-dependent
transport system cMOAT. or MRP2. involved in methotrexate elimination (Achira et al..
2002). Valsartan is thought to use the same transporter system for biliary excretion.
although the importance of the transporter in valsartan’s biliary excretion has not been
tully elucidated. Our human study has shown the lack of pharmacokinetic changes in
valsartan. Possibly. the level of inflammation in our subjects was less severe and
therefore MRP2 is not altered. However. the possibility of pharmacokinetic drug
interaction for MRP 2 between methotrexate and valsartan if taken concurrently may be
considered if adverse effects are noted.

Valsartan is over 92% bound to plasma albumin. Active arthritis is associated
with decreased albumin (Van Den Ouweland et al.. 1988).This may result in enhanced
clearance due to reduced plasma protein binding. This was not observed in our patients.
Indeed. the plasma-concentration-time curves of the three examined groups were
remarkably close (Figure 3- 2) and in agreement with those observed previously (Miiller
el al.. 1997). A change in the plasma protein binding and subsequently clearance of drugs
has been observed only with naproxen and in patients with severe arthritis. In other
words. with patients with CRP concentrations more than double of what we recorded for
our patients. changes in clearance is inevitable (Van Den Ouweland et al.. 1988).

Thus. inflammation as manifest in rheumatoid arthritis does not alter the

pharmacokinetics of valsartan. Similarly. the pharmacodynamic response to valsartan is

116

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



not down regulated by inflammation either. This class of drugs should therefore be taken
into consideration in treating cardiovascular conditions in the setting of inflammation, for
there is no decrease in their effectiveness seen as compared to calcium channel blockers
or B-blockers.

To observe whether the effect seen with valsartan can be pronounced as a class
effect and thus generalized to include AT R antagonists with complicated
pharmacokinetics. we looked at losartan, one of the first orally active non-peptide AT|R
antagonists to be made available on the market. Losartan is nearly completely absorbed.
but undergoes extensive first pass metabolism (Mclntyre et al.. 1997). As previously
mentioned. although losartan itself is an active drug, its potency is mainly attributed to
the active carboxylic acid metabolite EXP 3174 (Lo et al., 1995). Approximately 14% is
converted to EXP 3174 by CYP 2C9 and 3A4, and about 80% is converted into other
metabolites (MclIntyre et al.. 1997: Lo et al., 1995). Since hepatic metabolism is known to
be inhibited by inflammation and the presence of increased pro-inflammatory mediators.
we hypothesized decreased bioavailability for EXP 3174. and thereby a reduced efficacy.
in RA patients.

Losartan 1s recommended over certain 3 blockers in the treatment of isolated
systolic hypertension and left ventricular hypertrophy. all diseases that exhibit increases
in inflammatory mediator levels (Toth et al.. 2003: Okin et al.. 2003: Kjeldsen et al..
2002: Lindholm et al.. 2002). Increases in NO and cytokines, as seen in rheumatoid
arthritis subjects (Table 3-2). can alter the absorption and metabolism of drugs by
changing Pgp and selective enzyme expression and levels (Sukhai et al., 2000; Achira et

al.. 2002: Bertilsson et al.. 2001: Piquette-Miller et al.. 2000: Iber et al.. 1999: Jover et

117

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



al.. 2002.: Khatsenko et al.. 1998; Renton et al.. 2000: Morgan et al., 1997). Therefore.
our goal was to determine whether the degree of inflammation, and the level of
inflammatory mediators as seen in our RA patients. alters the disposition and effect of
orally administered losartan.

There was a significant decrease in the AUC of EXP 3174 and a numerical
decrease in the Cmax. with no signiticant change in the losartan pharmacokinetics in
patients with active arthritis (Figure 3-4, Table 3-4). Also. there was a decrease in AUC
ratio of EXP/LOS, with increasing severity of disease. The severity of disease also
correlates positively with increasing CRP and NO levels.

The observed pharmacokinetic changes of EXP 3174 may be attributed to several
factors. Since the elimination half life of EXP 3174 is not affected by inflammation. the
significant decrease in EXP 3174 AUC can be postulated to be due to the reduced extent
of formation of the metabolite. Losartan conversion to EXP 3174 involve P450 enzymes
CYP2C9 and CYP 3A4 (Mclntyre et al.. 1997: Lo et al.. 1995: Stearns et al.. 1995). The
conversion of losartan to EXP 3174 via CYP 3A4 and 2C9 may be decreased. Morgan et
al report selective CYP 450 downregulation in vivo and in vitro with difterent diseases
and models of disease (Morgan et al.. 1997). Studies have shown reduced clearance of
antipyrine. hexobarbital and theophylline in human volunteers given low doses of LPS
(Shedlofsky et al.. 1994). Moreover. reduced clearance of the drugs correlated with the
initial peak values of TNFa and interleukin 6. Differential regulation of P450 genes by
NO and cytokines during inflammation have been postulated to lead to selective

downregulation of many P450 due to repression of gene transcription. changes in RNA
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and/or protein turnovers or direct decrease in P450 catalytic activity (Iber et al.. 1999:
Jover et al.. 2002.; Khatsenko et al.. 1998: Shedlofsky et al.. 1994).

