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Abstract

Rheumatoid arthritis increases cardiovascular morbidity and mortality by
causing inflammation. Response to certain cardiovascular drugs, as measured
by PR interval prolongation, is diminished in this population, and possibly
contributes to excessive mortality. This occurs with verapamil, propranolol or
sotalol in rats, and/or in humans, sometimes in spite of elevated blood
concentrations of drug. Normalizing the cardiovascular response would be
advantageous in rheumatoid arthritis patients as it may reduce cardiovascular
risk, and therefore increase quality of life and life-span.

The statins have anti-inflammatory properties that have proven useful for
the treatment of a wide range of diseases. In rheumatoid arthritis, these anti-
inflammatory properties could potentially restore cardiovascular responsiveness.
We used propranolol in the pre-adjuvant arthritis (Pre-AA) rat model of
rheumatoid arthritis to test whether pravastatin restores diminished propranolol
response, corrects altered inflammatory mediators, and normalizes prbpranolol
pharmacokinetics. Sprague-Dawley rats were divided into four groups:
Healthy/Placebo, Pre-AA/Placebo, Healthy/Statin, and Pre-AA/Statin. Despite a
10-fold increase in plasma propranolol concehtrations, Pre-AA treated rats had
significantly reduced propranolol responsiveness. Pravastatin normalized
propranolol response but not its blood concentration. Proof of anti-inflammatory
properties was demonstrated by the ability of pravastatin to reduce elevated

serum interferon (IFN)-y concentration in Pre-AA rats.



We have shown that pravastatin-treated inflamed rats were able to
respond normally to propranolol despite the fact that IFN-y concentrations
remained much higher than in normal rats. From this, we concluded that more
than one mechanism contributes to Bs-adrenergic receptor (AR) desensitization
in inflammation.

Further investigation revealed that both norepinephrine transporter and 34-
AR densities were reduced in parallel in the cardiac tissue of inflamed animals.
This observation suggested that activation of the sympathetic nervous system
contributes to B1-AR desensitization, and therefore propranolol response. Two
observations support this idea. Sympathetic nervous system activation is a
feature of rheumatoid arthritis. Second, our experiment with Pre-AA showed that
inflammatory mediators were not strongly correlated with 31-AR density, whereas
norepinephrine transporter density was.

Our results suggest that pravastatin could be used for normalizing cardiac
pharmacodynamic responsiveness in humans. The anti-inflammatory properties
of pravastatin may achieve this end by directly lowering inflammation or by
preventing the activation of the sympathetic nervous system. These findings
could eventually be applied to clinical guidelines for the treatment of rheumatoid

arthritis with the intent of improving cardiovascular risk reduction strategies.
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1. Introduction

Rheumatoid arthritis is an inflammatory disease that disfigures joints,
causes pain, and shortens life-span, in part by increasing cardiovascular
mortality. When compared to the healthy population, cardiovascular disease
accounts for approximately 35-50% of the excessive mortality that exists in these
patients.” Forty percent of rheumatoid arthritis patients take anti-hypertensive
agents,? which highlights their elevated baseline risk for cardiac death.
Inflammatory mediators that are common to cardiovascular disease and
rheumatoid arthritis may contribute to elevated heart disease in rheumatoid
arthritis patients. Moreover, inflammatory status is a main determinant of clinical
outcome in patients with severe unstable angina.? Also, inflammation associated
with rheumatoid arthritis may interfere with the successful treatment of
cardiovascular disease.* There is evidence that rheumatoid arthritis patients are
relatively resistant to cardiovascular drug pharmacotherapy, and therefore, the
ability to restore the normal pharmacodynamic response to such drugs in these
patients would be highly desirable.

How to resolve the issue of reduced pharmacodynamic response to
cardiovascular drugs in rheumatoid arthritis patients is not known. One approach
would be to reduce the severity of inflammation by administering anti-
inflammatory agents. Preferable would be a drug that has a wide margin of
safety. The hydroxymethylglutaryl co-enzyme A reductase inhibitors, i.e. the
statins, are currently used to reduce cardiovascular disease risk by lowering
cholesterol. The statins also possess many anti-inflammatory properties.’ By
reducing inflammatory mediators such as interleukin (IL)-6 and interferon (IFN)-
gamma, the statins may also prove useful in restoring cardiovascular drug
response in inflammatory diseases. This is my rationale for investigating whether
the use of pravastatin normalizes the pharmacodynamic response to

cardiovascular drugs in rheumatoid arthritis patients.



We are also interested in the mechanisms by which inflammation down-
regulates cardiovascular responsiveness to certain cardiovascular drugs.
Another part of my work will investigate the influence of statin administration on
two aspects of cardiovascular health. The first aspect is how statins influence
pro-inflammatory and anti-inflammatory mediators. The second aspect is how
statins influence the profile of proteins involved in beta-1-adrenergic receptor
signaling. Proteins of particular interest are the norepinephrine transporter, the L-
type calcium channel, G-protein coupled receptor kinase, and the beta-1

adrenergic receptor protein.

1.1. Inflammation

Immune cells and inflammatory mediators induce dolor, rubor, calor, and
tumor (referring to pain, redness, heat, and swelling, respectively) in response to
tissue injury, pathologic conditions, or infection.® 7 Inflammation helps to repair
damaged tissue by replacing and removing dead, un-viable, or damaged cells. A
step-wise process is initiated, whereby vessel permeability increases; circulating
‘inflammatory’ cells attach to the vessel lining; inflammatory mediators are
released; apoptosis (and preferably not necrosis) is initiated; finally leading to cell

replacement and re-vascularization.®

1.1.1. Mechanisms of inflammatory response

The innate immune system, also known as the nonspecific immune
system, is the first line of defense against pathogens. Cellular components, acute
phase proteins, physical barriers, and even fever, are all considered integral to
non-specific defense mechanisms. Immune cells of the nonspecific immune
system specialize in phagocytosis, and examples include blood monocytes,

tissue macrophages, and neutrophils.”
The adaptive immune system has four main attributes that separate it

from the innate immune system: 1) diversity of challenges, 2) antigenic
specificity, 3) immunologic memory, and 4) self versus nonself recognition. Three

major groups of cells of adaptive immunity include antigen presenting cells, B



lymphocytes (B cells), and T lymphocytes (T cells).” Antigen presenting cells
‘present’ processed protein as antigens to T cells which then help immune cells
to differentiate and specialize. Antigen presenting cells are comprised of B cells,
dendritic cells, and macrophages. Because macrophages are important to both
innate and adaptive immunity, the macrophage serves as a bridge between the
two immune systems. B cells elicit adaptive humoral responses by differentiating
into antibody-secreting plasma cells. T cells induce cellular immunity by
differentiating into cytotoxic T lymphocytes. Alternatively, T cells differentiate into
helper-inducer T lymphocytes (Ty cells). Ty cells, whether class one (Ty1) or
class two (TH2), secrete cytokines (see Table 1-1 for a list of cytokine -

descriptions) which either enable or inhibit various immune cells.”



Table 1-1. Select immune cell-derived cytokines and their primary biologic

activity.
Cytokine  Origin/ Primary Biologic Activity
Classification
IL-1 Activated Stimulation of T- and B cells. Acute-phase
macrophages response, including increased production of
C-reactive protein.

IL-2 Th1, Th2 Proliferation of activated T cells and B cells.

IL-3 T cells Hematopoietic growth factor.

iL-4 Th2 Hallmark Ty2 cytokine. B cell proliferation.

IL-5 T2 Eosinophil growth and function.

IL-6 Th2 B cell proliferation. Ig production. Acute-
phase response.

IL-7 Thymic cells, bone  Growth factor forearly Band T

marrow stromal lymphocytes.
cells

IL-8 Macrophages Chemoattractant for T cells.

IL-10 Th2 Inhibits cytokine production by Ty1 cells
and macrophages. Promotes B cell
proliferation and antibody responses.
Downregulates cell-mediated immunity.

IL-12 Th1 Secreted by Ty2 cells.

Stimulates IFN-y production. Enhances Ty1
response.

IL-13 T2 Stimulates B cell proliferation.

TNF-a Activated Tumor necrosis. Vascular thrombosis.

macrophages Mediates host response to gram negative
bacteria.

IFN-y Tu1 Hallmark Ty1 cytokine. Inhibits Th2 cells.
Induction of cell-mediated immunity. Anti-
viral. Anti-tumor. Activation of
macrophages, neutrophils, and natural
killer cells.

TGF-B Tu1/Tu2 Inhibits cytokine release and lymphocyte

proliferation.

Table adapted from references
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The release of cytokines from various immune cells, and other cells, aids
in the initiation, propagation, and regulation of immune response. Ty1 and T2
cells collectively help to initiate specific immune responses. Ty1 cells and
macrophages that secrete IL-2, IL-12, and IFN-y promote inflammation and cell-
mediated responses. In contrast, T2 cells secrete IL-4, IL-5, IL-10, and IL-13
that help initiate the B cell response (humoral/antibody).'?" Tx2 cells reduce
macrophage activity. Therefore, Ty1-mediated responses are best suited for
protection from viruses, cancers, and intra-cellular pathogens. Ty2-mediated
responses are best suited for countering extracellular pathogens.®

Depending on the cytokine profile that Ty precursor cells (naive CD4+ T
cells) are exposed to, differentiation will lead to either a Ty1 or Tu2 cell. This
results in a skewing of the T cell population.™® This is a tightly controlled
process, and it depends on the type of antigen presenting cell interaction, the co-
stimulatory molecules present, the strength of the T cell receptor stimuli, and the
early stage cytokine exposure of the Ty precursor. These factors dictate whether
the naive CD4+ T cell will develop into a Ty1 or T2 cell.’ 7 When the
inflammatory insult or challenge has ended, it is of utmost importance that the
system returns to its normal state. Continued, and inappropriate, skewing of the
Ty cell population may contribute to chronic disease.

Tu1 and Th2 responses are in balance with one another. As one Ty cell
population response strengthens, the other Ty cell population weakens. For
example, exogenously introduced IL-4 and IL-10 (both Th2 cytokines) effectively
inhibits the development of a Ty1 response in murine collagen-induced arthritis
or in human monocytes ex vivo.'* ' ® Conversely, IFN-y (the halimark Ty1
cytokine) blocks the proliferation of T2 cells." Interference with the regulatory
processes governing Tu1/Ty2 balance can result in Th-skewed diseases, such as
rheumatoid arthritis or asthma.' 1% 192! Taple 1-2 lists some examples of Ty1
and T2 diseases.



Table 1-2. Diseases or conditions associated with a Ty1/Tp2 imbalance.

Tu1-Skewed Profile Ty2-Skewed Profile
Disease or  Type 1 diabetes mellitus* Transplantation folerance
condition Multiple sclerosis* Successful pregnancy

Crohn’s disease Allergy

Rheumatoid arthritis* Asthma

Unexplained abortions Systemic Lupus Erythematosus

Atherosclerosis

*may be mixed Ty1/TH2, but is generally a Ty1-skewed profile. Table

adapted from references % %2 %,



Generalizing rheumatoid arthritis in terms of Ty1/T12 skewing is useful for
simplicity sake. However, alternative mechanisms may influence the course of
the disease independent of Ty1/T2 skewing. For example, glutathione redox
status in oxidative stress influences whether macrophage populations become
Ty1-skewed or Ty2-skewed. High concentrations of reduced glutathione skews
immune cell towards a Ty1 profile, whereas high concentrations of oxidized
glutathione skews immune cells towards a T2 profile.® Also, eicosapentaenoic
acid and docosahexaenoic acid can improve inflammatory disease without
altering the Ty1/Ty2 ratio.® Moreover, some diseases that are labeled as Ty1 in
the literature, in fact have a slightly mixed Ty1 / TH2 cytokine profile (Table 1-2).°
Despite these exceptions, however, it is still helpful to classify rheumatoid
arthritis as being Ty1-skewed.

In summary, there are two main consequences of Ty1/T2 immune cell
imbalance. First, one immune cell type can suppress the other. Second, skewing
of T cells influences the development and outcome of many diseases. While the
focus of the next section is not always on the balance of Ty1 and T2 immune

cells, it is important to keep this concept in mind.

1.1.2. Diseases of inflammatory origin

Normally inflammatory processes are self-limiting. At times, however,
inflammation may progress to a chronic state. Examples of chronic diSeases of
inflammatory origin include rheumatoid arthritis, gout, Crohn’s disease, diabetes,
stroke, myocardial infarction, cancer, and hypertension: this list is not all-
inclusive.? ‘Inflammation’ is therefore present, and central, in many
pathophysiological conditions. In this thesis we will focus on inflammation
associated with rheumatoid arthritis and cardiovascular disease.

The list below briefly describes inflammatory processes in a range of
diseases. Please note the broad range of pathophysiological processes, the
similarities amongst the inflammatory mediators.

e Atherosclerosis — IFN-y and other inflammatory cytokines cause an

increase the uptake of lipids in damaged arterial walls.?*
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Hypertension — angiotensin Il encourages the formation of reactive oxygen
species and pro-inflammatory cytokines, such as IL-6. Nuclear factor-
kB increases the expression of pro-inflammatory cytokines.?®
Activation of the transcription factor nuclear factor-kB is a major
contributor to the pathophysiology of hypertension.26

Diabetes — hyperglycemia promotes glycation of macromolecules and the
subsequent activation of nuclear factor-kB.?’

Obesity — adipose tissue is a source of tumor necrosis factor-a (TNF-a)
and IL-6, and therefore stimulates atherosclerosis.?®

Infection — chronic infections, including prostatitis, gingivitis, and
bronchitis, enhance the production of circulating inflammatory
cytokines. This supports atherosclerotic plaque development.?*

Rheumatoid arthritis — high concentrations of circulating IL-6 and C-
reactive protein (CRP) may contribute to increased cardiovascular
mortality.?

Colon cancer — IL-6 signaling is important in the maintenance of colon
cancer, just as it is with rheumatoid arthritis, inflammatory bowel

disease, and asthma.*°

1.1.2.1. Cardiovascular disease

Many cardiovascular diseases have an inflammatory component. For

example, circulating cytokines are elevated in patients with acute myocardial

infarction, angina, percutaneous coronary intervention, and heart failure.®" 32 The

importance of inflammatory mediators in cardiovascular disease is highlighted by

the fact that they are often predictive of clinical outcome. Inflammatory processes

involved in cardiovascular disease are described in this section. The focus of this

section is on atherosclerosis because it is a precursor to many cardiovascular

diseases.

Cardiovascular inflammation associated with atherosclerosis is

characterized by increased cytokine production, endothelial dysfunction,

hypercoagulability, and the recruitment of immune cells.?* ** The integrity of the
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endothelium is of utmost importance in cardiovascular health because it
influences vascular tone, thrombosis development, and leukocyte trafficking to
sites of injury.>* Risk factors for atherosclerotic plaque development include
elevated and modified low-density lipoprotein, cigarette smoking, hypertension,
diabetes mellitus, elevated plasma homocysteine, and Chlamydia pneumoniae
infection.®® The endothelial dysfunction of early atherosclerosis is associated with
changes in nitric oxide signaling and processing. Diminution of nitric oxide
production, or its reduced bioavailability, may ultimately result in endothelial
dysfunction.

Atherosclerotic lesions are infiltrated by leukocytes, even in early
lesions.® This demonstrates the inflammatory nature of atherosclerosis.
Leukocytes do not normally bind with the endothelial lining of healthy blood
vessels. Unhealthy vessel walls, however, express high levels of vascular
adhesion molecule-1,%**" which attracts inflammatory cells and platelets to the
area, and increases endothelial permeability.?* 3> * Subsequent leukocyte
migration across the vascular wall,*® establishes a strong inflammatory basis for
atherosclerosis.

Injury of vascular endothelium causes macrophages and certain T cells to
release cytokines and growth factors. Uyemura et al have shown that
atherosclerosis is a Ty1-skewed disease in which the Ty1/Ty2 balance influences
immune-mediated tissue injury. Within atherosclerotic plaques Tw1 cytokine
production (promoted by IL-12) predominates over T2 cytokine production.’® T
cells become one of the most common cell types in atherosclerotic plaques, so
any alteration of the T cell profile can influence disease progression.3® 4
Consistent with atherosclerosis being a Ty1 disease, treatment with IL-10, an
anti-inflammatory T2 cytokine, initiates improvements in atherosclerosis.*
Further, even the arteries of young children can become ‘inflamed’ and develop
fatty streaks. Fatty streaks are of inflammatory origin, consisting largely of
monocyte-derived macrophages and T lymphocytes.>* *!

The recruitment and proliferation of smooth muscle cells within

atherosclerotic lesions signals the beginning of vascular remodeling. Cytokines,
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chemokines, and growth factors further damage the vessel wall. The ensuing
necrosis and fibrosis destabilize the plaque, which is a situation conducive to
thrombus formation. Lipid accumulation in atherosclerotic plagues is also
important. Much of the lipid is taken up by macrophages that eventually morph
into foam cells. A mature atherosclerotic plaque forms as the atheromatous core
becomes necrotic and fills with cell debris, lipids, and cholesterol.*?

The matrix metalloproteinases (MMPs) are a group of zinc-dependent
endopeptidases. Enzymes of this group remodel the extracellular matrix in
angiogenesis, heart disease, inflammation, wound healing, embryogenesis, and
other processes.43 MMPs are secreted in an inactive form by many cellular
sources including endothelial cells, macrophages, and T cells.** The inactive,
pro-enzyme, form of the MMPs can be activated by proteolytic cleavage or by
reaction with peroxynitrite, which is an inflammatory mediator.*® The activity of
MMPs is balance by it natural inhibitor, tissue inhibitors of matrix
metalloproteinases, ie. the TIMPs.*

MMPs play a major role in cardiovascular disease, such as
atherosclerosis, myocardial infarction, and cardiac hypertrophy.** Plaque stability
in atherosclerosis is important for preventing blood clot formation and
thrombosis. Collagen helps provide strength and stability to atherosclerotic
plaques, and its degradation by MMPs is deleterious. MMP activity is heightened
in the vasculature in atherosclerosis, and contributes to plaque instability and
plaque rupture.*

In addition to matrix targets, MMP-2 also has non-matrix extracellular
targets that include IL-18 precursor, big endothelin-1, and monocyte
chemoattractant protein-3.* Therefore, MMP-2 also exerts influence over
inflammation and vascular tone in cardiac tissue and vessels. In addition to
extracellular targets, MMP-2 also has intracellular targets. These targets include
troponin 1*” and myosin light chain-1,%® and therefore influence myocardial
contractility, particularly in ischemia-reperfusion injury. The measurement of

MMP-2, therefore, may provide insight into the mechanisms of altered
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pharmacodynamic response in inflammatory diseases since it has both intra- and
extracellular effects.

Excessive mortality is associated with inflammation. The circulating
inflammatory marker CRP is a strong, and cholesterol-independent, predictor of
both myocardial infarction and stroke. This is true for both men and women, even
in those who are apparently healthy.*® * Inflammation contributes to
cardiovascular risk by oxidizing low-density lipoproteins in the vessel wall. This
contributes to monocyte recruitment, intima infiltration, secretion of pro-
inflammatory cytokines, proliferation of smooth muscle cells, loss of endothelial
function, and activation of the clotting system. Furthermore, inflammatory
mediators can activate MMPs, thereby undermining the integrity of the plaque’s

fibrous cap, resulting in plague fissure or rupture.

1.1.2.2. Rheumatoid arthritis

Originating in the New World, rheumatoid arthritis emerged in Europe in
the early parts of the 19" century. Currently, rheumatoid arthritis has a
prevalence of approximately 1%.%" Rheumatoid arthritis causes pain and
suffering in a great number of people, reducing not only quality of life, but also
causing permanént disability in 31-42% of patients.?> Rheumatoid arthritis is an
inflammatory disease characterized by symmetrical synovitis, which upon
progression destroys joints via cartilage and bone erosion.* High con'centrations
of cytokines cause pannus formation, tissue-destructive enzyme creation, and
inappropriate vascularization. Additionally, excessive cytokine production and
inflammation are thought to contribute to the extra-articular manifestations of
rheumatoid arthritis.>* Extra-articular manifestations of rheumatoid arthritis
include, amongst others, pericardial inflammation, systemic vasculitis,
rheumatoid nodule formation, splenomegaly, granulocytopenia, and Sjogren’s
syndrome.>*

Rheumatoid arthritis significantly decreases quality of life by causing pain
and physical impairment, which in turn reduces independence. Swollen and

tender joints, extra-articular manifestations, and the crippling effect of the
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disease, contribute to reductions in World Health Organization Quality of Life
scores in the following categories: Physical health, Psychology, Social
relationships, and Environmental.”® It is therefore not surprising that patients also

have reductions in life-span approaching 3-10 years.*

1.1.2.2.1. Epidemiology and etiology of rheumatoid arthritis

Rheumatoid arthritis affects a large number of people throughout North
America. Approximately 0.5-1.0% of this population have rheumatoid arthritis,
with an annual incidence of 0.02-0.05%. These rates are in contrast to other
parts of the world where rheumatoid arthritis is less common. For instance, in
Southern Europe and in developing countries the prevalence is only 0.3-0.7%.%¢
Fortunately, rheumatoid arthritis incidence and severity is falling with time. The
incidence of rheumatoid arthritis in the women of Rochester, USA, has fallen
from 83/100,000 in 1955-1964, to 40/100,000 in 1980-1994.""

There are a number of possible explanations for discrepancies in the
prevalence of rheumatoid arthritis amongst earth’s populations. These
explanations may be routed in the etiology of the disease. Rheumatoid arthritis
has a hereditary component. Therefore, ethnic genetic variations are important.
The genetic component of rheumatoid arthritis is partly explained by population
differences in the presence of ‘rheumatoid epitopes’ and in polymorphisms of
TNF-a.%” A single nucleotide polymorphism at the PTPN22 gene (a rheumatoid
arthritis susceptibility gene) results in an alternate form of a protein tyrosine
phosphatase.®” This polymorphism is strongly associated with the susceptibility
for rheumatoid arthritis development. The protein tyrosine phosphatase
polymorphism is also strongly associated with other autoimmune diseases
including juvenile idiopathic arthritis, systemic lupus erythematosus, Graves’
disease, and Addison’s disease.®’

Differential rates of viral and bacterial infection, from population to
population, around the globe may also contribute to varied rates of rheumatoid
arthritis. For example, research has established associations between

rheumatoid arthritis and parvovirus, rubella virus, Epstein-Barr virus, and Borrelia
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burgdorferi. However, this theory is being debated since there are not good
temporal associations.%’

Smoking is a modifiable risk factor for rheumatoid arthritis that has been
shown, in longitudinal studies, to increase the risk of rheumatoid arthritis in a
dose-dependent manner. Therefore, differences in smoking rates may also
change rheumatoid arthritis rates.®’

Females are at higher risk of developing rheumatoid arthritis, but it is not
known whether female sex hormones are responsible. However, as with the
elderly, women are more likely to have higher disease severity.*" *® Low
socioeconomic status is also associated with poor prognosis, but it may not be
associated with higher prevalence.®’

Many factors contribute to excessive cardiovascular disease in rheumatoid
arthritis patients.?® Although atherosclerosis is one of the main causes of
additional cardiovascular disease, other explanations exist. These explanations
include high levels of the receptor for advanced glycation end products (also
known as RAGE), blood homocysteine (associated with methotrexate use), blood
lipids, pro-thrombotic factors, and markers of inflammation including erythrocyte
sedimentation rate, CRP, IL-6, and serum amyloid A.**%° Rheumatoid arthritis
patients also have excessive arterial thickness, endothelial dysfunction, and
central blood pressure.® ®' Finally, glucocorticoid use causes a threefold
increase in cardiovascular event rates (95% ClI, 1.81-5.18) in rheumatoid factor
positive patients, but not rheumatoid factor negative patients.62 Even adjusting
for known risk factors, women who have had rheumatoid arthritis for longer than
10 years have a 3.1 fold increase (95% CI, 1.64 to 5.87) in the incidence of
myocardial infarction.®® Furthermore, the incidence of sudden cardiac death is
elevated in rheumatoid arthritis patients.®* Importantly, sudden cardiac death is

usually associated with arrhythmia.

1.1.2.2.2. Inflammatory profile of rheumatoid arthritis

T lymphocytes are one of the predominant immune cell types located in

the inflamed synovium of rheumatoid arthritis patients. Consequently cytokines
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are released in large quantities from synovial tissue. Essentially, synovium is
morphed into lymphoid tissue, and is therefore unable to serve its normal
function of joint articulation.®® Importantly, the release of pro-inflammatory T1
cytokines (IFN-y, and IL-2) predominates over the release of anti-inflammatory
TH2 cytokines (IL-4 and IL-5). Excessive Tuy1 skewing is associated with
increasing disease severity.

B lymphocyte activity is also important in the progression of rheumatoid
arthritis. In fact, the failure of immune tolerance by the B cell system is thought to
be an early pathogenic step in rheumatoid arthritis development. The lack of B
cell tolerance is detrimental because auto-antibodies can be produced. These
antibodies then attack self-antigens, which, in turn, cause inflammatory damage.
Therefore, the B cell is an integral component of joint inflammation in rheumatoid
arthritis.*®

The structure and function of articular joints are closely linked. Any
degradation in structure is closely followed by decreases in function. The
synovium of articular joints is normally populated with macrophage-like and
fibroblast-like synoviocytes. During the inflammatory process of arthritis, a
heterogeneous collection of immune cells infiltrate the synovium, thereby
disturbing the structure of the synovium.

Rheumatoid arthritis is associated with structural changes in bone.
Infiltration of bone by B cells, T cells, and macrophages,65 causes excessive
cytokine signaling and the subsequent activation of osteoclasts. Osteoclast
activation in rheumatoid arthritis accelerates bone degradation.®® Additionally,
MMP activation contributes to the structural breakdown of connective tissue by
enzymatically digesting proteins such as collagen.®®

Three distinct types of bone loss occur in rheumatoid arthritis. Focal bone
loss is associated with early rheumatoid arthritis and increased mortality. It is
mediated by excessive osteoclast activity, especially at pannus-bone interfaces.
Focal bone loss is associated with poor functionality because of subsequent joint
deformation. Therapeutically, bisphosphonate administration is associated with

significant reductions in focal bone erosion, even in the presence of

14



inflammation. Second, periarticular bone loss in rheumatoid arthritis occurs in
trabecular bone which is adjacent to the inflamed joint. Inflammation in this area
heightens vascularization and decreases joint mobility. Finally, generalized bone
loss occurs at sites distal to inflammatory foci. This is characterized by bone
resorption rates that exceed bone deposition rates, and puts rheumatoid arthritis
patient at heightened risk of vertebral and hip fractures.®® Generalized bone loss
may also be attributable to reduced mobility.

Inflammatory cells that reside in arthritic joints secrete vast amounts and
varieties of inflammatory mediators. When the density of the receptor activator
for nuclear factor-kB ligand (RANKL) is increased in inflamed joints, osteoclasts
become activated. Infiltrating macrophages secrete TNF-a, thereby causing both
indirect (via RANKL) and direct activation of osteoclasts. This explains why anti-
TNF-a therapy with etanercept, adalimumab, and infliximab is able to reduce
focal bone erosion in rheumatoid arthritis.®® Other cytokines and mediators of
inflammation involved in bone erosion include IL-1, IL-6, IL-17, and
prostaglandins.66 The administration of the IL-1 antagonist, anakinra, is proven
safe and effective in the treatment of rheumatoid arthritis in humans because it

reduces IL-1 secretion in joints and bones.®’

1.1.2.2.3. Rheumatoid arthritis alters the cardiovascular system

In addition to joint pain, disfigurement, and disability, rheumatoid arthritis
also increases cardiovascular-related mortality.®® % The link between
inflammation and cardiovascular disease first received attention in the 1980’s,’>
’2 and it has since been determined that rheumatoid arthritis patients have an
estimated shorter life expectancy that ranges from 3 to 18 years (depending on
the study), with 35 to 50% of the increased risk of death being attributable to
cardiovascular disease.>® °® ®° |n fact, compared to the general population,
rheumatoid arthritis patients have a two-fold to four-fold higher myocardial
infarction rate.”

The mechanism of increased mortality in rheumatoid arthritis is unknown.

Possible explanations include diminished physical exercise, excessive

15



atherosclerosis, arterial thickening, or possibly the independent association
between cardiovascular risk and pro-inflammatory mediators, such as CRP,IL-6,
IFN-y, and TNF-q.?% 5%61.68.74.75 Thage markers of inflammation are not unique
to rheumatoid arthritis and are implicated in cardiovascular disease. Activation of
the sympathetic nervous system in rheumatoid arthritis may also contribute to
excessive cardiovascular death rates. Sympathetic nervous system activation is
associated with an increased risk of arrhythmia-related sudden cardiac death.”®
This prevalence of atherosclerosis is heightened in rheumatoid arthritis patients
in a manner independent of classic atherosclerosis risk factors, such as
hyperlipidemia. As mentioned in Section 1.1.2, endothelial dysfunction.in blood
vessels is associated with poor nitric oxide signaling and the development of
atherosclerosis. Vessels are not able to readily vasodilate, and as leukocytes and
platelets adhere to the endothelium, the risk of cardiovascular events becomes
exaggerated.

Congestive heart failure is highly prevalent in rheumatoid arthritis patients.
Most congestive heart failure in rheumatoid arthritis patients is characterized by
left ventricular dysfunction, in particular the relaxation and filling mode that
occurs during diastole.” Diastolic dysfunction can occur at any point in
rheumatoid arthritis progression, from early to late rheumatoid arthritis. Diastolic
dysfunction can even precede symptomatic rheumatoid arthritis.”

The risk of developing congestive heart failure is highest in rheumatoid
arthritis patients who have the highest degree of inflammation. Those having the
highest concentrations of CRP, [L-6, and TNF-a, compared to those with the
lowest concentrations, have a 2-4 fold increase in the risk of developing
congestive heart failure.”® One might anticipate that anti-TNF-a therapy is
beneficial in the treatment of congestive heart failure. However, anti-TNF-a
therapy in congestive heart failure has not proven useful, even though it is
beneficial for symptomatic control in rheumatoid arthritis.”

Carotid artery intima-media thickness and carotid plaques are markers of
cardiovascular health. Carotid plaque formation and intima-media thickening are

positively correlated with increased duration of rheumatoid arthritis. Intima-media
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thickness is positively correlated with CRP concentration, which also happens to
be predictive of 10 year mortality in rheumatoid arthritis patients. Auto-reactive T
cells and TNF-a, which are common to atherosclerosis and rheumatoid arthritis,
may also contribute to the co-existence of these diseases.” From these
examples we see the overlapping, inflammatory, nature of cardiovascular
disease and rheumatoid arthritis.

Current anti-inflammatory treatments for rheumatoid arthritis might reduce
atherosclerotic risk. However, glucocorticosteroids tend to increase blood
pressure, alter body fat distribution, and increase blood glucose, all which would
worsen atherosclerosis.! Non-steroidal anti-inflammatory drugs and
cyclooxygenase-2 inhibitors may not be a good choice for lowering
cardiovascular risk either since both may increase cardiovascular risk." 7’
Hydroxychloroquine, chloroquine, and methotrexate (despite elevating
homocysteine) might be useful because they demonstrate a variety of anti-
platelet, anti-thrombogenic, and anti-inflammatory properties.! The risk to benefit
ratio for reducing cardiovascular risk in rheumatoid arthritis patients using current
anti-inflammatory therapies needs to be studied carefully. Non-traditional anti-
inflammatory approaches that may improve atherosclerosis in rheumatoid
arthritis include the use of folic acid, selective estrogen receptor modulators,

statins, or B vitamins."

1.1.2.2.4. Experimental arthritis

Experimental arthritis models have provided researchers with the ability to
closely study rheumatoid arthritis. There are a number of experimental arthritis
models. In the rat, collagen-induced arthritis, adjuvant arthritis, streptococcal cell
wall-induced arthritis are common examples of arthritis models, and many others

exist.”®

This section is primarily concerned with adjuvant arthritis since it is part of
our experimental design.

Collagen-induced arthritis causes joint erosion because
hyperimmunization leads to the development of auto-antigens to the animal’s

own collagen. Collagen-induced arthritis is similar to the human disease due to
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the presence of rheumatoid factor, inflammatory cell infiltration, persistent joint
inflammation, synovial hyperplasia, and the animal is responsive to treatments
that are normally successful in humans.” However, collagen induced arthritis
causes the production of anti-collagen antibodies that are not always present in
humans.”® Adjuvant arthritis (AA) is similar to human disease due to the
infiltration of inflammatory cells, persistent joint inflammation, synovial
hyperplasia, and as with collagen-induced arthritis, the animal is responsive to
treatments that are normally successful in humans. AA differs from rheumatoid
arthritis in a few ways, including the absence of rheumatoid factor and the
presence of extra-articular effects not normally observed in humans.”™ .
Streptococcal cell wall-induced arthritis is similar to rheumatoid arthritis as
demonstrated by the infiltration of inflammatory cells, persistent joint
inflammation, and synovial hyperplasia. However, streptococcal cell wall-induced
arthritis does not result in the presence of rheumatoid factor in the circulation.

AA is achieved by injecting an animal with complete Freund’s adjuvant.
This causes elevations in pro-inflammatory mediators, and subsequently
produces systemic arthritis.® Important for our studies, the adjuvant arthritis
disease process is similar enough to rheumatoid arthritis that even cardiac
changes are observed, and not just changes in joint structure or function. The
Pre-AA model uses the same agents as AA, but studies are terminated before
the animal begins to develop the painful symptoms of arthritis.

Complete Freund's adjuvant contains desiccated Mycobacterium sp.
(dose-related) incorporated into an oil phase such as squalene. The oil helps
prolong antigen exposure, and helps target the complete Freund’s adjuvant to
the lymphatic system. Bacterial components are taken up by phagocytic immune
cells, including dendrocytes. This causes cytokine release by mononuclear

phagocytes, including monophages. Subsequent to cytokine stimulation, the
CD4" lymphocyte population becomes activated, differentiated, and expanded.
The ensuing Ty1-skewing of T lymphocytes (which uniquely secrete IFN-y), sets
up a delayed-type hypersensitivity reaction to self-antigens. At first the self-

antigens cause acute periarticular inflammation, but eventually bone tissue is
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involved.*® % Symptoms of AA show up about 14 days after the injection of
complete Freund’s adjuvant. Measurable differences in inflammatory mediator
concentration are present within 1 day. Ling and Jamali show in rats that
circulating CRP is elevated by Day 1. By Day 3, circulating nitrite is elevated. By
Day 6, circulating TNF-a is elevated.” A good rheumatoid arthritis animal model
must have symptoms that are similar to that of humans. The model must also
have an inflammatory profile that resembles humans with rheumatoid arthritis.
CRP, IL-1, IL-6, TNF-a, and IFN-y are all found in higher-than-normai
concentration in both humans and animals with rheumatoid arthritis or
rheumatoid arthritis-like conditions.”®®'

Our interests in Pre-AA pertain to changes in the cardiovascular system,
not changes in the musculoskeletal system. Adjuvant arthritis causes vast
amounts of pain and suffering as a result of acute peri-articular inflammation. If
one can eliminate these undesirable features of the animal model, yet still
establish an altered cardiovascular system, then the experiments could be
considered more humane. Being concerned with the therapeutic potency of
cardiovascular agents, but not musculoskeletal effects, Ling and Jamali
introduced the pre-adjuvant arthritis (Pre-AA, also known as Early-AA) model of
inflammation.”® The main benefit is that animals are only kept for 8-12 days. This
prevents the development of excessive pain and discomfort in the rats.
Importantly, cardiovascular adaptations to rheumatoid-like inflammation are
observed. Therefore, this model offers a more humane approach to rheumatoid-
like inflammation research.”®

Pre-AA has now been shown to have three important similarities to
adjuvant arthritis. Firstly, parallel pharmacokinetic changes occur in both AA and
rheumatoid arthritis. This is demonstrated by a reduced verapamil free fraction
(the portion not bound to plasma proteins) and reduced hepatic cytochrome P450
CYP1A and CYP3A content. Importantly, verapamil plasma concentrations are
significantly elevated after both oral and i.v. doses.”® Secondly, reduced cardiac
responsiveness is demonstrated by reduced PR interval response to both

propranolol and verapamil.5% & Finally, Pre-AA results in Ty1 immune response
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skewing,®? an important characteristic of rheumatoid and adjuvant arthritis.™
Joint effects relating to collagenous changes or MMP activity are presently
unknown in the Pre-AA rat model. The onset of AA occurs at approximately 14

days, but the specific day is species-dependent.

1.2. Inflammation alters pharmacokinetic properties of
drugs

Inflammation can change the pharmacokinetic properties of drugs. Various
mechanisms are responsible for this phenomenon, which the following sections
will describe. Section 1.2.4 will describe the effect of inflammation on the

pharmacodynamics and pharmacokinetics of various cardiovascular drugs.

1.2.1. Absorption

Due to convenience, oral dosing is preferred over other routes of
administration. However, many variables can influence either the rate or degree
of absorption, and hence making plasma concentrations unpredictable. The
successful absorption of a drug product is determined by many variables
including disintegration, dissolution, permeability, gastro-intestinal transit rate,
gastrointestinal tract enzymatic stability, and drug stability in the gastric and
intestinal juices.®*

To reach the circulation, drug molecules must pass through the epithelial
membrane of the intestinal tract. This process can occur passively by allowing
drug molecules to pass through gap junctions (paracellular). Transcellular
transport is either passive or carrier-mediated. Transcellular transport may also
include vesicular, pore, or ion-pair transport. Of all the aforementioned drug
absorption processes, passive transport is the most common.®®

Active transport systems include carrier-mediated transport. Active
transport is energy-consuming but usually highly specific (e.g. P-glycoprotein).
Facilitated diffusion, which moves drugs along concentration gradients, does not
require energy. These mechanisms are generally saturable, and require non-

linear mathematics for process description.®> When compared to those drugs
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with passive absorption, drugs that are absorbed by saturable mechanisms tend
to have highly variable plasma concentrations.

Any process that alters the following may also alter the absorption profile
of a drug: a) intestinal blood flow, b) gastrointestinal motility, ¢) stomach
emptying time, d) gastric or intestinal pH, e) gut permeability, f) bile secretion, g)
enzyme secretion, or h) gastro-intestinal flora.?® For example, small intestinal
mucosa is damaged by non-steroidal anti-inflammatory drug administration. This
is shown to increase the permeability of Cr°'-EDTA, which normally does not
traverse the small intestine.® Non-steroidal anti-inflammatory drug treatment
increases drug permeation by damaging tight junctions that are involved in
paracellular transport.®® Also, inflammation can slow gastrointestinal motility,
thereby reducing the absorption rate of drugs.

Inflammation itself can increase the permeability of the intestines. IFN-y
and TNF-a have been shown to increase permeability in vitro. Inflammatory
gastro-intestinal diseases such as Crohn’s disease can directly affect drug
absorption because of localized inflammation. In Crohn’s disease patients,
elevated IL-12 concentrations and increased numbers of mast cells in the
intestines, helps to enhance the permeability of macromolecules, a process
which is important in Crohn’s disease progression.®’- From a clinical
perspective, it may be important to consider that Crohn’s disease patients are
more likely than healthy subjects to have decreased gastro-intestinal transit time.
This may limit drug absorption if the absorption window is small.

The potential for inflammation to interfere with normal absorption
processes should be considered when conducting research on subjects with

inflammatory diseases.

1.2.2. Distribution and protein binding

Drugs equilibrate between the free and bound state within the circulatory
system. Unable to diffuse into peripheral tissues, the bound fraction is confined to
the circulation. It is only the unbound portion of drug (the free fraction) that is able

to leave the central vasculature and interact with pharmacologic targets, tissue
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binding proteins, and drug-metabolizing enzymes. It is the free fraction of the
drug which equilibrates between the central and peripheral compartments. As the
bound fraction of drug becomes higher there tends to be a restriction in the
distribution of the drug, effectively reducing the volume of distribution.®®
Additionally, as protein binding increases, the ability to clear drug generally goes
down. Protein binding can be influenced by various diseases, including
inflammatory diseases or hepatic insufficiency.

Proteins that commonly bind drugs are a-1-acid glycoprotein, albumin,
lipoproteins, and immunoglobulins. Free drug can also be up taken and
sequestered by platelets and red blood cells. High levels of acidity in the
lysozymes and granules of leukocytes and platelets can ion-trap basic drugs,
sometimes in a stereoselective manner.?® Hydroxychloroquine concentration is 7
-10 fold higher in whole blood than in plasma, largely due to high levels of uptake
in leukocytes and platelets.®® Binding primarily weak acids, albumin is the most
common protein which contributes to protein binding. Albumin is found in higher
concentrations in the plasma than in the interstitium. a-1-acid glycoprotein
generally binds cationic basic drugs, and because the concentration of this
protein is quite low it is more subject to saturable binding.®

Protein binding can also alter drug elimination. Highly protein bound drugs
have low free fractions, effectively preventing drug molecules from entering
hepatocytes where metabolism occurs, or from diffusing through glomeruli where
drug excretion occurs. With regards to metabolism, protein bound drugs can be
either restrictively or non-restrictively eliminated. If the drug rapidly equilibrates
off of the protein then protein binding is essentially not restricting its metabolism.
This situation occurs with propranolol, which is highly protein bound, but is not
restrictively cleared.®®

Elevated a-1-acid glycoprotein concentration found in inflammation can
alter the protein binding of drugs. This happens after surgery, during infection, in
chronic pain, with myocardial infarctions, in rheumatoid arthritis, and even in
renal or hepatic disease.® Highly protein bound drugs are more likely to exhibit

pharmacokinetic changes during inflammatory processes.91
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As it turns out there are very few situations where changes in protein
binding are actually clinically relevant. Practically speaking, changes in protein
binding are only clinically relevant if the drug is administered intravenously,

t.92 Changes in protein binding can

whether it is cleared by the liver, or no
influence pharmacokinetic parameters, but it tends to cause few problems.

Drug distribution may be influenced by P-glycoprotein, a 170 kDa
phosphoglycoprotein of the ATP-binding cassette family. It transports molecules
across cell membranes, and during inflammation its function and expression
decrease. This can impact drug distribution into cells, or even into the brain,
possibly altering drug toxicity or efficacy.®

P-glycoprotein expression in the heart may be cardioprotective if it limits
the uptake of cardiotoxic agents. Idarubicin is a cardiotoxic chemotherapeutic
agent. Verapamil, a potent P-glycoprotein inhibitor,?* should theoretically lead to
increases in idarubicin concentration in the heart by preventing P-glycoprotein
from pumping idarubicin out of cardiac tissue. This is a highlight in the
controversy surrounding the P-glycoprotein literature as it pertains to cardiac
tissue. In 2002 Weiss and Kang concluded that the P-glycoprotein inhibitor,
verapamil, when administered to isolated heart, enhances myocardial uptake of
idarubicin.®® The same group in 2007 modified their conclusion based on an
experiment which showed that the P-glycoprotein inhibitor®® amiodarone did not
alter verapamil concentrations in the heart. It could be that the levels of P-
glycoprotein expressed in the heart are just too low to be of significance with
these specific compounds. It could be that inflammation does not play a major
role in altering P-glycoprotein levels in the myocardium. Neither tachycardia-
induced heart failure in dog, nor ischemic heart disease in human affect P-

glycoprotein levels in myocardium.®” %

1.2.3. Metabolism

Inflammation, in general, reduces drug metabolism, and hence clearance.
This is true regardless of the source of inflammation, whether it be from septic

shock, Streptococcus pneumoniae, influenza, or influenza vaccine.®! Non-
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infectious inflammatory processes also reduce metabolic activity in a broad
range of conditions that include burns, cancer, mechanical tissue darnage, and
auto-immune diseases, such as rheumatoid arthritis.®® Drugs with a high hepatic
extraction ratio are at highest risk of pharmacokinetic changes after the induction
of inflammation,®" however changes can occur with low extraction ratio drugs as
well. For example, influenza A increases theophylline plasma concentrations in
children taking theophylline for asthma.'® When the clearance of a high
extraction ratio drug is reduced by a large enough degree, a drug may be
converted from a high extraction into either a mid to low extraction drug. In
inflammation, large reductions in clearance can occur by either reducing the
unbound fraction of drug (if the drug is bound by a-1-acid glycoprotein ) or by
reducing intrinsic clearance.”!

Inflammation has a non-specific inhibitory effect on cytochrome P450
drug-metabolizing enzymes, the enzymes that account for a majority of drug
metabolism. Nitric oxide, which is highly toxic to bacteria likely on account of
peroxynitrite, is synthesized in large amounts during inflammation, especially by
the liver. Nitric oxide production is stimulated by cytokines such as IL-1 and TNF-
a. Elevated concentrations of nitric oxide are able to decrease drug-retabolizing
enzymatic activity and reduce total liver enzyme content.'®

The majority of cytochrome P450 enzymes are constitutively expressed.
Inflammation can reduce gene transcription, increase the turn-over of RNA and
protein, or change the protein translation rate. Not all of the cytochrome P450
enzymes are affected to the same degree, nor are they affected for the same
duration, and so each drug metabolizing enzyme must be considered individually
when evaluating the impact of inflammation.