A change in the absorption of losartan must also be a consideration for the
possibility in the altered pharmacokinetics of EXP. 3174 in RA. After an oral dose.
intestinal factors. such as altered epithelial permeability. varying expression of drug
metabolizing enzyme CYP3A4 and/or altered expression of multi-drug resistance
counteractive drug transporters such as Pgp (Sukhai et al.. 2000: Achira et al.. 2002:
Bertilsson et al.. 2001). Losartan, but not EXP 3174, is a Pgp substrate (Soldner et al..
2000). Studies have shown that inflammation influences drug bioavailability by varying
gut transport. For example. Bertilsson e7 a/ have shown an increase in Pgp expression in
Caco 2 cells with cytokine treatment (Bertilsson et al.. 2001). As well. there is increase in
epithelial permeability. The increased permeability of the epithelial cell will likely
facilitate the uptake of losartan across the gut barrier. However, increased Pgp expression
seen with high cytokine levels would hamper and counteract the epithelial changes. The
overall effect of gut absorption affecting losartan absorption in inflammation can
therctore be negligible (Bertilsson et al.. 2001).

Similar to valsartan. both losartan and EXP 3174 are also highly bound to
albumin (~ 98% for EXP 3174 and ~92% with losartan) and may therefore be affected by
plasma protein changes seen with inflammation. Acute arthritis is associated with
decrease in albumin levels. which may result in enhanced clearance of highly protein
bound drugs like naproxen due to reduced plasma protein binding (Van Den Ouweland et
al.. 1988). There was no change in the oral clearance of losartan. therefore there does not

seem to be a great alteration in albumin levels.
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Since the decrease in EXP 3174 levels was not reflected in the terminal half-life
of the metabolite, we can also assume that EXP 3174 elimination was not altered. Indeed,
increased clearance of naproxen seen in the study by Van Den Ouweland et al (1983) was
only observed in severely arthritic patients, which is not the case with our patients.

Interestingly. the pharmacokinetic profile of both losartan and EXP 3174 seen
with the rheumatoid arthritis patients is analogous to the effect seen with fluconazole
treatment. Fluconazole, a selective CYP 3A4 and 2C9 inhibitor, decreased the formation
of EXP 3174 and yet did not alter the pharmacokinetic profile of losartan (Kaukonen et
al.. 1998). Selective inhibition of CYP enzymes by cytokines may therefore inhibit
losartan biotransformation to EXP 3174, yet not hinder alternate elimination pathways for
losartan to alter its pharmacokinetics.

Selective biotransformation was further observed with one normal subject. who
exhibited no detectable concentrations of the active metabolite in the plasma. while the
parent drug AUC was the second highest amongst all the subjects in the study (Figure
3-5). Although complete inhibition of losartan conversion to EXP 3174 is achieved by
dual inhibition of CYP 3A4 and 2C9. the latter isozyme is the one predominantly
involved in this particular biotransformation (Yasar et al.. 2002) . CYP 2C9 is subject to
polymorphism due to isozyme specific mutations. In particular the CYP 2C9*3 variant
allele has been observed in some individuals and population groups. leading to < 1%
formation of EXP- 3174 from losartan ( McCrea et al., 1999: Sekino et al.. 2003).
Genotyping for this particular subject is recommended given the lack of EXP 3174 levels.

as there are many other important drugs. among which are phenytoin. S-warfarin.
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tolbutamide and non-steroidal anti-inflammatory drugs. whose metabolism would be
decreased by CYP2C9*3 allele (Yasar et al., 2002 ).

Treatment efficacy is an integral part of patient therapy as it is essential to
optimize treatment for the specific disease condition. However, inflammatory diseases
such as arthritis. myocardial infarction and angina make it difficult to predict the
effectiveness of cardiovascular drugs, and drug efficacy cannot be generalized to a
specific class of drugs. As previously discussed. a significant decrease in verapamil
potency in PR interval prolongation is observed in RA patients. The systolic and diastolic
blood pressure of the arthritic patients was also decreased as compared to the healthy
subjects. although not to a significant degree. Decrease in drug response in presence of
inflammation is not limited only to the calcium channel blockers. Similar results with the
blood pressure indices and electrocardiogram of the heart were observed in animal
models of acute inflammation and arthritis with 3- AR antagonist treatment.

Interestingly. with AT|R antagonist valsartan. a numerical increase in the SBP.
DBP and MAP was observed in arthritic patients as compared to the normal subjects. The
same subject groups were treated with losartan and no significant difference among the
groups was observed (Figure 3-12). A numerical decrease in the AUEC however was
seen with the active arthritis group. However. it was consistent with the lower EXP 3174
levels observed with inflammation. and thus receptor down-regulation is an unlikely
explanation for the observed effect. Although inflammation decreased the EXP 3174
level after losartan treatment in the arthritic patients. and ultimately decreased the AUEC
for active arthritic group. it did not have a profound effect on the maximum observable