The effect of inflammation on the expression and function of phase Ii
metabolic reactions is less well known. Pig hepatocytes, in the inflamed state,
have a reduction in uridine diphosphate glucuronyitransferase activity, effectively
reducing glucuronidation.'® Also, the glucuronidation of ketoprofen in rats is
reduced in the presence of adjuvant arthritis.'® Therefore, drug metabolism in
general is decreased with inflammation, though exceptions occur. Some of these
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exceptions include the up-regulation of CYP2A6 in Hepatitis B and C, renal
failure, the up-regulation of CYP4F 16 with lipopolysaccharide administration, and

the up-regulation of CYP4A in particulate matter administration.®®

1.2.4. Cardiovascular drugs — examples

In addition to the ability of inflammation to alter the pharmacokinetic
property of drugs, inflammation can also alter the pharmacodynamic property of
a drug. Decreased potency or efficacy of cardiovascular drugs is of particular
concern since it may undermine cardiovascular risk reduction strategies. Various
drug classes are represented in this section, but propranolol, a 3-blocker,
receives the most amount of attention since this is the drug being used in the
experiments of this thesis.

The PR interval is defined as the duration of time between atrial activation
and ventricular activation. Prolonging the PR interval indicates slowed conduction
velocity. Reducing conduction velocity can be advantageous in certain disease
processes, as it is with supraventricular tachyarrhythmia. Careful examination of
the human ECG waveform Figure 1-1, shows that the label ‘PQ-interval’ would
more aptly describe the PR interval, however, ‘PR interval’ remains the

convention.'® Figure 1-2 below shows a typical PR interval in the male Sprague-

Dawley rat.
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Figure 1-1. Electrocardiographic representation of the PR interval in

human.'®®
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Figure 1-2 Electrocardiographic representation of PR interval in rat.

1.2.4.1. Propranolol

Propranolol is a 3-AR blocker which has been widely used in the treatment
of hypertension, angina, acute myocardial infarction, supraventricular
tachyarrhythmia, and ventricular tachyarrhythmias.'® Propranolol is 90-95%
protein bound, primarily to a-1-acid glycoprotein, and has a half-life of 1.5-3.0
hours. Propranolol has a very high extraction ratio with single oral dosing,
whereas multiple dosing diminishes the hepatic extraction ratio due to enzyme
saturation. These attributes contribute to a twenty-fold variation in propranolol
plasma concentration after repeated oral dosing, even within the same patient.'”’

The first report of a human inflammatory condition causing elevated
propranolol concentrations was in 1976.'%® Crohn’s disease patients were
observed to have propranolol concentrations 5 times higher than healthy
counterparts.'®® Within a few years, pneumonia, ulcerative colitis, systemic lupus

erythematosus, and rheumatoid arthritis (all diseases that demonstrate
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inflammatory processes) were also characterized as having elevated propranoiol
concentration. Importantly, the degree of inflammation, as measured by
erythrocyte sedimentation rate, was correlated with the degree of propranolol
plasma concentration elevation.'®

Large increases in cardiovascular drug plasma concentration in
inflammatory diseases inspired Schneider et al. to investigate the mechanisms of
increased concentrations in humans using metoprolol, oxprenolol, and
propranolol.’® They postulated that elevated drug concentration in inflammation
was due to a number of possible explanations, including increased absorption,
reduced metabolism, or increased plasma protein binding. Metoprolol, -
oxprenolol, and propranolol are all highly absorbed, so variations in absorption
could not contribute to altered plasma concentration of drug. Both metoprolol and
propranolol are highly metabolized. Metoprolol has low protein binding whereas
propranolol has high protein binding. Since metoprolol concentration was not
elevated in the presence of inflammation whereas propranolol concentration was
elevated, Schneider et al. concluded that it must have been protein binding that
contributed to the elevation in plasma concentration of particular cardiovascular
drugs. They did not think that reductions in metabolic function were responsible
for elevated cardiovascular drug concentrations.

Authors other than Schneider et al. have also concluded that excessive
protein binding in inflammation increases propranolol concentration. ! 112
However, since propranolol is non-restrictively cleared,'® this seems unlikely.
Perhaps the ultra-high concentration of propranolol after oral dosing causes
saturation of metabolizing enzymes in the liver upon first pass. Saturation would
therefore allow a higher fraction of drug to reach the general circulation. Knowing
that excessive concentrations of the inflammatory mediator nitric oxide can
reduce CYPP450 activity and content,’® high concentrations of nitric oxide may
reduce the capacity of the metabolic enzymes. This may not be clinically relevant
after intravenous propranolol dosing because the terminal half life does not

change. During the first pass effect of oral propranolol dosing, inflammation may
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cause the extraction ratio to switch from high to medium or low, and therefore
increase bioavailability.

As with humans, propranolol concentration in the plasma of inflamed rats
is significantly elevated after oral dosing. In the adjuvant arthritis and Pre-AA rat
models of inflammation, the area under the curve (AUC) for propranolol
concentration after oral dosing in plasma can go up by 13-16 fold for R-
propranolol, and by 4-14 fold for S-propranolol.?? ''*1'® gurgery and endotoxin-
induced inflammation also significantly elevate propranolol concentration. After
laparotomy, for example, orally dosed rats have a propranolol concentration that
is two-fold higher than in control rats, possibly due to increases in o-1-acid
glycoprotein binding. Endotoxin-induced inflammation also elevates propranolol
concentration in the rat after oral dosing.""® In contrast to oral dosing, intravenous
dosing is not subject to first-pass metabolism and therefore this problem is
avoided."”

When comparing control subjects to inflamed subjects, one might expect
inflamed subjects to have heightened pharmacologic responses due to elevated
plasma propranolol concentration. To the contrary, and despite having many fold
increases in blood concentration, the pharmacodynamic response to propranolol
is diminished in inflamed rats. Guirguis and Jamali 2002 have shown in rats that
adjuvant arthritis elevates both unbound and bound total propranolol
concentrations, and importantly that PR interval responsiveness is diminished.'"
Yasuhara et al. 1985 have shown in rats undergoing surgery that blood
concentrations of propranolol are two-fold higher, yet there is diminished potency
for tachycardia reduction.’® However, in this instance, when accounting for
unbound propranolol this property is no longer apparent.*'®

Since propranolol is given as a racemic mixture, consideration for
individual enantiomers is important. S-propranolol is more potent at reducing
blood pressure, by approximately 100 times, than is the R enantiomer.'"® In non-
inflamed rat, the R- to S-propranolol ratio ranges from 4:1 to 6:1, whereas in
adjuvant arthritis and Pre-AA it ranges from approximately 11:1 to 14:1.8% 113 114

The difference between R- and S-propranolol concentration is likely due to
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differential presystemic and systemic clearance.'"® Similarly, in endotoxin-
induced inflammation, the R-enantiomer of propranolol is stereoselectively

increased compared to the S-enantiomer.'"”

1.2.4.2. Verapamil

Verapamil is an L-type calcium channel antagonist that is used in the
treatment of angina, cardiac arrhythmias, and cardiomyopathies. It reduces
cardiac electrical activity and myocardial contraction by reducing intracellular
calcium concentration.''® Mayo et al. 2000 have shown that patients with
rheumatoid arthritis have lower verapamil response despite having significantly
higher bound drug concentration, though similar unbound AUCs were found for
the more active S-enantiomer.* They have also shown that verapamil
concentration is positively correlated with plasma nitric oxide. The authors
attributed reduced drug clearance to elevated protein binding, altered hepatic
blood flow, or reductions in CYP activity.* This information gained from this study
may be relevant to the inflammation associated with age and obesity, which can
also reduce the pharmacodynamic responsiveness to verapamil.®!- 19 120

Sermsappasuk et al. 2007 have shown in the isolated hearts of
lipopolysaccharide-treated rats that inflammation diminishes the negative
inotropic effects of verapamil.'®' Isolated hearts subjected to a simulated bolus
dose of verapamil were perfused with Krebs-Henseleit buffer containing identical
0.1% bovine serum albumin concentration as the control group. Therefore,
changes in response could not have been due to differences in protein binding.
Since differences in heart outflow verapamil concentrations were much smaller
than differences in cardiac response to the drug, it was concluded that receptor
density or binding is reduced. Fever, which may be used as a surrogate marker
for the degree of inflammation, was negatively correlated with verapamil Emax.
This suggested that inflammatory mediators, either directly or indirectly, reduced
the pharmacodynamic response.

IFN-induced inflammation in rats, at 12 and 2 hours before dosing, is also

associated with an increased concentration of verapamil, however not with
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changes in protein binding.'? Importantly, PR interval (dromotropic)
responsiveness is also reduced. While interferon does not elevate verapamil
concentration, it does decrease the dromotropic response to the drug. Ling and
Jamali 2005 showed in the Pre-AA rats that verapamil clearance is reduced in
both orally and intravenously dosed rats.”® Importantly, the authors were able to
show that inflammation reduces CYP3A/1A content and verapamil free fraction.
As with propranolol, verapamil is a mixture of two enantiomers. The S
enantiomer of verapamil has a volume of distribution approximately 2.3 fold
higher than the R enantiomer.'®® Plasma protein binding is higher with the R
enantiomer of verapamil, likely restricting its distribution into deeper tissues.
Additionally, S verapamil is cleared faster than R verapamil, contributing to
substantially higher levels of R-verapamil in plasma.123 Oral dosing results in
bigger differences in verapamil enantiomer concentration when compared to
intravenous dosing, because the rate of drug delivery to the liver influences

pharmacokinetic stereoselectivity.'??

1.2.4.3. Sotalol

R-sotalol is both a B1-AR blocker and potassium channel blocker. The
pharmacologic activity of the S enantiomer is, however, restricted to potassium
channel blocking. Sotalol is actively secreted by the kidneys, and has limited
plasma protein binding."?® It is important to note that, unlike with propranolol and
verapamil, the ratio of S to R sotalol AUC approximates 1, even in the presence
of inflammation.'?* 124

Kulmatycki et al. 2001 performed an experiment that investigated the
effect of acute and chronic inflammation on the pharmacokinetics and
. pharmacodynamics of sotalol. They induced acute inflammation in rats by
administering interferon a-2a at 12 and 3 hours before sotalol response
testing.'?® They induced chronic inflammation (adjuvant arthritis) by injecting
Mycobacterium butyricum in squalene into the lymphatic tissue of the tail-base.
Both acute and chronic inflammation reduced the degree of QT interval response

to sotalol racemate. In acutely inflamed rats, racemic sotalol, R-sotalol or S-

30



sotalol administration elicited smaller QT interval responsiveness. In (;hroniCaIIy
inflamed rats racemic sotalol induced a smaller PR interval prolongation. In
acutely inflamed rats, racemic sotalol and R-sotalol elicited a smaller PR interval
response. Since the pharmacokinetics of sotalol were unchanged by
inflammation, reduced drug response was likely related to reduced 31-AR and
potassium channel sensitivity, possibly by altered receptor density, receptor
configuration, or second messenger systems.'* By showing that anti-TNFa
therapy with infliximab reduced nitric oxide and TNFa concentrations, aﬁd that
anti-TNFa therapy restores QT and PR interval response, Kulmatycki et al. 2001
demonstrated the in vivo link between mediators of inflammation and reduced

cardiac pharmacodynamic response.

1.2.4.4. Angiotensin Il type 1 receptor antagonists

Further investigation into the effects of inflammation on the
pharmacokinetics and pharmacodynamics of cardiovascular drugs has revealed
two notable exceptions. Losartan and valsartan are angiotensin Il type 1 receptor
antagonists, which are effective in the treatment of hypertension, renal failure
and congestive heart failure.'?®

Losartan, a prodrug, must be converted to the metabolite E3174 in order
to elicit a pharmacodynamic response. In inflammation, metabolic conversion of
losartan to its active metabolite E3174 might be impaired. Single dosé losartan
pharmacokinetics in rheumatoid arthritis patients caused a significantly reduced
area under the concentration curve for E3174 when compared to controlled
rheumatoid arthritis patients and healthy subjects.'®” This was thought to be
indicative of reduced metabolic conversion, despite the fact that losartan
concentrations were not significantly different.'?” Despite lower concentration of
the active metabolite E3174, no reductions had been noticed in
pharmacodynamic response as measured by mean arterial pressure, systolic
blood pressure, diastolic blood pressure, pulse, cardiac ejection time or other
cardiovascular measurements. The authors of this study, Daneshtalab et al.

2006, suggested that inflammatory mediators might increase the responsiveness
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of angiotensin Il type 1 receptors, which is contrary to the effects of inflammation
on B1-ARs, L-type calcium channels, or potassium channels.

In a study similar to that of losartan, healthy subjects versus controlled
and active rheumatoid arthritis were examined for differential effects of
rheumatoid arthritis on valsartan pharmacokinetics and pharmacodynamics.'?®
Inflammation associated with arthritis did not cause any changes in valsartan
plasma concentration. This may have been because inflammation does not
reduce renal function like it does liver function and because valsartan is only 20%
metabolized. However, valsartan administration in rheumatoid arthritis patients
did show a non-significant trend towards increased hypotensive effects.’?® These
findings suggest that angiotensin Il type 1 receptors may be upregulated in
inflammation. These findings were consistent with the findings of the above

losartan study.'?®

1.3. The Bs-adrenergic receptor

When investigating the causes of altered propranolol response in
inflammation, having a full understanding of the B1-AR is critical. The complexity
surrounding drug-receptor interactions, receptor signal transduction, and receptor
regulation, implies that myriad potential causes exist for reduced propranolol
response during inflammatory processes. The section ahead characterizes the
B+-AR, explores the factors that alter 1-AR functionality, and analyses the B+-AR
in the context of rheumatoid arthritis.

Inflammation is pivotal in the development of rheumatoid arthritis, having
direct effects not only in joints, but also in various physiological systems or
anatomical sites. The heart is one such location that inflammation can have
serious consequences. In the heart, impaired signaling and function is observed
during inflammatory states with the B1-AR. This section conceptualizes B1-ARs in
terms of normal receptor signaling and regulation, then focuses on the effects of
sympathetic activity, inflammation, and rheumatoid arthritis. Finally, consideration

is given to the potential use of statins, angiotensin Il type 1 receptor blockers,
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and B+1-AR blockers in reducing the rheumatoid arthritis patient’s heightened risk

of cardiovascular disease.

1.3.1. Overview of the B1-adrenergic receptor

The cardiovascular system is partly regulated by the sympathetic and
parasympathetic nervous systems, targeting both adrenergic and muscarinic
receptors, respectively. Three as-adrenergic receptors, three az-adrenergic
receptors, and three B-ARs have been discovered,'® all of which are expressed
in varying amounts in the heart. The putative B4-AR is now thought to be a
polymorphic state of the B4-AR that happens to be propranolol resistant.'3%1%

Of the various receptors in the heart, the B1-AR is the most prominent and
influential on cardiac function.'®* '* The B;-AR influences chronotropy, inotropy,
lusitropy, dromotropy, and the regulation of blood pressure.'' *® g,-ARs are
also involved in adipose tissue lipolysis and memory development.'®’

Cardiac 31-ARs respond to locally secreted norepinephrine, to circulating

catecholamines (released from the adrenal glands),'®®

and to exogenously
administered catecholaminergic drugs. Since B4-ARs are primarily a postsynaptic
receptor, norepinephrine release from nerve synapses is the biggest contributor
to its stimulation.'®® '*® Under normal physiological conditions, circulating
norepinephrine does not influence cardiac function because high concentrations
are not normal except during heavy exercise or pathological conditions.'*°

B1-ARs are found in highest density in heart, lung, testis, kidney, spleen,
thyroid, pineal gland, and cerebral cortex.”*® ' The cardiac ventricles have a Bs.
AR: B2-AR ratio of approximately 75%: 25%, and in cardiac atria of approximately
65%: 35%."?° Atria have higher levels of B4-ARs than do ventricles,'*? and the
highest density within the atria is at the sino-atrial node; the pacemaker of the
heart.'?® The highest B1-AR density in the ventricles is within the subendocardial
myocytes.'*?

Cell membrane arrangement of the 4-AR, a G-protein-coupled receptor,
is complex. Gs, the stimulatory G-protein, and adenylate cyclase are both

coupled to the third intracellular loop of B1-ARs in a proline-rich area. This
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proline-rich area, which does not exist in the B2-AR, reduces the affinity of the G-
adenylate cyclase complex to the B1-AR, thereby imparting negative modulation
when compared to the B>-ARs."? The reduced affinity of the Gs-adenylate
complex to the B+-AR explains why, physiologically, the B2-AR elicits stronger
stimulatory responses than does the B4-AR. Other notable features of the 1-AR
are summarized in Table 1-3.

Evidence shows that G-protein-coupled receptors are not randomly
distributed proteins, but rather they are compartmentalized. 31-ARs co-localize
with its major down-stream effector molecule adenylate cyclase-6 in caveolin-rich
domains in rat cardiac myocytes."* In humans, adenylate cyclase-6 is the most

highly expressed of the four mammalian adenylate cyclase subtypes.'*®
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Table 1-3. Notable features of the f1-Adrenergic Receptor

Location Feature

Function

Asn15 — (Extracellular N-Glycosylation
N-terminus)

C-Terminal GRK-mediated
phosphorylation
Residue 389 Glycine/arginine
(Intracellular C polymorphism
terminus)
Residue 49 Serine/glycine
(Extracellular N- polymorphism
terminus)

Residues 131 and 209 Disulfide bridge
Second extracellular Binding site for IgG
loop B-AR antibodies

Serine/Threonine-rich GRK-mediated
cytoplasmic tail (10 phosphorylation of

residues) occupied receptors

Third intracellular loop PKA*-mediated
phosphorylation

Third intracellular loop  Proline rich
sequence

Regulation of surface expression
and dimerization*® "7

Desensitization'®® 38

May be correlated to disease,
especially in black people“& 149

May increase the impact
disease138’ 150, 151

Receptor rigidness'®°
Stabilization of active receptor
configuration. Induction of heart
failure'®°

Desensitization'5% '

Desensitization '8 1%0: 151

Negative modulation of B4-AR
binding with G and adenylate
cyclase'*®

*protein kinase A
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1.3.2. Control and signaling of the 1-adrenergic receptor

The B+-AR is an intermediate which links adrenergic molecules of the
sympathetic nervous system to specific intracellular processes. The (34-AR helps
to convert a neurological or chemical signal into an elicited response. Agonist
binding of the B+-AR creates a ligand — receptor — G protein complex, which
causes the exchange of one molecule of guanosine diphosphate for one
molecule of guanosine triphosphate.’®* Guanosine triphosphate binding
instigates the dissociation of $1-AR-attatched Gs into Gys-guanosine triphosphate
and Ggy. Subsequently, the Gy protein complexes with guanosine triphosphate,
and finally activates adenylate cyclase. Adenylate cyclase catalyses the
formation of intracellular cAMP, which is an important second messenger.'3%: 138
The other half of the Gs complex, the By subunit, acts as a membrane trap for the
G-protein-coupled receptor kinases (GRKs), which facilitate the phosphorylation
and subsequent desensitization of the B1-AR."** This is an example of a

homologous desensitization system.

1.3.2.1. Calcium concentration and L-type calcium channels are
regulated by B1-ARs

B+-ARs and L-type calcium channels are functionally linked by a second
messenger system: namely cAMP. This enables 1-AR simulation to influence
calcium concentrations in the cardiomyocytes, and therefore exert partial control
over cardiac electrical conduction and cardiac muscle contraction. The coupling
of the L-type calcium channel to B1-ARs is stronger when compared to B-ARs."®
After simulation by the sympathetic nervous system, B1-ARs activate adenylate
cyclase, and consequently elevate intra-cellular cAMP concentration.® The
main downstream effect of increased cAMP is activation of protein kinase A.
Protein kinase A is a pivotal protein that alters calcium concentration via the
phosphorylation of: a) L-type Ca** channels, b) Na'/K* ATPase, which increases
Ca®" efflux via Na*/ Ca*" exchange, c) ryanodine receptors, and d)

phospholamban.'?% 35 138 Thege listed effects are the main mechanisms
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involved in changing calcium concentration in myocardium upon B34-AR
stimulation.'® Elevated calcium concentration subsequently increases
cardiomyocyte inotropy and chronotropy.'®®

After protein kinase A phosphorylates phospholamban, the
phospholamban is less able to interact with, and inhibit, sarcoendoplasmic
reticulum Ca**-ATPase. Sarcoendoplasmic reticulum Ca?*-ATPase sequesters
calcium by pumping it into the sarcoplasmic reticulum, which helps cease
contraction and increases the availability of calcium for subsequent
contractions.’ Protein kinase A also phosphorylates troponin I, which helps
make myofilaments less sensitive to calcium.’®® The phosphorylation of both
sarcoendoplasmic reticulum Ca%*-ATPase and troponin |, by protein kinase A,
contributes to increased contraction-relaxation cycling, and hence facilitates

cardiac lusitropy.'®

1.3.3. Regulation of the 1-adrenergic receptor

Short-term regulation of the 4-AR occurs by receptor desensitization,
uncoupling, and internalization. Over the long-term, the B4-AR is regulated by
mRNA degradation and altered gene expression.'*® Located on human
chromosome 10924-926, the B1-AR has a 5’ flanking promoter region of
approximately 3 kb."?® % The receptor is under active basal promoter activity,
meaning there normally is a continual mMRNA renewal process.159 The:' primary
promoter is at -444 to -360 to the start site, though multiple transcription initiation
sites also exist at -289 to -261.'° Other positive and negative regulatory regions
spanning the -3813 to -444 range help modify transcriptional activity.'3* 139 159,160
Glucocorticoids, sex hormones, and thyroid hormones are all involved in

160162 Glycocorticoids may increase B1-AR

the regulation of B4-AR transcription.
expression, in part, by interacting with a critical partial glucocorticoid response
element."® "°" However, there are conflicting literature results that demonstrate
glucocorticoid administration causes either increased or decreased effects on (3+-
AR expression, depending on the study.'®® Progestin and estrogen exert

negative control on the expression of 31-ARs. The observation that sex hormone
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deficient rats express markedly more Bs-ARs, supports this claim.'®* In contrast,
thyroid hormones have a marked positive effect on both the transcription and
translation of B4-ARs.'%% 164

N-glycosylation of G-protein-coupled receptors, in general, results in a full
range of functional changes. For example, oxytocin receptors undergo no change
in receptor function following N-glycosylation, whereas thyrotropin receptors have
complete abolishment of function.’ N-glycosylation of B1-ARs at Asn15 is highly
influential; N15A mutation prevents N-glycosylation, resulting in less dimerization,
less cell surface expression, and less isoproterenol response as gauged by
cAMP production. Normal cell surface expression of the 1-AR is therefore partly

dependent on N-glycosylation-assisted dimerization.'®": 1%

1.3.3.1. Homologous desensitization

Desensitization of the B-ARs can serve as a protective mechanism by
preventing the deleterious effects of chronic adrenergic stimulation, which in the
short term improves cardiac function, but eventually confers damage to the
myocardium.*® Homologous phosphorylation of B1-ARs is mediated by G-
protein-coupled receptor kinases (CRK). The GRKs included GRK-1 (aka
rhodopsin kinase), GRK-2 (aka BARK1), GRK-3 (aka BARK-2) and GRK-5,"%*
GRKs are attracted to the $1-AR by membrane-attached By subunits of the
dissociated G;s protein."®® ' This process occurs with agonist—occupiéd
receptors and causes phosphorylation of numerous serine and threonine
residues that reside in the B4-AR carboxy-terminus.'% 138 |

Subsequent to B1-AR phosphorylation by GRKs, the B1-AR is inactivated
by either B-arrestin-1 or B-arrestin-2.'** Consequently, B-arrestin deficiencies
enable heightened isoproterenol contractile response.'®® % g,-AR
phosphorylation by GRKs also reduces isoproterenol affinity to B1-ARs."®’
Although B4-AR are somewhat less sensitive to agonist-stimulated regulation
compared to the B-AR,"** phosphorylation- and p-arrestin-assisted uncoupling of
Gs both diminish adenylate cyclase activity, and therefore the overall activity of

the B1-AR. 1% 1¢7
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1.3.3.2. Heterologous desensitization

In contrast with homologous phosphorylation and desensitization, the
process of heterologous phosphorylation of $1-ARs is not dependent on ligand
binding. Rather, heterologous desensitization is cAMP-dependent, and it leads to
widespread cellular inactivity, including diminished strength of 31-AR signal
transduction."®® Heterologous desensitization is mediated by phosphorylated
protein kinase A. GRK-mediated and phosphorylated protein kinase A-mediated
héterologous desensitization processes contribute equally to $4-AR
desensitization.'® GRK-2 concentration is, in part, controlled by cAMP
concentration, and therefore the two desensitization processes may be in a state
of cross-talk."®’

When B+1-ARs are chronically under-stimulated, hypersensitization may
occur.'®® Selective B1-AR blockers, atenolol or metoprolol included, cause
chronic understimulation of B1-ARs, and hence increasing B+-AR density.'®" This
observation makes it easier to understand why some patients experience
rebound hypertension upon B-blocker discontinuation. Blockade of B-ARs
reduces the sympathetic to parasympathetic activity ratio in the heart." This

170

ratio is assessed performing a power spectral analysis of heart rate, "~ and is a

useful indicator for arrhythmia risk.

1.3.3.3. Internalization

Agonist-mediated B4-AR internalization is important for f1-AR
downregulation.® 1%1: 1%4.186 The exact process of B1-AR internalization appears
to be dependent on the method by which the receptor has been
phosphorylated.166 Two pathways are used in the internalization process. First,
GRK-mediated phosphorylation uses B-arrestins for receptor internalization by
binding to clathrin-associated molecules. Subsequently, ligand-bound receptors
are pulled towards pre-formed clathrin coated pits.** In the second pathway
protein kinase A-mediated phosphorylation causes 31-AR internalization via the
caveolae pathway.'®! The contribution of each pathway to B4-AR internalization is

approximately equal, and additive, at high agonist concentrations. However, at
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low 1-AR agonist concentrations, the clathrin-coated pit pathway predominates

via GRK-mediated phosphorylation.'®!

1.3.3.4. mRNA turnover

Alteration in the mRNA turnover rate of 31-ARs is another means of
controlling receptor density. B1-ARs have adenine/uracil-rich elements within 3’-
untranslated regions that influence (+-AR transcript degradation rates and
therefore mRNA levels.'® In rats, this process is agonist-mediated. Isoproterenol
administration causes an increase in B-adrenergic receptor mRNA-binding
protein.'®® B-adrenergic receptor mMRNA-binding protein is comprised of two
proteins, HUR and heterogeneous nuclear ribonuclear protein (hnRNP)."”' HuR
binding to B1-AR mRNA shortens the B1-AR mRNA half-life.'®® Another protein
that binds to B4-AR mRNA is AUF1. AUF1 destabilizes 1-AR mRNA, and it has
been shown that high levels of AUF1 in human cardiac failure are associated
with elevated norepinephrine.'”” The mRNA binding proteins influence
pharmacodynamic responses.

cAMP-mediated downregulation of 1-ARs occurs in the absence of
internalization, and closely follows §:-AR mRNA levels."®® This is likely because
the mechanism behind cAMP-induced downregulation is related to the interaction
of the inducible cAMP early repressor with the cAMP response element in the
promoter region of the B1-AR."®® The reduction in $3AR mRNA, in this case, is
delayed by hours because of the reliance on slow basal mRNA turnover following
the reduction in transcription;'® after all, B;-AR mRNA has a 20 hour half-life.'®®
Therefore, the cAMP-protein kinase A pathway causes reductions in B41-AR
receptor density by causing internalization via the caveolae pathway (see

1.3.3.3) and repression of mRNA translation.

1.3.3.5. Regulation of f1-adrenergic receptor in vivo

The expression of GRK-2 and B4-AR occurs in a reciprocal manner. Ping
et al. 1995, have shown that chronic antagonism of $4-ARs in pigs receiving 0.2
mg/kg daily of bisoprolol (a selective 1-AR blocker) causes a significant

decrease in myocardial GRK-2 expression.'®” That is, reduced stimulation of B+-
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ARs causes less expression of its inhibitor (GRK-2). As expected, atenolol (a
selective 31-AR blocker), causes a significant decrease in myocardial GRK-2
expression, as was found with bisoprolol.'” Atenolol administration also
increases B-AR expression, in @ manner reciprocal to GRK-2 expression.’” In
contrast, stimulation of -ARs with isoproterenol in mice causes an approximate
2-fold up-regulation of GRK-2 expression and a reciprocal downregulation of p-
AR expression by one-half.'”

Compared to wildtype mice, transgenic mice that over-express GRK-2
experience dampened cardiac contractility with isoproterenol stimulation,
attenuated adenylate cyclase activity, and reduced functional coupling of B+-
ARs."* As expected, transgenic mice that over-express the inhibitory protein
GRK-2 have increased cardiac contractility, even in the absence of
isoproterenol.' In dogs, the ventricular pacing-induced congestive heart failure
model reduces B1-AR density and adenylate cyclase activity.'”® Myocardial
infarction also decreases B1-AR density.'”® Overall, this again demonstrates the
balance between GRK-2 and (4-ARs in the myocardium.

Pro-inflammatory cytokines decrease cardiac function.'”” 78 Ex vivo,
hearts from rats that are subjected to the septic shock model demonstrate a
reduced ability to elevate cAMP upon isoproterenol administration.’”® Also,
application of TNF-a to rat cardiomyocytes inhibits L-type Ca?* channel current
and contractile Ca®* transients. This is relevant to the B1-AR because the L-type
Ca®* channel is an effector protein in the B+-AR signal transduction pathway. '®
Therefore, inflammation can alter $+1-AR signaling, and may be considered
influential in the many inflammatory diseases that affect the heart, and in
particular those that stimulate sympathetic tone.'®" '8 Examples include
myocardial infarction, congestive heart failure, cardiac ischemia/ reperfusion

injury, rheumatoid arthritis, and adjuvant arthritis.?" 18- 183180

1.3.4. Polymorphisms of the B1-AR

Of the 18 known B4-AR single nucleotide polymorphisms only 7 lead to
amino acid substitutions.™® An adenine to guanidine single nucleotide
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polymorphism at nucleotide 145 (c145A>G) results in a Ser49 to Gly49
(Ser49Gly) substitution in the extracellular domain of the $4-AR. African-
Americans, Chinese, and Caucasians all have similar rates of mutation.™” This
mutation is associated with accelerated agonist-mediated downregulation
because reduced Asn15 N-glycosylation enhances the internalization and
degradation of the B1-AR.'® Congestive heart failure patients having the Gly49-
B1 genotype, whether homo- or heterozygotic, have 23% mortality 5 years after
diagnosis, compared to 46% mortality for patients with the Ser49 genotype. This
supports the hypothesis that the Gly49 variant is cardioprotective in congestive
heart failure. % 1%

The result of a ¢1165G>C single nucleotide polymorphism, where
guanidine is replaced with cytosine, is that Arg becomes substituted with Gly at
amino acid 389 (Arg389Gly)."*" 8 Affecting the intracellular portion of the B4-AR,
the Arg389 variant has enhanced adenylate cyclase coupling,’®® and greater
basal and isoproterenol-stimulated adenylate cyclase activity.™° Fat cells and
metabolism are, in part, regulated by the B4-AR. In human fat cells,
catecholamine-induced lipolysis is not known to be influenced by the Arg389Gly
polymorphism.'®® Remaining in isolation, the B1-AR Arg389Gly polymorphism has
no affect on obesity in a 24 year longitudinal study. However, when 3,-AR
polymorphisms are taken into account, is has been shown that men with Gly/Gly
genotypes for both 84- and B,-ARs have a significant 0.6%/year increase in body
mass index from childhood to adulthood when compared to non-Gly/Gly men.'®!
Although the Arg389 single nucleotide polymorphism is not associated with
cardiovascular events per se, it may aiso be related to increased blood

188,192 and increased Bs-AR-blocker sensitivity.'** ' This is an example

pressure
of a synergistic gene-gene interaction that has important effects on human
health.

In addition to the Gly/Gly phenotype, the Arg389 phenotype of the 31-AR
becomes important when the patient has a co-existing a,.-AR deletion mutation.
Synergistic polymorphism between Arg389 of the B1-AR and the deletion

genotype ax~AR-Del322-325 is strongly correlated to disease. Black people with
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double homozygous Arg389 / a,.-Del322-325 have a 10 times greater risk of
developing congestive heart failure.'*® Excessive az-mutant-mediated
norepinephrine release at presynaptic nerve endings and the greater 34-mutant-
mediated (1-AR responsiveness may result in a deleterious state of relative

chronic B1-AR stimulation.

1.3.5. Inflammation stimulates sympathomimetic activity and
alters B41-AR’s

The body has many mechanisms that suppress inflammation. Two
influential mechanisms are the synthesis of corticosteroids from the adrenal
glands and the release of norepinephrine from the sympathetic nervous system.
Inflammatory cytokines activate the hypothalamic-pituitary-adrenal axis and the
sympathetic nervous system, ultimately elevating both circulating glucocorticoids
and catecholamines. %'%® Both corticosterone and norepinephrine have anti-
inflammatory properties'” and are elevated within 4 days after adjuvant arthritis
induction in Lewis rats.'®® Corticosterone levels are significantly elevated by Day
7 in adjuvant arthritic Sprague-Dawley rats.?®

Norepinephrine exerts its anti-inflammatory affects by interacting with
immune cells that express B,-AR receptors.?®’ The resultant suppression of TNF-
a, IFN-y, nitric oxide, and IL-12 release by immune cells helps to limit
inflammatory response and tissue damage associated with rheumatoid
arthritis. 2 Suppression of the aforementioned cytokines serves to re-balance
the Ty1 to Tu2 ratio towards anti-inflammation.?®%2%

Anti-inflammation helps control disease severity, but certain deleterious
effects may arise. For exampie, chronic activation of the sympathetic nervous
system predisposes patients to arrhythmia and sudden cardiac death.
Essentially, chronic activation of the sympathetic nervous system causes over-
stimulation of the B4-AR. Persistent stimulation of the 1-AR by norepinephrine

166

reduces B+-AR sensitivity, ™ and gives rise to homologous desensitization of 4-

ARs by GRKs."** The potential for norepinephrine to reduced B1-AR sensitivity
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may help to explain the observed reductions in cardiac responsiveness, in

humans or rats, to propranolol, sotalol, or verapamil.

1.3.5.1. Norepinephrine

Successful transmission of sympathetic nerve signaling depends on two
processes. The first process is for the nerve to elevate local norepinephrine
concentrations in the synapse. The second process is signal transduction from
the B+-AR.

The synthesis and release rate of norepinephrine in, and from, the
sympathetic nerve is balanced with the removal rate of norepinephrine from the
synapse. Tyrosine hydroxylase is the rate limiting enzyme in norepinephrine
synthesis. Most of the norepinephrine found in heart tissue is synthesized locally,
and therefore norepinephrine is considered a paracrine molecule. Locally,
norepinephrine release from peripheral sympathetic nerves is modulated by the
inhibitory actions of such receptors as a,-ARS, and via the stimulatory actions of
angiotensin Il receptors on the sympathetic nervous system.?> 2% Stimulation of
pre-synaptic a>-ARs is an example of autoregulation since norepinephrine
creates a negative feedback by inhibiting its own release.?*?

In the heart, most norepinephrine is removed by neuronal re-uptake. This
is designated as uptake.?” The main component of uptake; is the
norepinephrine transporter protein, which is a Na*/Cl'-dependent
neurotransmitter symporter located on the plasma membrane.?*® Contributing
less than 10% toward circulating norepinephrine under normal conditions,?® the
heart spills less than 1/20" of released norepinephrine transmitter into the
venous circulation.2%° During pathogenic states, however, sympathetic nerve
outflow may increase to such a degree that up to 500% more norepinephrine is

spilled over into plasma.?®® 2'°

Reduced norepinephrine transporter density is likely controlled by post-
transcriptional modification, possibly by the up-regulation of protein kinase C.
Post-transcriptional modification can be instigated in a angiotensin Il-dependent

or endothelin-dependent manner.?%® ?® pPhosphorylation of the norepinephrine
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211 |t appears that inflammation reduces

transporter results in its internalization.
norepinephrine transporter density function, even though angiotensin Il may
upregulate norepinephrine transporter density.2%® The application of nitrogen
oxide to PC12 cells (a pheochromocytoma cell line) results in inhibition of
norepinephrine uptake.206 In contrast, however, one ex vivo study demonstrated
norepinephrine transporter resistance to oxidative stress inactivation through
protective cysteine sites on the norepinephrine transporter.2'? Over all it appears
that inflammation reduces norepinephrine transporter functionality, though
contradictions in the literature do exist.

A reduction in norepinephrine transporter function reduces norepinephrine
uptake through the uptake, process. At the cellular level, elevated synaptic
norepinephrine causes downregulation of B;-ARs*' and alterations in the
signaling complex.?™ In fact, cardiac interstitial norepinephrine in pacing-induced
dog heart failure is inversely correlated with B+-AR density.?" It has also been
shown that GRK-2, an inactivator of B4-ARs, is inversely correlated with the

205,215 5 mechanism that would

density of cardiac norepinephrine transporter,
protect against chronic over-stimulation of the B4-AR. Administration of
norepinephrine to rat cardiomyocytes in vitro decreases 3-ARs, increases
inhibitory G protein alpha subunits, and decreases adenylate cyclase activity.?'®
Hence, reductions in norepinephrine transporter density cause the concentration
of interstitial norepinephrine to rise, f4-ARs to be chronically stimulated, 1-AR

density to diminish, and GRK-2 density to elevate.

1.3.6. Cardiovascular risk and sympathetic nervous system
activity
Harle et al. 2006 have shown that rheumatoid arthritis causes excessive
sympathetic nervous system activity and lower hypothalamic-pituitary-adrenal
axis activity: the two systems are out of balance and uncoupled.'®® Via the
central nervous system, cytokines activate the sympathetic nervous system.
Cytokines also activate the hypothalamic—pituitary-adre'nal axis, and ultimately

trigger the release of corticosteroids by the adrenal gland.'® However, in
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rheumatoid arthritis patients, there is an insufficient response to the rheumatoid-
associated inflammation by the hypothalamic-pituitary-adrenal axis, and
consequently there is inappropriately low glucocorticoid concentration.?'”

Rheumatoid arthritis variably decreases or increases autonomic nervous
system activity.'®® In contrast, sympathetic nervous system activity in rheumatoid
arthritis is increased. Juvenile rheumatoid arthritis patients have elevated urine 3-
hydroxy-4-phenoxyphenylglycol (a metabolite of norepinephrine), elevated
resting heart rate, and reduced cardiovascular response to orthostatic stress
tests: all consistent with elevated sympathetic nervous system outflow.?'® Also,
cardiac pre-ejection-period is shortened in newly diagnosed rheumatoid arthritis
patients:®® heart rate variability is significantly lower in rheumatoid arthritis
patients compared to healthy controls;?'® and there is a relative dominance of the
sympathetic nervous system in pupil size control in rheumatoid arthritis
patients.”?° Evrenglil et al. 2004 studied heart rate variability in rheumatoid
arthritis patients and found elevated sympathetic activity and diminished
parasympathetic activity.”® Evrengiil et al 2004 suggest alterations in cardiac
innervation causes a higher incidence of ventricular tachyarrhythmias, and
perhaps explains the presences of excessive cardiovascular death in rheumatoid
arthritis patients.” This is supported by the fact that ventricular arrhythmia partly
depends on B-receptor function.??! In congestive heart failure patients, B1-AR
blockade with metoprolol reduces the rate of sudden cardiac death, probably by
reducing fibrillation.?#

Evidence that sympathetic stimulation in rheumatoid arthritis patients
contributes to cardiovascular-related death is provided by comparing Crohn’s
disease to rheumatoid arthritis. Crohn’s disease patients have normal

cardiovascular mortality risk,??

whereas rheumatoid arthritis patients have
increased cardiovascular mortality.®® Whereas rheumatoid arthritis resuits in a
sympathetically driven heart,®® Crohn’s disease patients have a
parasympathetically driven heart.?** A commonality between Crohn’s disease
and rheumatoid arthritis is elevated circulating inflammatory mediators, including

nitric oxide, IL-6, TNF-a, MCP-1, and CRP.* 8225230 That is. Crohn’s disease
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patients and rheumatoid arthritis patients have overlapping inflammatory profiles
but are in marked contrast with respect to cardiovascular risk. This phenomenon
supports the hypothesis that excessive cardiac sympathetic activity increases
cardiovascular mortality in rheumatoid arthritis patients.

Like rheumatoid arthritis, congestive heart failure is a disease of excessive
myocardial sympathetic activity. 2! Short-term stimulation of the heart improves
cardiac output; however, the long-term effects of chronic 1-AR agonism are
deleterious. Chronic 31-AR agonism increases the probability of developing
arrhythmias and reduces myocardial contractility. Potentially, this explains why B-
blockers are so beneficial in the treatment of heart failure.?®? > Early-stage
congestive heart failure is associated with elevated norepinephrine
concentration. At first, elevated norephinephrine concentration compensates for
reduced cardiac output. However, excessive stimulation of f1-ARs by
norepinephrine gradually becomes detrimental to both heart structure and
function.?®* In fact, elevated cardiac norepinephrine concentration is predictive of
congestive heart failure-related mortality in human.3% 137:23

Chronic cardiac sympathetic stimulation is associated with abnormal
calcium cycling and calcium leaking that reduces contractility and increases
arrhymogenicity.?*> 2% Bisoprolol, a B1-AR blocker, protects rats from developing
isoprenaline-induced cardiac fibrosis.™ This is similar to findings in human,
where the use of B-blockers has been widely shown to prevent the progression of
congestive heart failure.?*” The beneficial effects of B-blockers may also be
related to reduced cardiomyocyte apoptosis and improved Ca®* handling over
time.'?® **® Transgenic mice that over-express B1-ARs experience progressive
cardiac hypertrophy and heart failure. Phospholamban is a protein that inhibits
sacroplasmic reticulum uptake of calcium. B1-AR transgenic mice that are
phospholamban knockouts (PLB™) have greatly increased survival, indicating
that altered calcium handling is an important determinant of 31-AR-related
congestive heart failure development.?® Indeed, the cytotoxic effects of
norepinephrine are dependent upon cAMP and calcium influx via verapamil-

sensitive channels.?®'
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Decreased norepinephrine transporter activity, and density, is associated
with heart failure in both animals and in humans. Localized transfection of the
norepinephrine transporter into the myocardium of rabbits with congestive heart
failure causes structural and functional improvements in pre-existing heart
failure.?®® Importantly, the down-regulation of B4-ARs that occurs with congestive
heart failure is reversed by the local transfection of norepinephrine ’[ransporter,238
indicating a strong association between sympathetic drive, norepinephrine
concentration, and $1-AR expression. Reductions in 81-AR density are reversible
in cardiac paced rabbits that have reduced norepinephrine transporter density
and norepinephrine uptake.?*® This suggests in congestive heart failure that if the
restoration of norepinephrine transporter function ocCurs‘, the restoration of 31-AR

function may follow.

1.4. Anti-inflammation strategies

In human disease inflammatory processes alter both pharmacokinetics
and pharmacodynamics of therapeutic drugs. It is thought that reversing the
effects of inflammation would therefore be desirable. Anti-inflammatory therapy is
used to decrease the symptoms of rheumatoid arthritis, and to reduce
disfigurement and disability. There is an additional role for anti-inflammatory
treatment in rheumatoid arthritis. It is for using anti-inflammatory agents with the

goal of restoring diminished cardiac pharmacodynamic response.

1.4.1. Non-steroidal anti-inflammatory drugs, disease-modifying

anti-rheumatic drugs, spironolactone, and anti-TNF-a drugs

Non-steroidal anti-inflammatory drugs and cyclooxygenase Il inhibitors are
used for the treatment of pain and stiffness in inflammatory rheumatoid
arthritis.?*° Cyclooxygenase Il inhibitors have a special place in rheumatoid
arthritis treatment, as they cause slightly fewer gastro-intestinal bleeds and
ulceration than non-steroidal anti-inflammatory drugs. Both non-steroidal anti-
inflammatory drugs and cyclooxygenase Il inhibitors are relatively safe for short-

term use, but in the long-term even the cyclooxygenase |l inhibitors are
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associated with gastro-intestinal bleeding and ulceration. Ketoprofen, a non-
steroidal anti-inflammatory drug, has been shown to reduce arthritic index scores
and propranolol AUC in severe adjuvant arthritic rats.**' However, non-steroidal
anti-inflammatory drugs and cyclooxygenase-2 inhibitors increase cardiovascular
risk in humans.” 7" Therefore, the use of either of these agents in the
normalization of cardiac pharmacodynamic response may be unjustified.

Early treatment of rheumatoid arthritis with disease-modifying anti-
rheumatoid drugs helps prevent disease progression.?*? There are many
disease-modifying anti-rheumatoid drugs, including auranofin, azathioprine,
cyclosporin, D-penicillamine, hydroxychloroquine, leflunomide, methotrexate,
mycophenolate mofetil, sodium aurothiomalate, sulphasalazine, and
cyclophosphamide.?*? Hydroxychloroquine, chloroquine, and methotrexate may
be useful in improving cardiovascular pharmacodynamic responsiveness
because they demonstrate a variety of anti-platelet, anti-thrombogenic, and anti-
inflammatory properties.