effect. This maybe due to the short acting, yet still active. parent drug losartan. Indeed. it
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appears that losartan has a major role in blood pressure control particularly at the
beginning of drug therapy. The concentration versus the percent effect from baseline for
losartan (Figure 3-10) and EXP 3174 (Figure 3-11) makes apparent the immediate
antihypertensive etfect of losartan at low concentrations of the EXP 3174. Hence,
losartan itselt offers immediate blood pressure control, and is comparable to that seen
with valsartan treatment (Figure 3-7). With increasing EXP 3174 concentrations. the
antthypertensive effect shifts to the longer acting active metabolite. providing a more
stable and potent control on the blood pressure. even when the plasma concentration of
losartan itself diminished. Therefore, it appears that the therapeutic efficacy of losartan is
uncompromised by the presence of inflammatory mediators by the combined efforts of
losartan and EXP 3174. This renders losartan to be useful in the treatment of
hypertension in patients with hyper-inflammatory diseases. such as myocardial infarction.
and rheumatoid arthritis. Clinical studies indicate losartan over certain {3 blockers in the
treatment of isolated systolic hypertension and left ventricular hypertrophy. all diseases
that exhibit increases in inflammatory mediator levels (Kjeldsen et al.. 2002; Okin et al..

2003: Toth et al.. 2003).

In conclusion. increasing inflammatory mediators. as seen in RA. alters the
conversion of extensively metabolized AT|R antagonist losartan to its major active
metabolite EXP 3174, most likely due to the inhibition of the metabolizing enzymes CYP
2C9 and 3A4. However. the decrease in AUC of EXP 3174 does not result in a decrease
in response. due possibly to pharmacological effect of the parent drug and/or the AT|R

up-regulatory mechanisms of inflammatory mediators. As the pharmacodynamics of
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AT/R antagonists are not down-regulated by RA as compared with 3-adrenergic receptor
and calcium channel antagonists. this class of drugs may have a higher therapeutic
efficacy in the treatment of hypertension in cardio-inflammatory conditions and other

inflammatory states.

Our study had a few limitations. First. it was conducted after a single dose of
AT R antagonist. while the drugs are usually intended for long-term therapy. However. it
has been demonstrated that single dose studies predict chronic pharmacodynamic
responses (Morgan JM et al., 1997: Fuchs et al., 2000). Secondly. all the subjects were
normotensive. Nevertheless. although blood pressure reduction is proportionate to
baseline levels, the drug’s hypotensive effect can be studied, albeit with less ot a
magnitude of effect. in normotensive subjects (Ueda et al., 1998). Hence. our data must
be considered as preliminary in nature. The beneficial effect of AT|R antagonists in
patients who are aftlicted with both inflammatory conditions and impaired cardiovascular

function remains to be studied using a larger population of patients.
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Chapter 4: Strain Difference in Response to Sotalol.
Results and Discussion

Results:
Inflammatory State

Blood cell counts at baseline and after the first and second injection of either
IFN,,2, (Inflamed) group or saline (control) were compared to determine the occurrence
of acute inflammation for each strain. Segmented neutrophil counts were significantly
increased in all inflamed strains of rats (Table 4-1). The baseline segmented neutrophil
counts were significantly less in SDR as compared with other two strains of rats (p =
0.002. Figure 4-1). Attempts were made to measure plasma CRP, NO and TNFo
concentrations. Unfortunately. however. problems with the assay kits generated at the
supplier’s end and consequent repeated freeze and thawing resulted in unreliable results.
Protocols provided with the inflammatory kits (Biosource International. Helica
Biosystems). as well as NO assays by Archer er al. (19935) suggest sample degradations

occur upon subsequent multiple freeze-thaw cycles.

124

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



Table 4-1: Mean = SD of percent segmented neutrophil counts after first and second
injections of saline or IFN 2,

Treatment group

Sean e #1FNgs | 2°IFNuas

egmen e. injection injection
Neutrophil Baseline P value

SDR (n=4) 93=49" 23.5:7.9 26.8 6.2 0.009

WKY (n=6) 16.6-4.6" 222+95 20.4 +4.0 0.03

SHR (n=6) 223-63" 34.2:4.0 347:3.8 0.00064

Control group
%
1 saline 2" saline

Segmente.d injection injection
Neutrophil Baseline P value

SDR (n=4) 13.0£3.2 10.3= 8.1 12.0:87 0.9

WKY (n=6) 17570 17.5:10.6 16.0:8.4 0.76

SHR (n=5) 19.82 4.6 205+3.4 20.3:56 1.0

* Significantly different from other groups (one way ANOVA followed by the Duncan’s

New Multiple Range test at o = 0.05).
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Figure 4-1: Mean + SD of baseline % segmented neutrophil counts among the three
strains.

* Significantly different from other groups (one way ANOVA followed by the Duncan’s
New Multiple Range test at o = 0.05). SDR (n=8). WKY (n=12). SHR (n=11).
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Pharmacodynamics
Lffect of Interferon on ECG Parameters

Possible eftect of IFN,», itself on the rat ECG was determined by comparing the
arca under the percent effect change from baseline times time (AUEC) .3, of RR. QT,
QTc. and PR of the three strains after saline versus IFN,., injection (Table 4-2).
Inflammation induced by IFN,,», significantly increased the heart rate in the SDR. but did
not affect other ECG parameters. As well. significant prolongation in the QT and QTc

intervals was observed in the WKY strain with IFN,,», injection.