As discussed in 1.3.5.1, inflammation can decrease the functionality of
norepinephrine transporters, and hence 1-AR function. This is emphasized by
three observations: a) IFN-a reduces norepinephrine transporter density and
norepinephrine uptake,?* b) IL-1p stimulates norepinephrine release,?** and c)
nitric oxide reduces norepinephrine uptake.?%®

Spironolactone is a mineralocorticoid receptor antagonist and therefore
has diuretic properties which are useful in the treatment of congestivé heart
failure. Spironolactone has been shown to upregulate norepinephrine transporter
density and norepinephrine uptake in salt-sensitive Dahl rats fed high sodium
diets.?** Though not itself an anti-inflammatory agent, spironolactone may
facilitate the reversal of inflammatory effects on norepinephrine transporters. This
may be an additional reason that spironolactone is beneficial in congestive heart
failure treatment. The use of spironolactone, therefore, may also be for reducing
cardiac sympathetic nervous stimulation in rheumatoid arthritis patients.

Anti-TNF-a therapy was designed because of TNF-a’s pivotal role in the
pathophysiology of rheumatoid arthritis. Anti-TNF-a therapeutic agents include
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infliximab, etanercept, and adalimumab. Anti-TNF-a agents are generally used in
patients that have very active disease (two consecutive disease activity scores
greater than 5.1), and very persistent disease (having tried at least two disease-

246 Guidelines will vary from country to country.

modifying anti-rheumatic drugs).
Though infliximab treatment in inflamed rats restores normal QT and PR
interval,'? the anti-TNF-a drugs are very expensive biopharmaceutical agents.
Price and safety issues necessarily limit the use of anti-TNF-a drugs for the
purpose of restoring cardiovascular pharmacodynamic responsiveness. Similar
beneficial effects on improving the pharmacodynamic response of cardiac drugs
may exist with anakinra, an anti-IL-1 antibody. Anakinra has proven effectiveness
in treating the symptoms of rheumatoid arthritis,’ howevér, like the anti-TNF-a

drugs anakinra is very expensive and safety concerns exist.

14.2. Angiotensin Il type 1 receptor blockers

The angiotensin Il type 1 receptor blockers have anti-inflammatory
properties which supplement their initial therapeutic indications. These drugs are
relatively safe, inexpensive, and have widespread use. Potentially, the
angiotensin Il type 1 receptor blockers could be useful in restoring cardiac
pharmacodynamic response in inflamed patients by normalizing receptor signal
transduction and therefore function.

Blocking the effects of angiotensin Il at the angiotensin Il type 1 receptor
causes vasodilation, and thereby reduces blood pressure. Reducing blood
pressure lowers the stroke risk, myocardial infarction, and congestive heart
failure. Clinically, angiotensin blockade may help reduce the complications of
diabetes mellitus, and potentially treat the symptoms of asthma or rheumatoid
arthritis.'> %47

Hanafy et al. 2007 have used the Pre-AA model of inflammation to
investigate the effects of valsartan on verapamil pharmacokinetics and
pharmacodynamics.®® Verapamil plasma concentrations were elevated in the
Pre-AA group, yet the PR interval responsiveness was reduced. Pre-AA had also
reduced L-type calcium channel density and binding capacity in whole cardiac
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tissue. Valsartan treatment did not normalize verapamil pharmacokinetics.
However, twice daily valsartan treatment in Pre-AA animals was shown to
significantly reverse: a) the down-regulated PR interval response and b) the L-
type calcium channel protein density and ligand-binding capacity. This study
demonstrates the potential for angiotensin Il type 1 receptor blockers in restoring

normal response to verapamil in humans with inflammatory diseases.

1.4.3. Statins

Over 35 years ago cholesterol was shown to be causally linked with
coronary heart disease. Soon after this discovery, but still in the 1970’s, it was
thought that blockade of hydroxymethylglutaryl-CoA reductase, the rate-limiting
enzyme in cholesterol synthesis, would prove to be beneficial in
hypercholesterolemia and therefore be useful in reducing cardiovascular
morbidity and mortality. The long development time for drugs, however, meant
that it was not until 1987 when the first statin would be introduced. That drug was
lovastatin.?*® Since the 1980’s, much more has been learned about the statins as
a drug class, including the fact that unexpected anti-inflammatory properties are

found across the statin drug class.

1.4.3.1. Pravastatin

The statins are either an open chain or a closed-ring lactone structure.
Pravastatin (Figure 1-3) has an open chain structure with a hydroxyl group on the
hydrophobic ring structure, giving it the highest water solubility rating of the
statins. Pravastatin undergoes less metabolism than the other statins, and it has
no active metabolites. Pravastatin also has a very short half-life (1.8 hours).
Approximately 50% of pravastatin is recovered unchanged in urine, with much of
the rest being metabolized to the 3-hydroxy isomer. While closed-ring lactone

statins require metabolism to form the open and active form, pravastatin does
not 248, 249
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Figure 1-3. Chemical structure of pravastatin®®

Pravastatin was used a number of large-scale clinical trials to support
claims of its effectiveness for reducing cholesterol, and for improving morbidity
and mortality. The West of Scotland Coronary Prevention Study (WOSCOPS)
was the first cholesterol reduction study to confirm, using pravastatin, that
cholesterol reduction lowers cardiovascular mortality without increasing non-
cardiovascular mortality rates.?*" ?** Pravastatin treatment lowered low-density
lipoprotein levels by 26%, and the resultant relative risk reduction of
approximately 30% was independent of age, smoking, plasma lipid profile, or the
presence of minor vascular disease.?®"

The Cholesterol and Recurrent Events trial (CARE) confirmed that
pravastatin lowers cholesterol by approximately 30%. However, this study also
showed that cardiovascular mortality was reduced by 26% even in subjects with
normal cholesterol (125-150 mg/dl), which was similar to the reduction (35%) for
those with higher cholesterol baselines (150 to 240 mg/dl).?** In the Long-Term
Intervention with Pravastatin in Ischemic Disease study (LIPID), the beneficial
effects of pravastatin in patients having widely ranging cholesterol were
confirmed. The LIPID study group showed that 40 mg of pravastatin daily
reduced all-cause mortality by 22% compared to placebo, and that beneficial

effects were seen in all subgroups.?*

1.4.3.2. Pleiotropic effects of pravastatin

The Cholesterol and Recurrent Events trial demonstrated that patients
with comparable lipid levels have different levels of risk of coronary heart disease
depending on whether the patient was in the control- or pravastatin-treated

group.z“55 The pravastatin-treated group had a lower risk of coronary heart
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disease and myocardial infarct, despite having similar cholesterol levels: a
paradox to the normal belief that statins exert their benefits by lowering
cholesterol.

Statins reduce the risk of stroke, yet hypercholesterolemia is not a major
risk factor for stroke, thereby providing further evidence that alternative
mechanisms of benefit exist within the statins. The reduction in the rate of stroke
is similar to the reduction in the rate of myocardial infarction.?*® Observations like
these indicate that pravastatin has a pleiotropic benefit in cardiovascular risk
reduction, as in fact all statins do.

This section details some of the pleiotropic effects of pravastatin that has
inspired research in a variety of therapeutic areas including multiple sclerosis,
rheumatoid arthritis, nephropathy, diabetes, and bone fracture.> 2’ Various
cellular and mediator effects of pravastatin are listed below in Table 1-4.
Essentially, the statins restore endothelial function, enhance atherosclerotic
plaque stability, decrease oxidative stress, and reduce inflammation.?® The one
underlying mechanism of statin pleiotropism is decreased isoprenylation of
guanosine triphosphate-binding proteins (including Rac and Rho) by farnesyl-
pyrophosphate and geranylgeranyl-pyrophosphate. Additionally, pravastatin has
antioxidant properties, which is a mevalonate pathway-independent
mechanism.?*®

Geranylgeranyl pyrophosphate, an intermediate in the
hydroxymethylglutaryl co-enzyme A pathway, is vital in the activation of Rho. Rho

259,260 4nd influence many

proteins normally exist in the geranylgeranylated state,
cellular functions including cellular polarity, endocytosis, cytoskeleton regulation,
cell adhesion, differentiation, oncogenesis, NADPH oxidase activity in
phagocytes, and gene transcription.?®! Since the statins lower the amount of
geranylgeranyl pyrophosphate available for prenylation, the statins therefore also
lower the amount of active Rho within the cell membrane.?®® %% |n a study by
Bourcier and Todd, 2000, the pieiotropic effects of simvastatin on plasminogen

activator inhibitor-1 in human vascular smooth muscle cells and endothelial cells
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could be reversed by the addition of geranylgeranyl pyrophosphate, which is

suggestive of a Rho dependent pathway.263
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Table 1-4. Pleiotropic effects of pravastatin on inflammation

Parameter

Pleiotropic effect

Markers of
inflammation

CRP

| in circulation of humans.”* %**

| IL-6- mduced CRP production in human
hepatocytes.?®

ICAM-1 | in isolated human monocytes.?®
IFN-y | in isolated human mixed- Iymphocytes.266
| in rat Pre-AA.%2
! in spleen cells of mice incubated with pravastatln
IL-12 1 in spleen cells of mice incubated with pravastatm
{ in isolated human mixed- lymphocytes.?®
IL-1B8 1 in human umbilical vein endothelial cells.?*®
| in circulation of rat post-myocardial infarction.?®
IL-6 ! produci:ion in human umbilical vein endothelial
cells.?®
| in ex vivo human whole blood.?"®
| in spleen cells of mice mcubated with pravastatin.?®
MCP-1 ! productlon in monocytes.?’
| in spleen cells of mice incubated with pravastatin.?®
MMP-2 | content in human carotid plaque.?’
MMP-9 | activity in primary human monocytes
TGF-B1 1 levels in circulation.””

Tu1/Ty2 Balance
TNF-a

1 Tu1/TH2 ratio in chronic graft—versus -host disease.?
| production in monocytes.?

| production in ex vivo human whole blood. 270

| in spleen cells of mice incubated with pravastatin.?®
| in circulation of rat post-myocardial infarction.?*®

75

Immune cells
B lymphocytes

Macrophages

1 Bcell prollferatlon and | humoral rejection in
transplantatlon
| content in monkey atherosclerosis lesions.?”

T lymphocytes

| T cell content of human carotid plaque.’
| cytotoxic T lymphocyte activity in human blood.?”®

Transcription Factors

Nuclear factor-kB

| expression in human monocytes
| activation in lipopolysaccharide-stimulated human
monocytes.279

PPARa

1 expression in human monocytes

1 production in he6patocytes and human umbilical vein

endothelial cells.?
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One end-result of statin-dependent Rho inhibition is activation of the anti-
inflammatory transcription factor peroxisome proliferator-activated receptors
(PPAR)-a.%°2 The PPARSs are a set of nuclear receptors. PPAR-q, y, and B/3,
have effects on adipocyte differentiation, insulin sensitivity, and fatty acid storage
and oxidation.?®%282 PPAR-y’s primary role is that of regulation of energy and
glucose metabolism.?®®

Nuclear factor-kB is a pro-inflammatory transcription factor responsible for
the production of mediators that induce local and systemic inflammation.”* In the
inactive state, nuclear factor-kB remains in the cytoplasm though association with
the inhibitor of kBs (IkBs). Activation of nuclear factor-kB occurs when IkB
becomes phosphorylated by the inhibitor of IxB kinase (IKK), after which time 1kB
dissociates from nuclear factor-kB. Nuclear factor-kB then enters the nucleus
where it interacts with DNA and acts as a transcription factor. In the nucleous,
nuclear factor-kB becomes de-activated by association with its inhibitor, IkB, at
which time the complex is relocated back out into the nucleoplasm.?®*

The nuclear factor-kB pathway becomes activated though various factors
including reactive oxygen species, viral and bacterial infections, and the
presence of pro-inflammatory cytokines. This is a major pathway for the
production of many inflammatory mediators including, vascular cell adhesion
molecule-1, intercellular adhesion molecule-1, macrophage-chemotactic protein-
1, TNF-q, IL-18, IL-2, IL-6, IL-8, granulocyte-macrophage colony-stimulating
factor, and the MMPs. The nuclear factor-kB pathway also initiates production of
inflammatory enzymes including inducible nitric oxide synthase, cyclooxygenase-
2, and phospholipase-A2, and acute-phase proteins such as angiotensinogen
and serum amyloid A precursor.?®*?® |t is also involved in the production of IFN-
y, which is required for cellular-mediated Ty1 responses.?®

Excessive inflammation in the cardiovascular system is detrimental. The
Cholesterol And Recurrent Events study (CARE) confirmed that vascular risk is
associated with high concentrations of CRP, and that pravastatin lowers
inflammation, and also lowers vascular risk.>* ?®® CRP concentrations are a

strong independent predictor of risk of myocardial infarct and stroke in apparently
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healthy men and women, and the Pravastatin Inflammation/CRP Evaluation trial
(PRINCE) showed that statins reduce CRP in a manner independent of
cholesterol reduction.?®* In monkeys, pravastatin increases plaque stability by
improving endothelial function and by reducing lesional macrophage content,
calcification, and neovascularization.®® In the LIPID study, white blood cell counts
were shown to be predictive of coronary heart disease mortality, and those
patients with highest white blood cell counts responded best to pravastatin.?®° it
had also been shown that pravastatin reduces thrombin formation.?®! These
facts together, have shown how pravastatin reduces cardiovascular risk
independently of cholesterol reduction, via anti-inflammatory mechanisms.
Nervous system activity in the heart is an important component of
cardiovascular disease. However, excessive sympathetic activity is associated
with arrhythmia and sudden cardiac death. In contrast, parasympathetic activity
is protective against arrhythmia. Eight weeks of pravastatin, but not simvastatin
treatment, increases the cardiac response to parasympathetic activity.in patients
at high risk of a cardiovascular event. How pravastatin influences sympathetic
activity is unknown, however, atorvastatin treatment does appear to reduce

sympathetic activity in heart failure patients.?%2

1.4.3.3. Pleiotropic effects of other statins which influence

cardiovascular function or rheumatoid arthritis

Although studies have shown conflicting results for the use of statins in the
treatment of experimehtal arthritis,?* ?** human data is better. In a small study of
8 rheumatoid arthritis patients, simvastatin has been shown to significantly
reduce patient self-assessment of disease activity by 13% (p=0.03).**In a
recent and larger study of 140 patients, atorvastatin reduced disease activity
scores by 0.5 (possible scores range from 0 — 10) over the 6 month study,
whereas placebo patients only had an increase of 0.03 (p=0.004).>°° Importantly,
atorvastatin also significantly reduced several markers of vascular risk including
CRP (p<0.0001), erythrocyte sedimentation rate (p=0.005), and IL-6
(p=0.028).2%
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The use of simvastatin (20 mg daily) for 8 weeks in long-term rheumatoid
arthritis patients improves endothelium-dependent vascular function, and
reduces the concentration of TNF-a (p=0.012) and CRP (p=0.025).%%" Others
have shown that simvastatin improves endothelium-dependent vascular function
resulting in higher flow-mediated vasodilatation compared to placebo (p=0.02).2%®
Stratified by low vs. high CRP, high CRP patients treated with simvastatin show a
significant increase in flow-mediated dilatation (p=0.04). These data suggest that
statin use could reduce cardiovascular risk in rheumatoid arthritis patients.

Snow and Mikuls 2005 suggest that the anti-inflammatory effects of statins
will help reduce excess cardiovascular mortality in rheumatoid arthritis patients.®
Perhaps the depressor effects of statins on the sympathetic nervous system will
also help reduce mortality. Simvastatin normalizes renal sympathetic nerve
outflow in an experimental pacing-induced chronic heart failure in rabbits.?*® This
model of congestive heart failure is associated with an abnormal baroreflex
regulation that is normalized by 66% when treated with simvastatin. The
combination of anti-inflammatory properties that improve vascular function and
anti-sympathetic effects that may help reduce arrhythmia predisposition show
promise for statins in preventing cardiovascular risk in rheumatoid arthritis

patients.

1.4.3.4. Clinical studies on the pleiotropic effects of pravastatin

Due to beneficial effects, the statins as a group are being investigated as
therapeutic agents in a wide variety of diseases. This section will outline some of
the major clinical studies that have investigated the pleiotropic effects of
pravastatin; however, cholesterol reduction-related studies will not be covered.

One of the first studies to test the pleiotropic effects of statins was
conducted in 1994 by Egashira et al. 1994. In this 6 month study, pravastatin was
administered to see if it could improve coronary blood flow and
microcirculation.®® The outcome of the study was that pravastatin increased
myocardial perfusion, but that it was not independent of low-density lipoprotein

levels. Also, the effects were limited to hypercholesterolemic patients, and were
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301 Other studies have shown pleiotropic effects

not observed in control subjects.
that are independent of cholesterol. Table 1-5 briefly describes the outcomes of
studies that have investigated the pleiotropic effects of pravastatin administration

in humans.
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Table 1-5. Studies investigating the pleiotropic (non-cholesterol lowering)

effects of pravastatin in human.

Trial Pleiotropic effect with Outcome
pravastatin administration
Borghi et al. Hypertension Positive; blood pressure lowering
2000%% independent of lipid effect.
CARE®® Inflammation reduction in Positive; inflammation (post-
risk of non-fatal myocardial | myocardial infarct) is associated
infarct or fatal coronary with risk that can be attenuated by
event is associated with pravastatin administration.
reductions in CRP and
serum amyloid A *
Crisby et al. Plaque stabilization; carotid | Positive; reductions in lipids, lipid
2001472 artery plaques oxidation, inflammation, MMP-2,
and cell death. Increases in TIMP-
1 and collagen.
Egashira et Endothelial function Positive; improves myocardial
al. 1994%1 perfusion, but not independent of
low-density lipoprotein.
Horwich et al. | Heart failure Positive; improves survival
2004 independently.
Jialal et al. Inflammation; reduction of Positive; reductions in CRP
20013% CRP independent of low-density

lipoprotein.

Kobashigawa
et al. 1995%%

Cardiac transplantation;
improvement of outcome

Positive; lower rejection rates.
Independence of cholesterol only
suggested, not proven.

Lee et al. Left ventricular mass Positive; reduced left ventricle
2002°% mass independent of lipids.
LIPID*’ Bone fracture * Negative; no changes.
Nishikawa et | Coronary artery disease Positive; treatment developed
al. 2002% coronary collateral circulation.
PREVEND- Urinary albumin excretion Negative; no changes.
730 and glomerular filtration rate
PRINCE®** Inflammation; reduction of | Positive; reductions in CRP
CRP independent of low-density
lipoprotein.
PROSPER®' | Cerebral blood flow or Negative; no changes.
parenchymal volume *
Wolozin et al. | Alzheimer’s disease (cross- | Positive; 60-73% lower
2000°" sectional study) prevalence in people taking
pravastatin or lovastatin.
WOSCOPS®*"? | Diabetes mellitus * Positive; 30% reduction in

probability of diabetes onset.

*secondary analysis of a study having a different primary endpoint.
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Currently there are many on-going clinical trials that are investigating the
pleiotropic effects of pravastatin. According to the United States National
Institutes of Health Clinical Trials database these studies include the: 1)
amelioration of renal and cardiovascular disease in autosomal dominant
polycystic kidney disease; 2) prevention of recurrent stroke; 3) treatment of small
cell lung cancer; 4) treatment of relapsing-remitting multiple sclerosis; and 5)
improvement of residual symptoms and cognitive function in schizophrenia.®'?
Perhaps the nhumber of potential uses for pravastatin is so large due to its
interference in such a critical biochemical pathway. Perhaps there will be more
research into the use of pravastatin as a therapeutic agent in rheumatoid arthritis,
or even as a preventive agent for cardiovascular events associated with

rheumatoid arthritis.

1.5. Rationale for this thesis

o Patients with rheumatoid arthritis have excessive cardiovascular
morbidity and mortality. Cardiovascular treatment in these patients
is obviously intended to reduce risk. However, treatment failure is a
risk due to the presence of inflammation.

e Cardiovascular response to propranolol is diminished in animal
models of rheumatoid arthritis, even in the presence of elevated
plasma concentrations of propranolol. Also, cardiovascular
response to verapamil is reduced in humans with rheumatoid
arthritis, as is propranolol response in other animal models. These
facts may facilitate increases in the morbidity and mortality of
rheumatoid arthritis patients.

¢ Pravastatin has many anti-inflammatory properties. Consequently,

pravastatin may reduce elevated propranolol concentration and
diminished cardiovascular response in the Pre-AA model of

inflammation. The anti-inflammatory effects of pravastatin may

therefore offer therapeutic potential for rheumatoid arthritis patients
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1.6.

1.7.

who have co-morbid cardiovascular disease, and hence minimize

cardiovascular-related morbidity and mortality.

Hypotheses

. In the rat, the Pre-AA, model of inflammation,

a. as defined by 8 days post-complete Freund's adjuvant injection,
causes a Ty1-skewed inflammatory response;

b. increases circulating propranolol concentration;

c. attenuates PR interval prolongation (dromotropic response)

during propranolol administration.

. In Pre-AA rats, the anti-inflammatory effects of pravastatin,

a. normalize circulating markers of inflammation;
b. reduce (normalize) circulating propranolol concentration;

c. restore propranolol response as measured by PR interval.

. From a mechanistic perspective, pravastatin restores propranolol

response in Pre-AA rats by,
a. altering the sympathetic nervous system;
b. influencing matrix metalloproteinase activity;
c. normalizing the B4-adrenergic receptor signaling pathway.

Objectives

. Pharmacodynamics

a. Using PR interval analysis, to assess cardiovascular response
to propranolol in Pre-AA rats.
b. Using PR interval analysis, to determine the effect of pravastatin

on cardiovascular response to propranolol in Pre-AA animals.

B. Pharmacokinetics

a. To determine the effects of Pre-AA on propranolol exposure
after oral dosing.
b. To determine if pravastatin normalizes propranolol

pharmacokinetics in Pre-AA.
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C. Inflammatory profile of Pre-AA and the effects of pravastatin
a. To characterize the inflammatory profile of Pre-AA using: nitric
oxide metabolites, CRP, IFN-y, IL-10, MMP-2, and MMP-9.
b. To determine how pravastatin alters the inflammatory profile of
Pre-AA.
D. pB1-adrenergic receptor signaling changes
a. To characterize alterations in sympathetic signaling that are
associated with Pre-AA and pravastatin administration which
ultimately influence B1-adrenergic receptors. This will be
achieved by assessing norepinephrine concentration and
norepinephri'ne' transporter density.
b. During Pre-AA and pravastatin administration, to assess critical
proteins involved in B1-AR signal transduction, including the B+-
AR, G-protein-coupled receptor kinase-2, and L-type calcium

channels.
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2. Pravastatin Reverses the Down-Regulating Effect of
Inflammation on B-Adrenergic Receptors: A disease-
drug interaction between inflammation, pravastatin,

and propranolol.?

21. Introduction

Inflammatory conditions reduce cardiac response to B-adrenergic
antagonists such as propranolol''* and sotalol'® in rats, and to the calcium
channel antagonist verapamil in humans.* This reduced response can occur
despite the fact that inflammation elevates propranolol and verapamil
concentrations.* "4

Rheumatoid arthritis is associated with excessive cardiovascular morbidity
and mortality, and is accompanied by elevated markers of inflammation. Statins
have anti-inflammatory properties and reduce cardiovascular-related death.*®

Pre-AA is a rat model of rheumatoid arthritis that is produced by injection
of complete Freund’s adjuvant which results in elevation of pro-inflammatory

mediators but is not associated with pain and discomfort.”

2.2, Hypotheses
A. Pre-AA

a. Pre-AA causes a Ty1-skewed inflammatory response.

b. Inflammation associated with Pre-AA significantly increases
circulating propranolol concentration.

c. Propranolol response in Pre-AA attenuates PR interval
(dromotropic response).

A A version of this chapter has been published. Clements JD, Jamali F. Vascular

Pharmacology 2007;46:52-59.
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B. Pravastatin ‘
The anti-inflammatory effects of pravastatin, in Pre-AA animals:
a. normalizes circulating markers of inflammation.
b. reduces (normalize) circulating propranolol concentration.

c. restores propranolol response as measured by PR interval.

2.3. Objectives

A. Pharmacodynamics

a. To assess cardiovascular response to propranolol in Pre-AA
rats using PR interval analysis.

b. To determine the effect of pravastatin on cardiovascular
response to propranolol in Pre-AA rats using PR interval
analysis.

B. Pharmacokinetics

a. To determine if Pre-AA causes changes in propranolol exposure
after oral dosing.

b. To determine if pravastatin normalizes propranolol
pharmacokinetics in Pre-AA.

C. Inflammatory profile of Pre-AA and the effects of pravastatin

a. To characterize the inflammatory profile of Pre-AA by assessing
the concentration of nitric oxide, CRP, IFN-y, and IL-10.

b. To determine how pravastatin alters the inflammatory profile of
Pre-AA.

24. Methods

2.4.1. Materials

Racemic propranolol HCL, Aspergillus nitrate reductase (10 U ml-1),
HEPES, flavin adenine dinucleotide, nicotinamide adenine dinucleotide
phosphate, lactate dehydrogenase (1500 U ml-1), pyruvic acid,
naphthyleneethylenediamine dihydrochloride, sulfanilamide, sodium nitrite, and

sodium nitrate were purchased from Sigma Chemical Co. (St. Louis, MO).
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Phosphoric acid and sodium hydroxide were purchased from BDH Chemicals
(Toronto, Canada). Killed, desiccated Mycobacterium butyricum was purchased
from Difco Laboratories (Detroit, Ml). Pravastatin sodium tablets were acquired
from Apotex (Toronto, Canada). High-performance liquid chromatography
(HPLC) grade hexane, chloroform and methanol were purchased from Caledon
Laboratories (Georgetown, Canada). Rat IFN-y and IL-10 ELISA kits were
purchased from R&D Systems Inc. (Minneapolis, MN). Rat CRP ELISA kit was
purchased from Helica Biosystems Inc. (Fullerton, CA). Teflon-coated wire used
for the electrocardiograph electrodes was purchased from Biomed Wire
(Chatsworth, CA). Jugular vein catheters were constructed from PE-50
polyethylene purchased from Clay Adams (Parsippany, NY) and silastic tubing
purchased from Dow Corning Corporation (Midland, MI). The MPS Micropartition
Device used in the protein binding experiment was purchased from Millipore
(Billerica, MA).

2.42. Animals

The study was approved by the Health Sciences Animal Policy and
Welfare Committee of the University of Alberta. Adult male Sprague-Dawley rats
were used in pharmacodynamics (245122 g, n=14-16/group) and
pharmacokinetics (280 + 30 g, n=5-9/group) experiments. The animals were
housed in a 12 h light/dark cycle and always had free access to water, though
food was withheld for 12 hours before propranolol dosing and 3 hours afterwards.
A halothane/O; mixture was used to achieve deep anesthesia before any

invasive procedures.

2.4.3. Pre-AA

To induce Pre-AA, 38 mg/kg of triturated desiccated Mycobacierium
butyricum (squalene suspension, 50 mg/ml) was injected into the base of the tail
under anesthesia; placebo consisted of 0.9% normal saline. The experiment was
conducted over 8 days post adjuvant injection and before the emergence of

physical signs of adjuvant arthritis such as swollen paws and inflamed joints.
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244, Propranolol Pharmacodynamics

Rats were randomly allocated into four groups: Healthy/Placebo (n=14),
Healthy/statin (n=16), Arthritis/Placebo (n=15), and Arthritis/statin (n=16). The
rats were anesthetized and Teflon-coated electrocardiograph electrodes were
implanted subcutaneously into the left and right axial regions. On the next day
(corresponding to Day 0) the baseline (pre-propranolol) PR and RR interval was
recorded using Acknowledge 3.01 data acquisition system (BIOPAC Systems
Inc. Santa Barbara, CA). Subsequently, oral racemic propranolol 25 mg/kg (in
1% methylcellulose/water) was administered by oral gavage and PR and RR
intervals recorded at 20, 40, 60, 80, 100, 140, 180, and 240 min.
Electrocardiogram response, based on 6 consecutive cycles, to propranolo! was
recorded on Day 0, and then on Day 4 and 8 days post adjuvant injection. To test
the effect of pravastatin on propranolol potency to prolong PR interval, the
Healthy/Pravastatin and Pre-AA/Pravastatin group animals received twice-daily 6
mg/kg oral pravastatin from Day 4 to Day 8 and the Healthy/Placebo and Pre-
AA/Placebo group received placebo (vehicle) from Day 4 to Day 8. After
electrocardiographic recordings on Days 4 and 8, rats were anesthetized and
approximately 0.3 ml blood was collected from the tail vein for inflammation
marker measurement. On Day 4, only plasma nitrite concentrations were
measured. On Day 8 plasma nitrite, serum CRP, IFN-y and IL10 were measured
were measured 7 hours after the last dose of pravastatin. Samples were stored
at -80° until analyzed.

Measurement of PR and RR-intervals was performed under blinded
conditions so that the investigator was unaware of the identity of the data set.
From the start of the P-wave to the beginning of QRS complex was considered
as the PR interval. At each recording time, six consecutive heart beats were
collected and entered into statistical assessment. RR was a full cycle. Percent
changes from baseline effect were calculated and plotted vs. time. The area
under the % change-time (AUEC, %.min) was calculated using the trapezoidal

rule. Percent maximum effect was the highest observed value.
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Preliminary experiments related to choosing propranolol as a PR interval

probe are described in Chapter 5 (Appendix of miscellaneous experiments).

2.4.5. Propranolol Pharmacokinetics

Rats were randomly allocated into four groups: Healthy/Placebo (n=5),
Healthy/Pravastatin (n=5), Arthritis/Placebo (n=9), and Arthritis/Pravastatin (n=9).
As described under “Propranolol Pharmacodynamics”, rats received
Mycobacterium butyricum or placebo on Day 0. During the Day 4 to Day 8
period, they received twice-daily 6 mg/kg oral pravastatin or placebo. On Day 7,
they were anesthetized and fitted right side with a jugular vein polyethylene
catheter tipped with silastic tubing that was externalized dorsally in the
interscapular region. On Day 8 the rats received 25 mg/kg of oral racemic
propranolol after a 12 h fasting. Serial blood samples (300 ul) were collected at 0,
30, 60, 120, 180, and 240 min post propranolol dosing. Catheters were flushed
with 10 IU/ml heparinized saline after sampling. The plasma was separated by
centrifugation then stored at -80° until they were analyzed for propranolol.
Plasma propranolol enantiomer concentrations were plotted vs. time and the
area under plasma concentration-time curve (AUC) was measured using the

trapezoidal rule. No other pharmacokinetic parameter was measured.

2.4.6. Propranolol Protein Binding

The extent of propranolol protein binding for the Arthritis/Placebo and
Arthritis/Statin animals was determined using a commercially available
micropartition device. For each of the two Pre-AA groups, 9 plasma samples
were divided in 3 groups each containing 3 samples. To assess R- and S-
propranolol unbound fraction we added to a separate group of samples, racemic
propranolol to achieve 700 and 7000 ng/ml of S and R enantiomers, respectively.
Spiked plasma was incubated at 37° for 1 h, transferred into the micropartition
device, and centrifuged at 900 g at 24° for 1 h. To account for non-specific
binding, pre-filtered plasma was spiked with propranolol then was subjected to
the same conditions as the pooled plasma. The filtrate was then assayed for

propranolol using HPLC.
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24.7. Propranolol HPLC Assay

A previously published stereospecific assay was used to assess rat
plasma propranolol enantiomer concentrations."’® To 100 pl of plasma, 25 pl of
internal standard (bupranolo!, 10 pg/ml in distilled H,O) and 250 pl of 0.2 M
NaOH were added. The mixture was vortexed for 30 seconds using 6 ml of
diethyl ether. Test tubes were dipped into acetone in dry ice and the organic
layer was poured into clean test tubes. The organic layer was evaporated to
dryness using a Savant Speed Vac concentrator-evaporator (Emerston
Instruments, Scarborough, Canada). The residue was derivatized with 185 pl of
0.02% (S)-(+)-1-(1-Naphthyl)-ethyl isocyanate (Sigma-Aldrich, USA) in 50:50
hexane: chloroform followed by vortex-mixing for 60 seconds. The
diastereomeric samples were separated using HPLC. The mobile phase, hexane:
chloroform: methanol 75:25:0.45, was pumped at 2 ml/min through a 25 cm X 4.6
mm stainless steel Partisil 5 (Phenomenex) silica column. The HPLC system
consisted of Waters 501 pump (Millipore-Waters, Mississauga, Canada), a
Shimadzu SIL 9A auto injector (Shimadzu, Japan), and a Shimadzu CR601
Chromatopac integrator (Shimadzu, Japan). The detector was a Waters 474
scanning fluorescence detector (Millipore-Waters, Mississauga, Canada) and
was set at 280 nm for excitation and 340 nm for emission. Calibration curves
were linear for the propranolol enantiomers over the 12.5 — 5000 ng/ml range
(r*>0.99). The minimum quantifiable concentration was set at 12.5 ng/ml
(CV<20%).

2.4.8. Assay of Inflammation Biomarkers

The biomarkers were assayed in the serum or plasma harvested from
blood samples collected via the tail vein.

For IFN-y (n=14-16) an enzyme-linked immunosorbent assay was used.
50 pl of serum was transferred to an anti-rat-IFN-y coated 96 well plate, followed
by 2 hours incubation and 5 washings with the kit's wash buffer. Horseradish
peroxidase-conjugated anti-rat-IFN-y was added to the wells followed by 2 hours

incubation then 5 washings. Substrate solution containing stabilized hydrogen
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peroxide and stabilized chromogen (tetramethylbenzidine) was added to each
well, followed by 30 min incubation at room temperature. The reaction was
stopped with diluted HCI then read at 450 nm with a 543 nm correction. The
standard curve was linear over the range of 31.2 to 2000 pg/ml (r*=0.997) and
the lower detectable limit was set at 10 pg/ml, while the lower limit of
quantification was 31.2 pg/ml.

IL-10 (n=14-16) was also assayed using an enzyme-linked
immunosorbent assay. 50 yl of serum was transferred to an anti-rat-IL-10 coated
96 well plate, followed by 2 hours incubation and 5 washings. Horseradish
peroxidase-conjugated anti-rat-IL-10 was then added to the wells followed by 2
hours incubation then 5 washirigs. Substrate solution containing stabilized
hydrogen peroxide and stabilized chromogen (tetramethylbenzidine) was added
to each well, followed by a 30 min incubation period at room temperature. The
reaction was stopped with diluted HCI then read at 450 nm with a 543 nm
correction. The standard curve was linear over the range of 31.2 to 2000 pg/mi
(r*=0.988) and the lower detectable limit was 10 pg/ml.

As a marker of plasma nitric oxide (n=14-16) we assessed the
concentration of its stable breakdown products, nitrite (NO>") and nitrate (NO3’)
using a previously described Griess reaction.®'* Collectively, nitric oxide, NO3’,
and NOj are referred to as NOx'. First, 10 pl Aspergillus nitrate reductase (10
U/ml) was added to 100 pl of plasma, and incubated for 30 min at 37°C in the
presence of 25 yl of 1 M HEPES buffer (pH 7.4), 25 pl of 0.1 mM FAD, 50 pl of
1mM NADPH. Then '5 yl of 1500 U/ml lactate dehydrogenase and 50 pl of 100nM
pyruvic acid was added and incubated for an additional 10 min at 37°C. Total
nitrite concentration was quantified by adding 1 ml of Griess reagent and
incubating for 10 min at room temperature for 10 min before an absorbance scan
at 543 nm. Calibration curves were used for both nitrite and nitrate, confirming a
nitrate reductase efficiency of >99%. The standard curve was linear over the
range of 12.5 to 200 uM (r2>0.99), and the lower limit of quantification was 12.5
UM (CV<15%).
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CRP (n=4-6) was assayed using an enzyme-linked immunosorbent assay.
100 pl of a 1:10,000 dilution of serum samples was added to an anti-rat-CRP
coated 96 well plate, followed by 30 min incubation at room temperature then 5
washings. Horseradish peroxidase-conjugated anti-rat-CRP was added to the
- wells followed by 30 min incubation and 5 washings. Substrate solution
containing urea peroxide and chromogen (tetramethylbenzidine) was added to
each well, followed by 8 min incubation. The reaction was stopped with diluted
phosphoric acid then read at 450 nm. The standard curve was linear over the
range of 17.5 to 133 pg/ml (r*=0.988), and the lower detectable limit of the assay
was 2.5 pg/ml.

2.4.9. Data Analysis and Statistical Assessment

Pharmacodynamic responses were tested for statistical differences using
Statistical Analysis Systems (SAS) software version 8.2 (SAS Institute, USA).
The MIXED procedure repeated-measures ANOVA with sub-sampling and a
Tukey’s adjustment for multiple comparisons was performed to test the
significance of the differences in PR interval throughout the 0-240 min
experiment time. Significant differences amongst the main treatment effects were
reported. Data are presented as both the percent change from baseline for
individual mean observations as well as the mean AUEC values.
Pharmacokinetic data was evaluated for homogeneity of variances using an F-
test then compared using a two-tailed T-Test. Differences in maximum effect, IL-
10, NOx', and CRP data were all tested for significance using the general linear
model (GLM) procedure with a Tukey’s adjustment for multiple comparisons.
Since there was a preponderance of data falling below the minimum quantifiable
limit in the IFN-y data, and no rats in either of the healthy groups demonstrated
quantifiable IFN-y, a categorical data modeling (CATMOD) procedure was used
to test for a significant difference between the two Pre-AA groups. Data is
presented as the mean+SEM, and p-values less than 0.05 were considered

significant for all statistical tests.
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2.5. Results

2.51. Development of Pre-AA

By Day 4, adjuvant significantly elevated plasma nitrite concentrations,
which was the only inflammatory mediator assessed on this day (Arthritis
110.54£13 vs. Healthy 49.5+4 yM, p=0.001). On Day 8, in addition to the elevated
nitrite, IFN-y concentration was significantly greater in the Pre-AA and compared
to the Healthy groups (Figure 2-1). Indeed, IFN-y concentrations were below the
assay's quantifiable limit for all Healthy rats. There were no significant differences
in serum concentrations of IL-10 and CRP between any groups (Figure 2-1). As
expected, no physical AA symptoms, such as paw swelling, were apparent
during the study days.

Pravastatin treatment significantly lowered the elevated concentration of
IFN-y (Figure 2-1A) but had no significant effect on other mediator concentrations
(Figure 2-1). In the healthy rats, pravastatin did not alter any pro-inflammatory

mediator concentrations (Figure 2-1).
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Figure 2-1. The effect of
inflammation on inflammatory
mediators in the presence and
absence of 4 days of pravastatin
treatment. The data represent
observations 8 days after injection of
the adjuvant. Error bars represent
standard error of the mean. Keys:
IFN-y, IFN-y; IL-10, IL-10; CRP,
CRP. Healthy groups had no IFN-y
above the quantifiable limit. Same
character (a, b) indicates the same
statistical grouping. (Fig. 2a—c
n=14-16, and Fig. 2d n=4-6).



2.5.2. Propranolol Pharmacodynamics and Pharmacokinetics

Propranolol administration on Days 0 and 4 resulted in a significant PR
interval prolongation at all measured time points (p<0.01). There were no
significant differences in any of the parameters amongst any of the groups on
either Day 0 or 4. The mean AUEC (%.min) ranged from 7561+262 to 1410+£160
for Day 0 and from 742+239 to 1380+280 for Day 4 amongst the four groups.

On Day 8 (Figure 2-2), we showed that healthy groups experienced a
significant prolongation of PR interval, whereas inflammation resulted in a
significantly reduced propranolol response as compared with the healthy
condition. Pravastatin administration restored the reduced propranolol response.
In fact, a comparison of Day 8 PR interval recordings with their matching Day 0
values revealed that only the Arthritis/Placebo group demonstrated diminished
response to propranolol (p=0.001) (Figure 2-3).

As expected,"™ inflammation dramatically increased both propranolol
enantiomer plasma concentrations (Figure 2-4, Table 2-1). The AUC was greater
by 7-15 fold for both enantiomers in the Arthritis groups as compared to their
corresponding Healthy groups (Table 2-1).

On Day 8, after four days of treatment with pravastatin, both healthy and
inflamed rats demonstrated an increase in propranolol response (Figure 2-2 and
Figure 2-3). The maximum propranolol effect, which occurred at 88+62 -125+67
minutes post-dose in all groups, was 7.7+4.8 % in Healthy/Placebo; 6.0+4.5 % in
Arthritis/Placebo; 12.8.J_r8.1 % in Healthy/Statin, and 12.8+7.9 % in Arthritis/Statin.
Here, pravastatin administration to either healthy or inflamed animals resulted in
a significantly higher maximum PR interval than the Arthritis/Placebo group
(p=0.030, and p=0.031 respectively).

RR interval (heart rate) was prolonged by propranolol by 3 to 15% in all
groups and as expected '™, and there were no significant differences between

groups. Pravastatin also did not influence propranolol effect on RR.
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Pravastatin treatment did not influence propranolol pharmacokinetics in
healthy animals. Neither did it normalize the observed reduced clearance
secondary to inflammation (Figure 2-4, Table 2-1). In addition, pravastatin did
not significantly influence the unbound fraction of propranolol in inflamed rats’
plasma (Table 2-1), and therefore differences in free fraction can not explain the

differences in propranolol response.
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Figure 2-2. Percent change from baseline in PR prolongation following
the administration of propranolol to healthy and inflamed (Arthritis) rats in the
presence and absence of 4 days of treatment with pravastatin. The data
represent observations 8 days after injection of the adjuvant. Same character (a,

b, c¢) indicates the same statistical grouping. (n = 14-16/group).
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Figure 2-3. The area under the effect curve (% prolongation of PR interval
from baseline) following administration of propranolol. Open bars — Day 0
baseline response, before the induction of inflammation or the administration of
pravastatin. Solid bars — Day 8 response in healthy or inflamed rats, with or
without 4 days of pravastatin treatment. Compared to their own Day 0O baseline
values, only the Arthritis/Placebo group showed reduced propranolol response
(p<0.001), whereas the Arthritis/Pravastatin group showed a non-significant trend
for increased propranolol response (p=0.051). Comparison of Day 8 data showed
that the Arthritis/Placebo group had the lowest response.

*Significantly different from Day 0. (n = 14-16/group).
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Figure 2-4. Plasma concentration-time course of S- and R-propranolol

following administration of racemic propranolol to healthy (n=5/group) and
inflamed (Arthritis, n=9/group) rats in the presence and absence of 4 days of

pravastatin treatment (8 days after injection of the adjuvant to the inflamed

groups).
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Table 2-1. Pharmacokinetic indices (meantSEM) of S- and R-propranolol
following oral administration of 25 mg/kg of racemic propranolol to healthy
(n=5/group) and inflamed (Arthritis, n=9/group) rats in the presence and absence
of 4 days of pravastatin (Statin) treatment (8 days after injection of the adjuvant

to the inflamed groups).

Placebo Statin
R S R S
AUCq.4n ‘
Healthy: ) 19+ 13 3.0x4 31+12 533
(ug.min/ml)
. AUCo.4n . . . .
Arthritis: ) 310 + 182 28+ 19 396 + 245 38 + 27
(ng.min/mi)
% Unbound" 22+3 2+ 1 15+ 8 242

"Significantly different from corresponding Healthy groups.

TFraction unbound was measured for the arthritis group only.
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2.6. Discussion

The present data suggest, for the first time, that the diminishing effect of
inflammation on 3-adrenergic response appears to be reversed by pravastatin.
We have confirmed the observations of Guirguis and Jamali (2003), showing that
inflammation significantly increases plasma propranolol concentration (Figure
2-4, Table 2-1), yet a significantly reduces propranolol response (Figure 2-2,
Figure 2-3). Importantly, we have shown that pravastatin significantly increases
the potency of propranolol to prolong PR interval, a measure of B-adrenergic
antagonism. The mechanism of interaction between propranolol and -pravastatin,
which is observed in both healthy and inflamed rats, appears to be at the
pharmacodynamic level since pravastatin did not influence the pharmacokinetics
of propranolol. Neither did the extent of propranolol binding to plasma proteins

change.

2.6.1. Involvement of inflammation in cardiovascular disease
Inflammation is an integral part of cardiovascular diseases.*® *"® In
addition, rheumatoid arthritis and cardiovascular disease patients have
overlapping inflammatory mediators profiles.®’ This may, at least in part, explain
why rheumatoid arthritis patients have higher cardiovascular mortality than does
the general population.®® Literature supports a Ti1 (pro-inflammatory) to T2
(anti-inflammatory) ratio imbalance in both cardiovascular diseases and

21.31% and thus the two diseases are similar mechanistically. It

rheumatoid arthritis,
is likely, therefore, of therapeutic significance that some cardiovascular drugs

demonstrate diminished potency in inflammatory conditions.*!