Effect of Sotalol on ECG Parameters

To observe sotalol eftect in the prolongation of PR and QT intervals. the
maximum eftect (ECG parameters) following drug administration (Emax) were
determined and compared to pre-sotalol dosing in control rats (Table 4-3). Sotalol
significantly reduced the heart rate, as well as prolong the QT. QTc and PR intervals in
the SDR strain. as expected. In WKY and SHR strains. sotalol induced a significant
reduction in the QT and RR. similar to the SDR strain. However, sotalol treatment did not
prolong the PR interval of WKY or SHR strains. Neither was there a significant response

with regard to QTc prolongation in the SHR strain upon sotalol treatment.
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Comparison of the Effect of Sotalol berween Control and Inflamed groups

The effect versus time graph for sotalol. as well as the area under the effect curve
(AUEC). was compared between control (saline) and inflammation (IFN,,2,) animals
within each strain (Figure 4-2-Figure 4-6: Table 4-4). There was no difference between
control and inflammation groups in their baseline ECG values prior to drug treatment.
Treatment with sotalol reduced the heart rate in all strains regardless of inflammation.
Sotalol effect on the QT and QTc prolongation was significantly reduced within the
IFN,,», treated groups in the normotensive WKY and SDR strains. No difterence was
observed between the control and inflamed rats in the SHR with sotalol treatment. The
ability of sotalol to prolong PR interval was also significantly decreased in the SDR
strain. The lack of sotalol effect on PR interval prolongation in WKY or SHR strain was

not altered with inflammation upon drug administration.

Strain Difference in ECG parameters

A statistically significantly faster baseline heart rate was observed in SHR as
compared with the normotensive WKY and SDR strains (Table 4-5). None of the other
ECG parameters were significantly different from each other.

When the response to sotalol of the three strains was compared. sotalol exhibited
a significantly lower potency in the SHR strain with regards to the heart rate and the QT
interval as compared to the SDR and WKY strains in the control group (Figure 4-7. Table

4-4). However. the difference failed to reach significance in the inflamed group.
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Western Blot Analysis

In order to determine whether difference in sotalol response in PR interval
prolongation is possibly due to strain differences in the ;AR protein expression on the
heart. western blot analysis was performed on whole heart proteins of control rats from
hearts harvested from the rats one week after the study. No significant difference was

observed in the B;AR density between SDR. WKY. or SHR strains (Figure 4-5).

129

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



Table 4-2: Mean £ SD of AUEC .3, for heart rate (RR), QT, PR and QTc intervals are

determined after saline or IFN, injections.

B AUEC (;,, Effect of interferon on ECG parameters
(Area under the % change in effect from baseline x time)
Saline Interferon P value
RR
SDR (n=4/group) -29.0+6.8 -1.3+84 0.002
WKY (n= 6/group) -2.9+18.6 7.6+ 13.4 0.64
SHR (n=5-6/group) 36.7 £34.5 25.5+22.6 0.52
PR
SDR (n=4/group) 10.6 + 14.3 9.0+8.7 0.855
WKY (n= 6/group) 7.8+8.6 72+7.5 0.9
SHR (n=5-6/group) -13.4£24.1 -42+8.3 0.41
QT
SDR (n=4/group) 19.9+10.2 7.5+6.9 0.71
WKY (n= 6/group) 30.1£294 58.8 £ 16.1 0.0074
SHR (n=5-6/group) | 4.0£19.3 30.8 +25.7 0.072
QTc
SDR (n=4/group) 54+8.6 125+ 6.4 0.23
WKY (n= 6/group) -11.5+17.9 552+16.8 0.0001
SHR (n=5-6/group) 19.6 £ 13.7 429+ 28.5 0.11

E3
Significant difference between control and IFN,,», groups. (Student’s t-test for unequal

variance)
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Table 4-3: Mean = SD of the maximum % change from baseline in ECG parameters
before (Placebo) and after (Treatment) sotalol treatment is determined among strains in

the control group.

Maximum change in ECG parameters with Sotalol Dosing

(% Change from baseline)

Placebo Treatment P value
RR
SDR (n=4) -146+2.1 244+4 0.01
WKY (n=6) -7.7+10.5 21.4+£5.2 0.02
SHR (n=5) -02+148 -10.8+£3 0.15
PR
SDR (n=4 7.6 6.7 179+3.9 0.046
WKY (n=+6) 64+£39 6.8+53 0.89
SHR (n=5) -04+84 1.6+5.1 0.64
QT
SDR (n=4) 10.6 £4.9 365+ 11.1 0.01
WKY (n=+6) 17.9+17.7 452 +10.2 0.01
SHR (n=5) 6.4+6.3 31.2+104 0.001
QTc
SDR (n=4) 5.7+4.2 21.5+£5.8 0.01
WKY (n=6) 15.3+10.2 30.0+6.2 0.02
SHR (n=5 13.7£6.3 279+92 0.01

* Signiticant difference between placebo and treatment (Student’s t-test for unequal

variance).
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Figure 4-2: Mean * SD of the time courses of sotalol % eftect from baseline following

administration of single oral doses of 80 mg/kg sotalol racemate to control

(®)and

IFN,2, ([J) treated rats. * Significant difference between control and IFN,,», (Student’s t-
test for unequal variance). Control (n=4) and Treated (n=4).
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Figure 4-3: Mean + SD of the time courses of sotalol % eftect from baseline following
administration of single oral doses of 80 mg/kg sotalol racemate to control ( ¢) and
[FN.,22 ([ treated rats. * Significant difference between control and IFN,,», (Student’s t-
test for unequal variance). Control (n=6) and Treated (n=6).
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Figure 4-4: Mean £ SD of the time courses of sotalol % effect from baseline following
administration of single oral doses of 80 mg/kg sotalol racemate to control ( ®) and
[FN2 ( D) treated rats. No significant effect was observed in any group (Student’s t-test
tor unequal variance). Control (n=5) and Treated (n=6).
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Figure 4-5: Mean + SD of the response to sotalol in control (open bars) versus IFN,,»,
(close bars) treatment between strains. AUEC (.6, was depicted for heart rate (RR) and
PR intervals. Error bars represent standard deviation of the mean. * Significantly
different from respective Control (Student’s t-test for unequal variance). SDR
(n=4/group). WKY (n= 6/group). SHR (n=5-6/group).
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Figure 4-6: Mean = SD of the response to sotalol in control (open bars) versus IFN,,>,
(close bars) treatment between strains. AUEC (.4, was depicted for QT and QTc intervals.
Error bars represent standard deviation of the mean. * Significantly different from
respective Control (Student’s t-test for unequal variance). SDR (n=4/group). WKY (n=
6/group). SHR (n=5-6/group).
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Table 4-4: Mean = SD of AUEC ¢, for heart rate (RR). QT. PR and QTc intervals after

sotalol treatment.

AUEC ¢, Sotalol Effect
(Area under the % change in effect from baseline x time)
Control Inflamed P value
(saline) (IFN 422)
RR
SDR (n=4/group) -110.8+19.2 | -842+11.1 0.062
WKY (n= 6/group) -96.7 £ 33.3 -98.2+£22.0 0.93
SHR (n=5-6/group) | -30.6 £22.9 " | -50.7 +42.6 0.34
P value strain 0.0007 0.06
effect
PR
SDR (n=4/group) 593+248" 16.8+23.1° 0.046
WKY (n= 6/group) 9.2+223 7.6 £10.5 0.89
SHR (n=5-6/group) | -11.0 +24.9 58+19.6 0.22
P value strain 0.002 0.64
effect
QT
SDR (n=4/group) 162.8 +37.0 74.14£29.6° 0.01
WKY (n= 6/group) 187.2+359.6 1165+27.1° 0.0035
SHR (n=5-6/group) | 89.8+42.0 " 63.1 +£62.7 0.44
P value strain 0.009 0.2
effect
QTc
SDR (n=4/group) 92.8 +20.9 249+279° 0.0055
WKY (n= 6/group) 118.9+33.5 36.8+272° 0.01
SHR (n=5-6/group) | 70.6 + 33.7 34.0 + 60.9 0.23
P value strain 0.06 0.53
effect

pq

Significant difference between strains (one way ANOVA followed by the Duncan'’s
New Multiple Range test at oo = 0.05).
" Significantly different from respective Control (Student’s t-test for unequal variance).
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Table 4-5: Mean = SEM for baseline difference in ECG parameters among rat strains.

SDR WKY SHR P value
(n=8) (n=12) (n=11)
RR 381.5+6.12 | 359.0+575 |326.8+5.95* 0.0000057
(BPM)
PR 47.1 £1.53 48.7 £0.39 49.0+0.78 0.32
(msec)
QT 69.0 £ 0.85 71.3 £ 1.03 71.7+0.78 0.11
(msec)
QTc 173.7+1.7 174.0£2.0 167.8 £2.6 0.08
(msec)

" Si gnificantly different from other groups (one way ANOVA followed by the Duncan’s

New Multiple Range test at o = 0.03).
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Figure 4-7: Mean % SD of the response to sotalol. compared between rat strains in control
(top graph) and IFN,,, (bottom graph). AUEC (.¢» was depicted for heart rate (RR). QT
and PR intervals. Significantly different between strains (one way ANOVA followed by

the Duncan’s New Multiple Range test at o = 0.05). SDR (n=4/group). WKY (n=
6/group). SHR (n=3-6/group).
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Figure 4-8: Western blot analysis of ;AR protein expression in the whole heart
(n=3/strain) (a) The B;AR protein expression is 62 kDa and the internal standard f-actin
is present at 42 KDa. Densitometric analysis of the $;AR protein (b). No signiticant
diftercnce between groups.
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Discussion:

Previous studies have shown significantly reduced potency of B-adrenergic
receptor. calcium channel and potassium channel antagonists in presence of inflammation
Kulmatycki et al. 2001: Guirguis & Jamali 2003). Both acute inflammation caused by
IFN,,2, and chronic inflammation (adjuvant arthritis induced) reduced sotalol
(Kulmatycki et al 2001) and propranolol (Guirguis & Jamali 2003) potency in the rat.
This decrease in beta-blocker effectiveness appeared to be independent of
pharmacokinetic alterations and more possibly due to pharmacodynamic changes.
Increasing evidence suggest there are changes to the actual receptor effectiveness. which
can be attributed to increasing levels of the inflammatory mediators. Receptor
responsiveness may be decreased due either to a decrease in expression, altered receptor
activity. or changes to the intracellular signaling. (Bernardin et al.. 1998: Hammond et
al., 1992: Kompa et al.. 1999: Krause et al.. 1995: Kadoi et al.. 2002). The observed
changes in pharmacodynamics of these cardiovascular drugs in inflammation would
therefore have important therapeutic consequences. Patients who have underlying auto-
immune disease. such as RA. are at a higher risk of developing cardiovascular
complications (Biasucci et al.. 1999: McEntegart et al.. 2001: Wallberg-Jonsson et al..
2000). Indeed. the primary cause of mortality in RA patients is due to cardiovascular
complications (Prior et al.. 1984: Mutru et al.. 1985: Myllykangas-Luosujarvi et al.. 1995:
Wolfe et al.. 1994). Reduced receptor responsiveness to drug therapy is a plausible reason
tor therapeutic failure of the cardiovascular drugs in patients who have hyper-
inflammatory conditions who also have cardiovascular diseases. Indeed, a series of

studies implicate increasing pro-inflammatory mediators such as TNFa. interleukin 6.
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and monocytes in cardiac diseases ( Dorffel et al., 1999; Koller-Strametz et al.. 1998: Liu
et al.. 1999 ). It appears that the proinflammatory mediators may be involved directly in
decreasing B-adrenergic receptor responsiveness to drug treatment. Sattari et al (2003)
have implicated increasing pro-inflammatory levels with decreased expression of B1AR
of inflamed normotensive rats. It may be that the existing hyper-inflammatory state.
prevalent in the cardiovascular diseases. is responsible for the observed reduced drug
potency. However. animal models presently used to demonstrate reduced responsiveness
to cardiovascular drugs in inflammatory diseases have been normotensive. A more
realistic animal model that would reflect human patho-physiological disease states would
further provide relevant information with regards to the underlying cause of drug
inefficacy in inflammatory states. We. therefore, decided to test the Spontaneously
Hypertensive rat (SHR) model and its normotensive counterpart Wistar Kyoto (WKY) rat
model as possible models for further elucidation of the mechanisms of -adrenergic
receptor down-regulation as compared to the already established Sprague-Dawley rat
(SDR) inflammatory model. SHR and WKY models were chosen for study due to their
extensive use as models for human cardiovascular studies (Handbook Of Lab Animal
Science.. 1994 ).

The present data suggest that there is a strain difference with regards to baseline
inflammatory state. as well as response to the cardiovascular drug sotalol in both control
and IFN,,», treated groups.

Sprague-Dawley rats were introduced into the study as a positive control.
Treatment of SDR strain with the cardiovascular drug sotalol prolonged the PR and QT

intervals as expected. Sotalol is a racemic drug. in which R-sotalol is a beta adrenergic
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receptor antagonist and S-sotalol is a specific potassium channel blocker (Anderson et al..
1999). It blocks the potassium channel by binding to the active state of the ATP-sensitive
delayed inward rectifier potassium channel (1k,). or the ether-a- go-go (HERG) channel.
tfound in both the human and rat hearts (Numaguchi et al.. 2000: Pond et al.. 2001).
Induction of inflammation by IFN,,», caused a significant reduction in the ability of
sotalol to prolong PR and QT intervals in the SDR strain as had been noted previously
(Table 4-4. Figure 4-2). In all our strains. the increase in the inflammatory state was
observable with the significantly higher levels of segmented neutrophil levels as
compared to baseline (Table 4-1). Studies have positively correlated increasing
inflammatory states and high inflammatory mediator with increase in the segmented
neutrophil levels (Terashima et al.. 2001). This suggests. in the absence in inflammatory
mediator level data. segmented neutrophil counts maybe reliably used to retlect
increasing inflammatory states.

Similar to its effect on the SDR strain. sotalol prolonged the QT and the QTc
interval in the normotensive WKY strain (Table 4-3). and the sotalol potency on the QT
and the QTc interval prolongation was reduced by intlammation in the WKY strain
(Figure 4-3). It appears that varying forms of inflammatory diseases. such as myocardial
infarction and cardiac heart failure. down-regulate the Ik; potassium channels possibly at
the genetic level (Brooksby et al.. 1994: Huang et al.. 2000). Hence. the decreased QT
interval prolongation in sotalol-treated SDR and WKY strains with inflammation is due.
perhaps. to down-regulation in the Ik, potassium channel and/or HERG channel

expression or activity in the rat heart with increasing inflammation.
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Unlike the normotensive rat strains however, there was no difference between
control and intflamed hypertensive SHR strains in the QT and QTc interval prolongation
with sotalol dosing (Figure 4-6). Indeed. there appears to be no difference in sotalol
efficacy between control and inflamed groups in any of the ECG parameters in the SHR
strain (Figure 4-4. Table 4-4). The control group of the SHR strain also displayed a
significantly lower sotalol potency compared to the SDR and WKY strains (Figure 4-7).
One consideration for the lack of sotalol efficacy in the hypertensive rat strain is the
possible changes to the pharmacokinetics of sotalol. a drug that is renally excreted. due to
altered kidney function in the SHR strain. Evidence indicates that the possible
pathogenesis of hypertension in the SHR strain may have its origin in the kidneys. and
alterations to the renal function will potentially affect the pharmacokinetics of renally
excreted drugs (Uber et al.. 1996; Kopf et al.. 1993). The renal function of the SHR strain
has been shown to decrease with age in particular. Older SHR rats of 14 month old SHR
rats appear to have increased glomerular albumin excretion. in comparison with age-
matched WKY rats. Changes to the renal function were not evident in younger SHR rats
of 3 or 9 month old in age (Bakoush et al.. 2004). The SHR rats obtained for our study
were 13 weeks of age. and therefore it is unlikely that renal failure had developed which
was severe enough to have affected the pharmacokinetics of sotalol.