2.6.2. Effects of statins on inflammatory status and drug

response

The observed effect of the hydroxymethylglutaryl-CoA reductase inhibitor
on the B-adrenergic receptor response may be associated with alteration of Ty1

and/or Th2 activities. Indeed, statin administration has been shown to both
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reduce pro-inflammatory [FN-y“*" and elevate anti-inflammatory IL-1
the present study pravastatin administration was, indeed, associated with a
Io'wering of already elevated serum concentration of IFN-y in inflamed rats
(Figure 2-1). This may suggest an association between the cytokine and the -
adrenergic receptor responsiveness. However, the increased [3-adrenergic
receptor responsiveness was also noticed in the healthy rats (Figure 2-3). These
rats, however, demonstrated serum IFN-y concentrations that were so low that
the concentration could not be measured using the available assay (Figure 2-1).
In addition, pravastatin treatment increased the response to propranolol in
inflamed rats (Arthritis/Pravastatin vs. Healthy/ Placebo groups, Figure 2-3). This
occurred despite the observed and still significantly greater IFN-y concentration
in the former inflamed group as compared to the healthy groups (Figure 2-1).
These observations render the possible association between serum IFN-y
concentrations and B-adrenergic receptor more complex, if not questionable or
incidental.

Neither inflammation nor statin treatment significantly influenced serum
concentrations of the anti-inflammatory cytokine, IL-10 (Figure 2-1). This may be
attributed to the observed great inter-animal variations (Figure 2-1) and/or the
nature of the animal model used and the short duration of pravastatin treatment
relative to the 5-13 days reported in other experiments.?'"-3%®

In our study we chose to measure IFN-y concentration as a marker of Ty1
cell activity because it is a hallmark Ty1 cytokine and it counters the effect and
development of Ti2 cells.” **° We measured IL-10 as a marker of T2 cell
activity because of its strong ability to suppress Tw1 cells'” and because its
concentration is up-regulated by statins.?'” Additionally, IFN-y is elevated in
rheumatoid arthritis patients whereas there is a relative deficit of 1L-10.%" %" Pre-
AA resulted in significant elevations of IFN-y; however, IL-10 was not influenced
by adjuvant injection. We also determined NOx and CRP concentrations as two
commonly used measures of inflammation, which are both elevated in
rheumatoid arthritis.* **? Pre-AA resulted in significant elevations in plasma NOx
but did not influence serum CRP. Healthy rat plasma differs from human in CRP
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concentration and function. Rat plasma contains substantially greater
concentrations of CRP’® 3% (approximately 400 ug/mL) as compared with

humans®**

(approximately 1.5 uyg/mL), indicating that a rise in CRP may not be
as detrimental to the rat as has been suggested for humans. CRP is thought
cause damage in human myocardial tissue via the activation of complement,**
the innate part of the immune system that helps clean up pathogens or
necrotic/apoptotic cells.**® CRP does not, after all, activate complement in the
rat, whereas in human it does.>?®

Pravastatin may reverse the down-regulating effect of inflammation on
propranolol response through several mechanisms. They include, for example,
the reversal of the following observations: (1) reduced drug-receptor binding that
has been observed in both adjuvant arthritis and IFN-induced acute

inflammation, %’

(2) diminished receptor density that has been observed in
adjuvant arthritis, though not in IFN-induced acute inflammation'’® *#' (3) altered
second messenger systems,® (4) a reduced B-AR responsiveness occurring

independent of cAMP-related mechanisms,**®

(5) reduced receptor sensitivity
secondary to stimulation of B1-AR by norepinephrine,'®® where statins appear to
normalize sympathetic outflow.?® It is unlikely, in this study, that the effect of
pravastatin on propranolol response is related to lipid levels since a similar dose
of pravastatin for 4 weeks has been shown to have no effects on cholesterol

levels in normolipidemic rats.3?°

2.6.3. Effects of inflammation and pravastatin administration on

propranolol pharmacokinetics

Elevated propranolol concentrations in the inflamed rat (Figure 2-4) have
been attributed to decreased hepatic clearance and/or increased concentration of
the acute phase protein a-1-acid glycoprotein, hence, increased extent of drug-
protein binding."® "2 33° prayastatin did not influence the elevated S- or R-
propranolol concentrations observed in inflamed rats. Nor did it alter the protein
unbound fraction of the drug (Table 2-1). Our expectations included at least a

trend toward normalization of propranolol clearance in response to the statin
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%1 and nitric oxide,”®

therapy. Elevated pro-inflammatory mediators such as IFN-y
332 which are associated with reduced intrinsic clearance of the cytochrome P-
450 enzyme system, were expected to be reduced by pravastatin.?®”- 3% The
observed elevated concentrations of IFN-y, but not NOx', were reduced in
inflamed rats that were treated with pravastatin. This may suggest that our
duration of statin therapy has not been sufficiently long, and/or the pro-
inflammatory mediator(s) responsible for diminished clearance of propranolol has
not been affected by pravastatin.

In addition, the response to propranolol in healthy rats has been observed
to weaken after surgical intervention. It was thought that a reduced availability of
the protein-unbound drug concentration secondary to increased concentration of
the acute phase protein, a-1-acid glycoprotein would reduce response. '’
However, our data show that protein binding was not a determinant of

propranolol response, whereas inflammatory status may be partly a determinant.

2.7. Conclusions

Inflammation has been recognized as a risk factor in cardiovascular
diseases such as myocardial infarction.*** In addition, inflammation appears to
down-regulate some cardiovascular receptors.* It is plausible that drug non-
responsiveness to certain cardiovascular drugs may contribute to the morbidity
and mortality of patients afflicted with inflammatory diseases. The cholesterol-
independent effects of statins may arise from the anti-inflammatory properties of
these drugs.5° Nevertheless, according to the data generated from the animal
model used in this study, pravastatin appears to reverse the down-regulatory
effect of inflammation on p-adrenergic receptors. This is important since, once
confirmed in humans, the observation is likely to have important therapeutic
consequences for inflammatory conditions that contribute to drug non-
responsiveness.
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3. Adjuvant Arthritis-Associated Inflammation Down-
Regulates Norepinephrine Transporter and 31-

Adrenergic Receptors in Rat Heart

3.1. Introduction

Inflammatory mediators affect the density and/or function of L-type
calcium channels, B1-ARs, or potassium channels.* 8 "% 124 However, there is
not a strong correlation between 31-ARs phérmacodynamic response and
inflammatory mediator concentration in Pre-AA. Additionally, pravastatin
normalizes the response to propranolol in Pre-AA, despite the concentration of
IFN-y is higher in inflamed rats than in non-inflamed rats. ldentifying markers of
inflammation, such as the MMPs, that strongly predict drug response and drug
concentrations would be clinically beneficial. Characterizing cardiac sympathetic
nervous activity in Pre-AA rats would also be of benefit, since excessive
sympathetic activity in the heart is a component of rheumatoid arthritis, possibly

contributing to excessive cardiovascular mortality.*® 7

3.2. Hypotheses

A. Excessive sympathetic activity in Pre-AA rats, as measured by altered
norepinephrine concentration and norepinephrine transporter density,
contributes to diminished PR interval response.

B. Matrix metalloproteinase activity in the heart is highly correlated with
both inflammatory mediators and reduced PR interval response to
propranolol, and pravastatin has a normalizing effect.

C. Alterations of 34-AR signaling in Pre-AA rats are normalized by

pravastatin administration.

3.3. Objectives

A. Inflammatory profile of Pre-AA rats and the effects of pravastatin
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a. To characterize MMP-2 and MMP-9 activity in the Pre-AA
animal model.

b. To determine how pravastatin alters MMP-2 and MMP-9 activity
in the Pre-AA animal model.

B. B¢-adrenergic receptor signaling changes

a. To characterize cardiac norepinephrine concentration and
norepinephrine transporter density.

b. To assess critical proteins involved in B1-AR signal transduction
in Pre-AA inflammation in rats following pravastatin
administration. These proteins include B1fAR, G-protein-coupled

receptor kinase-2, and the L-type calcium channel.

3.4. Methods

3.4.1. Animals

This study was approved by the Health Sciences Animal Policy and
Welfare Committee of the University of Alberta. The animals were housed in a 12
h light/dark cycle and always had free access to water. The animal tissues used
in this study originated from rats of the pharmacodynamic section of the study
published by Clements and Jamali, 2007.%? These animals, before having any
invasive procedures, were deeply anesthetized using a mixture of halothane and

oxygen.

3.4.2. Materials

Protease inhibitor cocktail for mammalian tissues (#P 8340) was obtained
from Sigma-Aldrich (St. Louis, MO). Tris (0.025M)/glycine (0.192 M) buffer, and
Tris (0.025 M)/glycine (0.192 M)/SDS (0.1%) buffer were purchased from ICN
Biomedicals (Aurora, Ohio). Immun-Star HRP Chemiluminescent Kit, Precision
Plus Protein Standards Dual Color, Bio-Rad D¢ Protein Assay Sodium, dodecyl
sulfate, TEMED, 10% Tween 20, and 40% acrylamide/Bis 29:1 solution were
purchased from Bio-Rad (Hercules, CA). Pravastatin sodium was acquired from
Apotex (Toronto, Canada). Labor LDN Noradrenaline Research EIA (enzyme
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immunoassay) kit was obtained from Rocky Mountain Diagnostics (Colorado
Springs, CO, USA). Heat-killed desiccated Mycobacterium butyricum was

purchased from Difco Laboratories (Detroit, MI).

3.4.3.  Antibodies
Rabbit monoclonal (Y137) to BARK1 (GRK-2) (#ab32558) and mouse

monoclonal to beta actin-loading control (#ab8226) was purchased from Abcam
Incorporated (Cambridge, MA). Rabbit anti-norepinephrine transporter (1.D.
norepinephrine transporter-101AP) was purchased from FabGennix Inc.
International (Frisco, Texas). Rabbit polyclonal to B1-AR (#PA1-049) was
purchased from Affinity BioReagents (Golden, CO) Rabbit anti-L-type calcium
channel (asc subunit) (#C 1603) was purchased from Sigma. Immun-Star goat
anti-mouse (GAM)-HRP conjugate and Immun-Star goat anti-rabbit (GAR)-HRP

conjugate was purchased from Bio-Rad (Hercules, CA).

3.44. Study Design

We recovered plasma and heart samples from an experiment in rats that
investigated the effects of Pre-AA-associated inflammation and pravastatin
administration on propranolol pharmacodynamics, propranolol pharmacokinetics,
and on serum or plasma concentrations of NOx_, CRP, IFN-y, and IL-10.%2 The
current study attempts to show that propranolol pharmacodynamic response, in
inflamed animals, is decreased despite the fact that propranolol concentrations
are elevated as a result of slower clearance. The study also attempts to
determine, by studying molecular mechanisms, how pravastatin administration
was able to restore propranolol response. For a detailed description of the study
design of Clements and Jamali 2007%? or to Chapter 2 of this thesis.

Briefly, adult male Sprague-Dawiley rats were divided into 4 groups
including Healthy/Placebo, Healthy/Pravastatin, Arthritis/Placebo, and
Arthritis/Statin. Inflammation was induced by injection of placebo (normal saline)
or Mycobacterium butyricum in squalene into the base of the tail. On Days 4-8,

animals received either oral pravastatin 6 mg/kg twice daily or placebo (vehicle).
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The current study uses the hearts and plasma of these rats, which have been
stored at -70°C.

There were 63 heart and plasma samples stored from the previous study.
For this study we analyzed 48 (n=12) and 24 (n=5-6) randomly selected hearts
for MMP-9 and MMP-2 gelatin zymography, respectively, 32 (n=8) randomly
selected hearts for western blot analysis, and 30 (n=7-8/group) randomly

selected hearts and plasma samples for norepinephrine analysis.

3.4.5. Western Blot

Western blot analysis was use to determine the density of norepinephrine
transporter, $1-AR, GRK-2, and the a4 subunit of the L-type calcium channel
(Cay1.2) (detecting both high and low molecular weight Ca,1.2). Although there
are 10 L-type calcium channel-a; subunits, only Ca,1.2 is found in high levels in
the heart.® B-actin was used as a loading control for all but the Ca,1.2. Instead,
for Cay1.2, a non-specific binding band was used to assure equal loading. Whole
heart was triturated under liquid nitrogen. Approximately 75 mg of ground heart
was diluted 1 in 5 with homogenizing buffer (Tris Buffer pH 7.4, 0.05 M, 2%
protease cocktail inhibitor), followed by 1 min of trituration on ice. After
centrifugation for 1 min, the supernatant was kept and assessed for protein
concentration using the Lowry method. Heart protein samples (45 pg for GRK-2,
and 60 pug for norepinephrine transporter, B1-AR, and Cay1.2) were prepared with
Lane Marker Reducing Sample Buffer®, followed by submersion of the sample
container in boiling water (10 sec for Cay1.2, 4 min for GRK-2, and 1 min for
norepinephrine transporter, and the p1-AR). Proteins were separated using SDS-
polyacrylamide electrophoresis (constant voltage). A 7.5% SDS-polyacrylamide
gel was used to separate norepinephrine transporter, $1-AR, and GRK-2,

whereas a 6.5% gel was used to separate Ca,1.2. Wet-transfer blotting was
performed using a nitrocellulose membrane (0.45 pm, Trans-Blot Transfer
Medium). Non-specific antibody binding was minimized by blocking for 2 hours at
room temperature or overnight at 4°C in blocking solution (5% skim milk/ 2%

bovine serum albumin/ 0.05% Tween in 25 mM tris-buffered saline, pH 7.4). The
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nitrocellulose membranes were then incubated with primary antibody diluted in
0.05% Tween in 25 mM tris-buffered saline, pH 7.4 at the following
concentrations; norepinephrine transporter 1:750, 1-AR 1:1000, GRK-2 1:720,
and Ca,1.2 1:720. Horseradish peroxidase-conjugated secondary antibodies
(goat anti-rat or goat anti-mouse), were diluted 1:15000 in blocking solution then
incubated at room temperature for 1 hour. Secondary antibodies were visualized
using a chemiluminescense kit (Immun-Star HRP Chemiluminescent Kit) and the
image was captured using Kodak BioMax Light Film. Bands were assessed by
densitometry using Image J software (U. S. National Institutes of Health,
Bethesda, Maryland, USA). The ratio of the density of the band of interest to

loading control (B-actin) accounted for variations in sample loading.

3.4.6. MMP Gelatin Zymography

MMP gelatinase activity was assessed using a previously described
zymography method.**® Briefly, triturated heart tissue was homogenized in a 5
times dilution of homogenizing buffer (50 mM Tris-HCI (pH 7.4) containing 3.1
mmol/L sucrose, 1 mM dithiothreitol, 10 pg/mL leupeptin, 10 pg/mL soybean
trypsin inhibitor, 2 pg/mL aprotinin, and 0.1% Triton X-100), followed by
centrifugation and collection of supernatant. The supernatant was then assessed
for protein concentration using the Bio-Rad protein assay. 30 pg of protein for the
MMP-2 assay, or 20 pg of protein for the MMP-9 assay, was loaded onto a 7.5%
polyacrylamide gel that was copolymerized with 2 mg/ml of gelatin. After
electrophoresis, the gels were rinsed in 2.5% Triton X-100 for 20 minutes three
times, then two more times briefly in incubation buffer consisting of 50 mM Tris-
HCI, 5 mM CaCL,, 150 mM NacCl and 0.05% NaNs. Gels were then incubated at
37 °C for 48 hours (MMP-2) or 72 hours (MMP-9) in incubating buffer. After the
incubation period, the gels were stained for 4 hours in 2% Coomassie Brilliant
blue, 25% methanol, and 10% acetic acid. The gels were then de-stained for 1
hour with 2% methanol/ 4% acetic acid. The gel zymograms were scanned using
Sigmagel software, and MMP activities were expressed in arbitrary units

standardized against HT-1080 cell conditioned medium internal standard (MMP-
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2) or reference sample internal standard (MMP-9) (ratio of the density of the
band of interest to a sample which was chosen as an internal standard and was

loaded into each gel).

3.4.7. Norepinephrine Competition ELISA

Norepinephrine concentration was determined using a competitive ELISA
system. Plasma samples were added directly to the 96 well plate. For whole
heart samples, 150 pl of ice cold 0.01 N hydrochloric acid was added to 100 ug
of triturated tissue. The triturated tissue was homogenized on ice using the Pellet
Pestle for 1 min. After 5 min of centrifugation at 19 000 x g at 4°C, 100 pl of
supernatant was added to the norepinephrine enzyme immunoassay 96 well
plate. The following simplified steps were applied to the immunoassay plate as
per the kit instructions: a) norepinephrine was extracted using a cis-diol specific
affinity gel, b) acetylation to N-acylnorepinephrine, ¢) enzymatic conversion to N-
acylnormetanephrine, d) acetylated norepinephrine from the sample and solid-
phase well-bound norepinephrine competed for a fixed number of antiserum
binding sites, ) upon system equilibration, free acetylated norepinephrine, which
was derived from the sample, and free acetylated norepinephrine-antiserum
complex complexes were removed from the wells, f) the antibody that was bound
to the kit's norepinephrine (solid phase) is detected using an anti-rabbit IgG-
peroxidase conjugate using the substrate tetramethylbenzidine (TMB). Using a
plate reader at 450 nm gives a reading inversely proportional to the
norepinephrine content of the sample since the peroxidase is bound to the solid

phase norepinephrine.

3.438. Statistics

Statistical analyses were performed in Statistical Analysis Systems (SAS)
version 9.1 (SAS institute, USA). For norepinephrine transporter, 1-AR, Cay1.2,
GRK-2, MMP-2, and MMP-9, ANOVA analyses, with Tukey p-value adjustments
for multiple comparisons, were conducted using Proc GLM (generalized linear

model procedure) with gels set to block. Correlation analyses were performed in
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the Analyst program, and correlation plots were created in Proc CORR
(correlation procedure).

Norepinephrine statistics were set up for two pre-planned t-test
comparisons: healthy versus inflamed animals, and inflamed animals versus
inflamed/pravastatin animals. The data was tested for homogeneity of variance
using an F-test then compared using an unpaired two-tailed T-test for samples of
unequal variance for plasma norepinephrine, and an unpaired two-tailed T-test
for heart norepinephrine.

Data is presented as the meantSEM. p-Values that were less than 0.05
were considered significant. Correlation analyses r-values were considered

significant when p-values were less than 0.05.

3.5. Results

3.5.1. Western Blot

Compared to healthy rat hearts, Pre-AA rat hearts had lower
norepinephrine transporter density (Figure 3-1) and B1-AR density (Figure 3-2).
Figure 3-3 demonstrates the statistically significant parallel reduction (r=0.978,
p<0.0001) between norepinephrine transporter denstiy and 31-AR density in
placebo and inflamed animals. This strong correlation exists even when all
animals are included (r=0.971, p<0.0001). Pravastatin administration elicited no
effects.

GRK-2 and the 190 and 210 kDa Ca,1.2 190 subunit densities all were not

influenced by inflammation or pravastatin treatment (Table 3-1).
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Figure 3-1. The effect of Pre-AA inflammation, 8 days after the injection of
Mpycobacterium butyricum, on norepinephrine transporter density in whole heart
tissue homogenate in the presence or absence of bravastatin treatment on days
4 to 8(n=8/group, meantsem). Inset is a sample of a western blot that was used
in the analysis.

*Signiﬁcantly different compared to Healthy/Placebo, p<0.05.

TSigniﬁcantIy different compared to Healthy/Statin, p<0.05.
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Figure 3-2. The effect of Pre-AA inflammation, 8 days after the injection of
Mycobacterium butyricum, on 1-adrenergic receptor density in whole heart
tissue homogenate in the presence or absence of pravastatin treatment on days
4 to 8(n=8/group, meantsem). Inset is a sample of a westérh blot that was used |
in the analysis.

*Signiﬁcantly different compared to Healthy/Placebo, p<0.05.

TSignificantIy different compared to Healthy/Statin, p<0.05.
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Figure 3-3. The correlation between B1-adrenergic receptor and
norepinephrine transporter density in whole heart homogenates in both healthy
and Pre-AA rats (H=Healthy rats and A=Day 8 Pre-AA rats) Pravastatin treated
rats have not been included, though their inclusion increases the correlation

coefficient. (n=16).
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Table 3-1. Effect of Pre-AA 8 days after Mycobacterium butyricum
injection and pravastatin treatment for 4 days on select proteins found in
homogenized rat heart. Western blot data (Cay1.2 and GRK-2) are presented in
terms of optical density. 72-kD MMP-2 activity is presented as relative
zymographic activity relative to internal standard. No significant differences were
found, and the means are presented +SEM.

Healthy/Placebo Healthy/Statin Arthritis/Placebo  Arthritis/Statin

Ca,1.2
190 kDa 2.51+£048 2.7 +0.91 1.46 £ 0.20 2.72 +£0.58

Ca1.2
210 kDa 2.13+0.35 2.14 +0.58 1.64 £0.32 2.28 +0.25

GRK-2 0.94 £ 0.07 0.99 £ 0.07 1.00 + 0.09 1.07 £ 0.07

72 kDa
MMP-2 1.17 £ 0.09 1.14 £ 0.12 0.94 + 0.09 1.05+0.08
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3.5.2. MMP Gelatin Zymography

Inflammation significantly elevated 92 kDa MMP-9 activity, whereas
pravastatin treatment had no influence (Figure 3-4). 72 kDa MMP-2 represents
the proMMP form that is activated by oxidative stress in the absence of
enzymatic cleavage.®® 72 kDa MMP-2 activity was not influenced by either Pre-

AA or pravastatin treatment (Table 3-1).
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Figure 3-4. The effect of Pre-AA 8 days after Mycobacterium butyricum injection
on whole heart MMP-9 activity in the presence or absence of pravastatin
treatment for 4 days. Inset is an MMP-9 gelatin zymography example that
demonstrates internal standard and MMP-9 activity (n=12/group).

*Signiﬁcantly different compared t{o Healthy/Placebo, p<0.05.

TSigniﬁcantIy different compared to Healthy/Statin, p<0.05.
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3.5.3. Norepinephrine Analysis

Pre-AA animals compared to healthy controls had no difference in plasma
or cardiac norepinephrine content (Healthy/Placebo vs. Arthritis/Placebo; plasma
norepinephrine 2.3+0.6 vs. 1.1+0.3 ng/ml; or cardiac norephinephrine 9.8+1.6 vs.
9.2+1.6 ng/ml). Additionally, pravastatin treatment in Pre-AA animals did not
influence plasma or cardiac norepinephrine concentration (Arthritis/Placebo vs.
Arthritis/Statin plasma 1.4+0.4 vs. 2.3+0.9 ng/ml; and cardiac 7.6+1.2 vs. 7.2+1.7
ng/ml).