Another consideration is that the lack of PR interval prolongation is also observed
in the normotensive WKY rats (Tabie 4-4. Figure 4-5). As the renal function of WKY is
not known to be affected by age or genetic makeup. there should not have been a change
in sotalol pharmacokinetics in the WKY rats. Yet difference in sotalol efficacy is

observed in both SHR and WKY strains. as compared with the SDR strain. with regards
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to PR interval prolongation. A difference in renal function. and thus altered sotalol
clearance. is therefore an insufficient and unlikely explanation for the difterences
observed among the strains.

A more likely explanation for altered sotalol efficacy lies with the possible
altered receptor responsiveness to sotalol treatment in the WKY and SHR strains
compared to the SDR strain. The QT interval prolongation with sotalol treatment
involves the direct inhibition of the potassium, in particular the Ik;. channel by sotalol.
Lack of sotalol eftect in QT interval prolongation with the hypertensive SHR strain
(Table 4-4. Figure 4-6) may be due to differences in the Ik; current. Studies have
indicated SHR strains exhibit a lower Ik current density as compared to WKY strains.
possibly leading to the prolonged action potential associated with hypertrophic hearts (L1
et al.. 2000). A lower Ik, density may partially explain the absence of response seen in the
hypertensive strain with sotalol treatment. The decrease in sotalol efficacy in SHR strain
may also be related to the presence of a recently defined inhibitory protein partner
capable ot limiting the pharmacological sensitivity of HERG called KCR1 (Kupershmidt
ct al.. 2003). Functionally. KCR1 reduces the sensitivity of HERG channel to classic pro-
arrhythmic HERG blockers such as sotalol and quinidine in both cardiac and non-cardiac
ccll lines. The possibility of the SHR strain over expressing the KCR1 protein as
compared the normotensive strains may explain the decrease in sotalol potency in control
SHR strain.

PR interval prolongation by sotalol. as seen in the SDR strain (Table 4-4. Figure
4-5). involves both direct and indirect inhibition of calcium trafticking through ;AR

blockade (Putney Jr.. 1993). It is one of the mechanisms by which sotalol is able to
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control heart rate and decrease cardiac output. In the WKY and SHR strains however,
sotalol did not alter the PR interval in either the control or inflamed groups (Figure 4-7).
Possible reasons for the observed divergence between the strains may be variation in
protein expression of the 3, adrenergic receptor of the SDR strain, as compared to the
WKY and SHR strain. leading to altered sotalol potency. A western blot analysis of the
B1AR protein expression on the heart however indicated no significant difference in the
protein levels (Figure 4-8).

Several explanations can be oftered for the lack of sotalol response in PR interval
prolongation in WKY and SHR strains. Studies have shown strain difference between
SDR. WKY and SHR in response to 3 adrenergic modulation. One study investigated the
response of B adrenoceptor modulation of pressure-dependent renin release with
propranolol. While in the SDR strain, renin release was significantly reduced. similar to
human models. propranolol appeared to have no response in WKY and SHR strains. and
renin release was not altered (Porter.. 1992). Aside from receptor modulation.
downstream receptor activity may differ among strains. especially the Gs protein
signaling mechanism. Although not studied in the rat model. altered Gs signaling have
been implicated for reduced drug potency in other animal models (Feldman et al.. 1990).
Calcium handling may also be another parameter in which rat strains vary. leading to the
altered sotalol potency among strains. § adrenergic responsiveness is partly determined
by sarcoplasmic reticulum (SR) regulation of calcium release. Calcium release from the
SR with BAR stimulation will. in tumn. stimulate calcium entry from the L-type C a”
channels. Therefore three parameters. SR-related C a handling. C a~ channel expression

and/or Ca* import may be varied among strains. Although SHR strain appears to have
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impaired 3 adrenergic response to stimulation with increasing hypertrophic state.
sarcoplasmic reticulum-related C a handling appear not to be difterent between SHR

and WKY strains (Keller et al.. 1997). Studies have yet to indicate whether SDR strain
varies in intracellular Ca® handing. Interestingly, radioligand binding studies with [+3H]
Ca®” antagonists failed to show a significant difference between the maximum binding
(Bmax) obtained for the cardiac membranes of 9-week-old. or 25 week old SDR. WKY.
or SHR strains (Dillon et al.. 1989). However when Ca*” import. a function of contraction
in the aortic smooth muscle from the calcium channels. was studied on its own between
the three strains. the SDR strain appeared to have more Ca™" import as compared to
WKY and SHR strains with external stimulation (Rahmani et al., 1999 ).

Studies often highlight differences in pathophysiology and response between SHR
and WKY strains. However, one must use caution in these strains as appropriate models
tor the study of inflammatory-drug-disease interaction. The SHR strain develops the
etiology of hypertension state early in age, at 5 weeks. At the later stages of its life. as the
SHR strain gets old. hyper-inflammation. renal failure. and cardiac hypertrophy ensue.
retlective of the human condition (Handbook of Lab Animal Science.. 1994). Literature
reports on the rat ECG values of the SHR strain. as well as drug response to PR and QT
intervals. however. are highly inconsistent and variable (Baillard et al.. 2000: Lu et al..
1999: Yamori et al.. 1976). Varied methods of measurement. age of the rats used. and
cxperimental protocols may explain part of the observed variability. Also. the use of
WKY strain as the normotensive counterpart for SHR is coming into question. as they
appear to be genetically ill detined and thus its validity for this purpose may be doubtful

(Gill et al.. 1985). Baseline PR and QT interval prolongation observed by the SDR strain,
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as well as the response observed with f§ adrenergic antagonists are, however. comparable
to results seen in humans with sotalol treatment (Anderson et al.. 1999).

This study has a few limitations. Although Ca®” channel availability does not
appear to be different between strains, C a” channel protein expression has not yet been
studied. and may be an important determinant of PR interval variations observed among
strains. Also. the lack of proper pro-inflammatory levels. namely CRP. TNFa and NO.

prevents a tull interpretation of the results.

In conclusion, further studies would be required to elucidate the molecular
mechanisms by which various rat strains respond to beta adrenergic and potassium
channel antagonist treatment. Meanwhile. care must be taken in choosing an appropriate
rat model for the study of electrocardiographic changes that occur with inflammatory-

drug-disease interactions.
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Chapter 5: General Conclusion

More and more research with regards to inflammation and disease states express a
common theme. in which the interplay between increasing pro-inflammatory mediators
and physiological manifestations is revealed. Increasing inflammatory states promote.
exacerbate. and eventually lead to possible organ failure and death. There is also an
increase in pro-inflammatory mediator levels, and a decrease in anti-inflammatory
mediators. in cardiovascular diseases such as cardiac heart failure, ischemia. stroke. and
renal failure. It now appears that the increase in the pro-inflammatory mediators have a
role in altering how a drug can be absorbed. distributed. metabolized, and/or excreted.
influencing the level of therapeutic efticacy that can be achieved with drug treatment. For
example. cardiovascular drugs such as verapamil and propranolol have decreased
clearance in inflammatory states. leading to an increase in concentration. Alterations that
occur to drug levels are important to keep under consideration. as traditionally. increase
In concentration is positively correlated to effect. More reports indicate. however. that
although drug concentration may be significantly higher in inflammation. drug efticacy
may be attenuated. as were seen in rheumatoid arthritis patients. For example. when
verapamil was administered. it exhibited a significantly lower response despite the
increase in concentration. Similar results were obtained in rat models of inflammation
with beta adrenergic receptor antagonists. A significant correlation between altered drug
pharmacokinetics and pharmacodynamics and inflammatory mediator levels hint at their

possible role in the decrease in response. Reduced potency of these first line
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antihypertensive drugs in inflammatory states would bring into concern the therapeutic
efficacy of other cardiovascular drugs administered with hyper-inflammatory states. and
their therapeutic relevance. It appears that the eftect of inflammatory mediators on the
beta adrenergic and calcium channel antagonists cannot be generalized to all
cardiovascular drugs. Our present clinical study with the angiotensin receptor
antagonists’ valsartan and losartan suggests that inflammation, at least. as manifested by
rheumatoid arthritis. does not decrease the efficacy of angiotensin receptor antagonist. In
fact. the possibility of increased response with valsartan. due to a possible angiotensin
receptor up-regulation. is intriguing. Further studies must be done regarding their
therapeutic use to treat cardiovascular conditions in the setting of inflammation, over
calcium channel blockers or beta adrenergic antagonists. As well. it is important to study
pharmacokinetic and pharmacodynamic alterations of cardiovascular drugs with
inflammation when there is an underlying hypertensive state present. To establish such a
cardio-inflammatory disease model. we decided to first ascertain whether existing
hypertensive animal models are feasible models to use for the human cardio-
inflammatory conditions. The normotensive Sprague Dawley rat had already proved to be
a usctul animal model for the human condition to study the pharmacokinetics and
pharmacodynamic alterations of beta adrenergic receptor antagonists such as sotalol in
inflammatory states. We theretore compared the eftfect of sotalol in the spontaneously
hypertensive rat strain and the normotensive Wistar Kyoto strain in the control and
inflamed groups to that of the Sprague Dawley rat strain. Our preliminary study shows
that due to differences not related to the hypertensive state of the strains. the

spontaneously hypertensive rat strains would not be a good model to study the down-
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regulation of cardiovascular drugs seen in inflammation. The effect of sotalol seen in the
two test strains does not reflect what is observed with humans. Thus. care must be
exercised when interpreting results obtained using different rat strains as cardio-
inflammatory models.

All in all. a clear understanding of the down-regulation phenomenon observed
with cardiovascular drugs would be beneficial in optimal patient treatment. The future of
drug research and disease-drug interaction would lie in determining the mechanisms by

which inflammation-related alteration in receptor responsiveness is being mediated.
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