3.54. Correlation Analyses

MMP-2 activity and 190 kDa Ca,1.2 density were significantly correlated
(r=0.649, p=0.0008). In inflamed animals (pooling pravastatin-treated animals
with control animals), propranolol response (maximum PR interval) and Ca,1.2
190 density were significantly correlated (r=0.558, p=0.025) (Figure 3-5). Also,
pooled placebo and inflamed animals, exhibit a significant correlation between
210 kDa Ca,1.2 density and norepinephrine transporter density (r=0.630,
p=0.009). Pooled placebo and inflamed animals also exhibit a significant
correlation between 210 kDa Ca,1.2 density and B+-AR density (r=0.596,
p=0.017). |
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AP=Pre-AA/Placebo
AS=Pre-AA/Statin

¢ AP r=0.558
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O‘ﬁ
0 I I k] 1 1 1

0 1 2 3 4 5 6
Ca',1.2 190 kDa Density

Max PR-Interval Change
(% of Baseline)

Figure 3-5. The correlation between maximum PR interval response to
propranolol and 190 kDa Ca,1.2 density in whole heart homogenates of Pre-AA
rats 8 days after Mycobacterium butyricum injection. AP=Pre-AA/Placebo, and
AS=Pre-AA/Statin (n=16).
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3.6. Discussion

Presented here are novel findings, in the Pre-AA rheumatoid arthritis
model in rats, that B1-AR density is reduced in parallel with norepinephrine
transporter density. Alterations in cardiac sympathetic activity may therefore be
implicated in the pharmacotherapeutic desensitization process that occurs in
inflammatory conditions. This is the first report that claims experimental arthritis

is associated with reductions in norepinephrine transporter density.

3.6.1. Norepinephrine transporter and B;-adrenergic receptor

The strong correlation between norepinephrine transporter density and (34-
AR density, and the absence of a correlation between inflammatory mediators
and B+-AR density, helps establish a contributory role for reduced norepinephrine
transporter density subsequently B+-AR density. Though this information is
circumstantial, it is important since it was previously thought that inflammation
reduces cardiac response primarily as a function of inflammatory mediator
interaction with the B+-AR signaling pathway.® " 338 pPerhaps persistent agonism
of the B1-AR by norepinephrine reduces B+1-AR density, and ultimately attenuates
PR interval response to propranolol.

Excessive sympathetic nervous system activity is characteristic of
rheumatoid arthritis, and it may contribute to excessive cardiovascular mortality.
76,185, 218220 Norepinephrine transporter functionality helps dictate the distribution
of sympathetic innervation and activity.**® Inflammation influences sympathetic
outflow by interacting with the brain, specifically in the rostral ventrolateral
medulla.?*° Statins reduce sympathetic nervous system outflow in rabbit by

inhibiting inflammatory pathways that produce superoxide in the brain.3*! 24-h
urinary norepinephrine excretion is also decreased by statin use in stroke-prone,
spontaneously hypertensive rats.>*? We expected the pravastatin-treated animals
to have normalized norepinephrine transporter density, however, no differences

were observed, possibly due to the short duration of pravastatin treatment.
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Norepinephrine has anti-inflammatory properties, and its release may help
limit the severity of inflammation. For example, norepinephrine in lymphoid
tissues decreases TNF-a production by immune cells.>* Little is known about the
regulation of norepinephrine transporter in inflammatory conditions, however: a)
IFN-a administration to adrenal medullary cells causes reductions in
norepinephrine transporter density and reduced [H®Jnorepinephrine uptake,**® b)
IL-1B is able to stimulate the release of norepinephrine from sympathetic
neurons,?** and c) NO inhibits the uptake of norepinephrine.?’® Other cytokines
including IL-6 and TNF-a are seemingly not involved in the regulation of
catecholamine synthesis or re-uptake.?**

The main limitation of this study is not having measured local post-
synaptic norepinephrine concentration or norepinephrine turnover rates. This is
because measuring the turn-over of norepinephrine would give a better indicator

of sympathetic activity.

3.6.2. MMP-2, MMP-9 and the L-type calcium channel

We note in inflamed rats a significant positive correlation between MMP-2
activity and 190 kDa Cay1.2 density. MMP-2 is known to have several intra-
myocardiocyte targets including troponin I, myosin light chain-1, and a-actinin.>*’
Consequently, heightened MMP-2 activity decreases myocardial contractility,**
and impairs recovery from ischemia-reperfusion injury.>* The Cay1.2 is resistant
to a number of proteases including trypsin, subtilisin, proteinase K,
carboxypeptidase, papain, and thermolysis,>*® though it is cleaved by calpain.>*’
The correlation between 190 kDa Cay1.2 density and MMP-2 activity suggests
that the 210 kDa Ca,1.2 subunit of the L-type calcium channel may be a target
for MMP-2, causing the formation of the lower weight 190 kDa Cay1.2 subunit.
This is only suggestive data needing further investigation.

As 190 kDa Cay1.2 density increased in inflamed animals, so to did the
maximum PR interval prolongation (Figure 3-5). In fact, the 190 kDa Ca,1.2
protein is the only protein that was significantly correlated with propranolol

response. Perhaps this is because Ca,1.2 is part of the L-type calcium channel.
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The L-type calcium channel is the final protein in the B4-AR pathway that causes
changes in PR interval. The B4-AR/Ca,1.2 pathway is mediated by the -
adrenergic/cAMP signaling pathway.>*® The carboxyl tail of the Ca,1.2 inhibits
Ca?* current through the pore of the Ca,1.2 subunit. The cleaved portion can
block Ca** current despite its cleaved state.>*° Recently it has been shown in
cardiomyocytes that ryanodine receptors interact with the mobile cytoplasmic tail
of the Ca,1.2, and thereby help synergize calcium-induced calcium release,**
but how this system works with the cleaved cytoplasmic tails of Ca,1.2 is
uncertain. Regarding the phosphorylation status of the Ca,1.2, only the higher
molecular weight protein is effectively phosphorylated by protein kinase A, and
thereby allowing Ca** entry.>*" Ultimately, this issue is complicated by the fact
that the cleaved cytoplasmic tail of the Ca,1.2 can still interact with the L-type
calcium channel.

IFN-y plays an important role as the hallmark Ty1 cytokine in inflammatory
models such as Pre-AA."% 82 320 |EN_y influences many biochemical pathways,
including the activation of MMP-9.%' How elevated MMP-9 interacts with
propranolol responsiveness is less clear as we found no significant associations
between MMP-9 and norepinephrine transporter, 41-AR, Ca,1.2, or PR interval
response. MMP-9 is found in high levels in leukocytes,**” so perhaps cardiac
leukocyte infiltration elevated MMP-9 concentration in the whole heart tissue

preparation that we used.

3.6.3. G-protein-coupled receptor kinase-2

We expected GRK-2 density to be up-regulated in inflamed animals
because arthritis is associated with increased sympathetic activity. Increased
sympathetic activity causes chronic stimulation of the B1-AR, thereby increasing
GRK-2 density via homologous desensitization mechanisms. As shown in Table
3-1, GRK-2 density was not upregulated, possibly because inflammatory
mediators annulled this effect. Inflammation has been shown to decrease activity
in the GRK-2 promoter site.*>? Also, inherent limitations in our technique preclude

us from ruling out changes in the active phosphorylated form of GRK-2.
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3.7. Conclusions

We provide novel information that suggests inflammation alters cardiac
sympathetic tone by reducing norepinephrine transporter density. Consequently,
elevated concentration of synaptic norepinephrine may downregulate B1-AR
pharmacodynamic responsiveness. Previously it was thought that inflammation
directly down-regulated p1-ARs and down-stream signal transduction mediators.
Rather, inflammation may also exert, in tandem, changes in sympathetic activity
and direct inflammatory mediator effects on cellular machinery. This work
highlights the need for in vivo cardiovascular pharmacotherapy research to be
cognizant of the effects of, not only direct effects of inflammation, but also the
interplay between inflammatory mediators and peripheral neurons or the brain,
which subsequently alter sympathetic outflow. A preliminary experiment
investigating the effects of sympatholysis and atorvastatin administration on
cardiovascular responsiveness to isoproterenol is detailed in Chapter 5

(Appendix of miscellaneous experiments).
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4. General conclusions

Rheumatoid arthritis is a disease of complex pathophysiology. The
inflammatory changes that disfigure joints, and cause so much pain, are also
involved in extra-articular effects of rheumatoid arthritis. Cardiovascular changes
that accompany rheumatoid arthritis contribute to excessive morbidity and
mortality in this group of patients. Effective risk-reduction strategies for
cardiovascular diseases are potentially undermined by the fact that inflammation
reduces pharmacodynamic response to certain cardiovascular drugs. -

Assessing drug exposure by measuring either the maximum concentration
or area under the concentration curve is generally useful for predicting
pharmacodynamic response. However, inflammation can cause disjuncture
between pharmacokinetic and pharmacodynamic profiles of druvgs that have
been administered to patients who have underlying inflammation. Rheumatoid
arthritis, obese, Crohn’s disease, or just being elderly, can reduce cardiovascular
pharmacodynamic response; in part because these conditions are of an
inflammatory nature.

Normalizing pharmacodynamic response to cardiovascular drugs in
rheumatoid arthritis patients is a challenge, which if successful, may have wide
ranging application in cardiovascular risk reduction programs. Discovering a
method or agent that restores pharmacodynamic responsiveness would be of
clear benefit. The statins have been proven safe and effective at reducing the
risk of morbidity and mortality in hypercholesterolemia and many other
cardiovascular conditions. Given the wide range of their anti-inflammatory
pleiotropic effects, the use of statins in rheumatoid arthritis patients may prove
useful for normalizing the drug response.

This thesis describes the background and rationale necessary for
justifying our experimental approach. | then tried to determine whether or not
pravastatin normalizes the response to propranolol in inflamed rats. If pravastatin

was to normalize propranolol response, then what mechanisms could be
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involved? More importantly, | have designed this experiment such that the
information was readily transferable to the clinical setting.

The metabolism of drugs is generally slowed down in the presence of
inflammation. This effect is not unique to any specific inflammatory disorder, but
rather is present across the spectrum of inflammatory diseases. A humber of
mechanisms contribute to reductions in drug metabolism, including reduced
enzyme function by nitric oxide inhibition, or reduced transcription and transiation
of metabolizing enzymes. Altered hepatic blood flow and protein binding may
also contribute to drug metabolism changes in inflammatory conditions.* In
combination, these effects can reduce the clearance of drugs to a degree that
drug levels are significantly higher than in those subjects that do not have
inflammation.

Rheumatoid arthritis, a common inflammatory disease, results in a
significant elevation in inflammatory markers, including nitric oxide.
Consequently, rheumatoid arthritis is capable of causing a significant increase in
propranolol and verapamil concentration. The research in this thesis was
facilitated by the use of an animal model of rheumatoid arthritis called Pre-AA. |
confirmed that the Pre-AA animal model similarly increased circulating
propranolol 10-fold, making it a good model for assessing pharmacokinetic
changes in arthritis. Importantly, protein binding in Pre-AA was shown not to be
different than control groups. These data are similar to other’s findings whereby
verapamil concentration is increased Pre-AA by many fold.” 8 |

Diseases of inflammatory nature not only are capable of causing elevated
drug concentration, but are also associated with reduced cardiovascular drug
response. This occurs in rheumatoid arthritis patients, the obese, and in the

91, 119, 120

elderly, and potentially minimizes the risk reduction benefits of

cardiovascular preventive therapies. Finding a treatment that could potentially
reverse this effect was one of the objectives of this thesis.

Pravastatin, chosen because of its anti-inflammatory properties, was
administered to Pre-AA rats in an attempt to see if it could reverse the down-

regulating effects of inflammation on B1-ARs. We also expected that pravastatin-

105



treated Pre-AA animals would have normalized propranolol exposure. |
demonstrated that pravastatin did not influence propranolol exposure in Pre-AA
animals.

The experiments described in this thesis demonstrate that Pre-AA, like
adjuvant arthritis, reduces propranolol’s PR interval responsiveness. One of my
most important findings was that pravastatin administration in Pre-AA reverses
the reductions in propranolol response that are characteristically observed in Pre-
AA. By allowing an animal to response in a normal range to propranolol,
pravastatin administration could potentially be useful in reducing cardiovascular
risk in rheumatoid arthritis patients. The findings of this study could easily be
translated into clinical research because pravastatin is a relatively safe drug that
is currently on the market drug.

For each individual rat in the propranolol-pravastatin study, we had
complete sets of information for pharmacodynamics, mediators of inflammation,
and proteins of interest. In trying to determine the best predictor of PR interval
response we performed correlation analyses. Interestingly, amongst the
measured parameters, L-type-calcium channel density was the best predictor of
maximum PR interval responsiveness with propranolol administration (r=0.558,
p=0.025). This may indicate that the L-type-calcium channel is a better indicator
of propranolol response than is the B-AR. Subsequent investigations could prove
fruitful if calcium influx and turnover was assessed, which could be used as a
more direct measure of pharmacodynamic response.

Inflammation is associated with increased cardiovascular risk. CRP,°
TNF-a,%*® and serum amyloid A** are all predictive of outcome in cardiovascular
disease. Statins reduce inflammation, as measured by IFN-y, CRP, TNF-q, IL-6,
or serum amyloid A, %735 3% and statins also reduce the risk of cardiovascular
disease-related death.*® Therefore, pravastatin could potentially reduce
inflammation associated with Pre-AA induction, and therefore also the down-
regulating effects of inflammation on B41-ARs.

I have shown that Pre-AA significantly increases cardiac MMP-9 and

circulating nitrite and IFN-y concentration. Confirming my hypothesis, pravastatin
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significantly reduced IFN-y, the hallmark Ty1 cytokine that is pivotal in the
development of inflammatory diseases of this nature.

In these studies, it was peculiar that pravastatin-treated Pre-AA animals
responded to propranolol in the presence of higher than normal IFN-y, even if
IFN-y were lower than animals not treated with pravastatin. Therefore, we
inferred that another mechanism, other than just the direct effects of inflammation
on cardiomyocytes, was involved in 31-AR desensitization. Cardiac
norepinephrine transporter density is a surrogate marker for sympathetic nervous
system activity. Low levels of norepinephrine transporter could increase the
concentration of synaptic norepinephrine, thereby causing +-AR downregulation.

Another critical finding was that norepinephrine transporter and B1-ARs
are down-regulated in parallel in Pre-AA. This is the first time that norepinephrine
transporter density has been shown to be reduced in the hearts of animals with
experimental arthritis. Since the correlation between these two proteins is strong,
and since strong correlations do not exist between p1-ARs and the inflammatory
mediators that we measured, we conclude that the sympathetic nervous system
in experimental arthritis might contribute to B1-AR desensitization. Featured in the
chapter of miscellaneous experiments (Chapter 5), is a preliminary experiment
that looks at the effects of atorvastatin and 6-hydroxydopamine in isoproterenol
response. This experiment may eventually be used for characterizing the
sympathetic nervous system in cardiovascular non-responsiveness to
isoproterenol. Please read that section for further details.

The use of animal models has helped the scientific community’s
understanding of human disease. However, due to ethical concerns,
opportunities to reduce animal suffering must be actively pursued. Such an
opportunity was presented when the point of interest for inflammation associated
with adjuvant arthritis was within cardiovascular system. Ling and Jamali, 2005
developed the Pre-AA rat for precisely this reason.

The experimental results of this thesis further characterize Pre-AA.
Specifically, five important features of Pre-AA have been discovered:

Pre-AA,
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e reduces propranolol response.

e reduces cardiac 31-AR density.

o reduces norepinephrine transporter density.

o is Ty1-skewed (IFN-y), as is adjuvant arthritis and rheumatoid
arthritis. That is to say, overall immunological balance of Pre-AA is
similar to rheumatoid arthritis patients.

o elevates MMP-9 activity in the heart, and may therefore reduce
cardiac function.

The Pre-AA rat model of inflammation is not well suited for studying
arthritic pain simply because the animals are euthanized prior to the development
of pain. The use of Pre-AA in inflammation research, therefore, is most
appropriately used for studying the effects of inflammation on the cardiovascular
system. This is true because the presence of symptomatic arthritis is not needed
for studying the effects of TH1-skewed inflammation on pharmacodynamic

responsiveness in the heart.

4.1. Implications

In this thesis we have assessed how pravastatin influences propranolol
pharmacokinetics and pharmacodynamics in Pre-AA, and how it alters
inflammatory mediators and proteins involved in B4-AR signaling. We provide
evidence that pravastatin normalizes propranolol pharmacodynamics but not
pharmacokinetics. By showing that norepinephrine transporter and 31-ARs are
down-regulated in parallel in Pre-AA, we newly implicate sympathetic activity in
inflammation-based cardiac 341-AR desensitization.

Further in vivo and in vitro work will help determine the contribution of the
sympathetic nervous system to the cardiac desensitization of cardiovascular
drugs. Of particular use would be the characterization of synaptic norepinephrine
turnover and sympathetic nervous system outflow. Having a solid understanding
of why pharmacodynamic response in inflammation is down-regulated is critical
to safely reversing the clinical problem of higher cardiovascular mortality in

rheumatoid arthritis patients.
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We speculate that cardiovascular pharmacodynamic desensitization
contributes to exaggerated cardiovascular risk in rheumatoid arthritis patients.
Continued research should investigate the changes that inflammation exerts on
other systems than the immune system, such as the nervous system and its
regulation of the heart. Attempts to normalize cardiovascular response should
therefore encompass novel approaches that treat inflammation itself and the
physiological changes that inflammation indirectly affects such as nervous

system activity.
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5. Appendix of miscellaneous experiments

This chapter is meant to supplement the major experimental projects that
were detailed in Chapter 2 and 3. The experiments in this section are strictly
preliminary, but their observations are important in their own right. As such, it is
hoped that by presenting this information, this thesis will serve as a more
complete reference for future work.

Sections 5.1 to 5.3 of this chapter are important lead-up experiments that
were used in the selection process for determining which drug and which
inflammation model would be used. The experiment in Section 5.4 was inspired
by the finding that B1-AR and norepinephrine transporter density are intimately

correlated.

5.1. Intraperitoneal atenolol dose-response curve

Inflammatory conditions reduce cardiac responsiveness. A model of
inflammation and a drug with which to test responsiveness was needed. The first
step was to choose a B-blocker. We initially chose atenolol because of its $41-AR

selectivity and because it is known to be primarily excreted via the kidneys.

5.1.1. Objectives

A. To construct a dose-response curve for intra-peritoneal atenolol using
PR interval as the response measurement.

B. To choose an appropriate atenolol dosage; a dose that would not be in
the maximal range of response but rather would be sensitive to

changes that inflammation might impose.

5.1.2. Methods

Three healthy male Sprague Dawley rats were randomly allocated into
each of 5 groups: 0, 1, 5, 10, and 15 mg/kg of intraperitoneal atenolol. The rats
were anesthetized and Teflon-coated electrocardiograph electrodes were

implanted subcutaneously into the left and right axial regions. The next day,
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baseline PR interval was recorded using Acknowledge 3.01 data acquisition
system (BIOPAC Systems Inc. Santa Barbara, CA). Subsequently,
intraperitoneal atenolol (in sterile saline) was injected and PR intervals were
recorded at 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, and 6 hr. From the start of the P
wave to the beginning of QRS complex was considered the PR interval. Six

consecutive heart beats at each time point recorded to ensure statistical rigor.

5.1.3. Results

Figure 5-1 shows the effect of increasing atenolol doses on PR interval
changes in rats. Of all the time points of all the doses, only the 4 hour mean
observation for the 1 and 15 mg/kg were significantly different from zero, as

analyzed by t-test.

—&—0 mg/kg
—&—1 mgkg

10 -

~ & 5 mglkg
=10 mgl/kg
=X +15 mglkg

4]
I

=)
V.4
Ay
'«
\
.

PR interval prolongation
(% change from baseline)
(=}

d
[

1
(4]
L

-10 -
Time (hr)
Figure 5-1. PR interval prolongation changes observed in rats injected

with varying doses of intra-peritoneal atenolol versus time. n= 3, meantSEM.

5.1.4. Conclusion

We did not find evidence that intraperitoneal atenolo! prolonged PR
interval in rats, even though evidence exists in human.?* It was decided to use

an alternate B-blocker.
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5.2 Intra-peritoneal 3-blocker trial

From experience, we know that propranolol consistently prolongs PR
interval.'™ Before settling on propranolol as a probe for cardiac responsiveness,
we wanted to conduct a trial of various B-blockers, looking at their overall
potential for prolonging PR interval using our setup. We used the (-blockers

listed in Table 5-1, and recognizing certain characteristics.'®

Table 5-1. Receptor specificity and elimination characteristic of a variety of -

blockers.'%®

B-Blocker Receptor specificity Elimination
Metoprolol B1/p2 Mostly hepatic
Propranolol B1/B2 Mostly hepatic
Nadolol B1/82 Hepatic and renal
Sotalol B1/B2 and Potassium channel Renal

5.2.1. Objectives

A. To compare, using rat per group, the effect of intraperitoneal
metoproloi, propranolol, nadolol, and sotalol on PR interval in the rat.

B. To introduce electrocardiogram file blinding to minimize measurement
bias.

5.2.2. Methods

One rat was randomly allocated into each of 5 groups: placebo (sterile
saline), metoprolol 30 mg/kg, propranolol 30 mg/kg, nadolol 40 mg/kg, and
sotalol 40 mg/kg. The rats were anesthetized and Teflon-coated
electrocardiograph electrodes were implanted subcutaneously into the left and
right axial regions. On the next day, baseline PR intervals were recorded using
Acknowledge 3.01 data acquisition system (BIOPAC Systems Inc. Santa
Barbara, CA). Subsequently, the drug (in sterile saline) was injected intra-
peritoneally and PR intervals were recorded at 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4,
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and 6 hr. From the start of the P wave to the beginning of QRS complex was
considered the PR interval. At each recording time, 6 consecutive heart beats

were measured for statistical assessment, then the files were blinded to the

assessor,

5.2.3. Results

Figure 5-2 shows the AUEC for PR interval for the tested B-blockers. The
rat exposed to propranolol had the highest AUEC.
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Figure 5-2. Area under the effect curve (PR-interval response) in rats
injected intra-peritoneally with different B-blockers. (only one rat was used in

each group)

5.2.4. Conclusion

Though not structured to provide statistical information, this brief
experiment guided us to stay with propranolol as a probe for PR interval
responsiveness. From a statistical perspective, the higher the effect size the
lower the sample size, thereby minimizing animal use. PR interval is difficult to
measure and is somewhat subjective. Blinding of the electrocardiogram files was
simple because it only required a third party to rename the files, and from this
point on, it became standard practice.
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5.3. Propranolol in lipopolysaccharide-induced
inflammation

Now that the decision was made to use propranolo! as the cardiac
responsiveness probe, we needed to decide which inflammatory model to use.
Our ultimate goal was to test if statins could reverse the effects of inflammation
on cardiac response. Previously, IFN-a,,-based acute inflammation had been
shown to reduce verapamil**’ and sotalol'?® response in rats. Administration of

IFN-a24 is simple and should have result in low variability of the response.

5.3.1. Hypothesis

Lipopolysaccharide-induced inflammation creates a favorable

inflammation profile for testing pravastatin’s anti-inflammatory effects.

5.3.2. Objective

To assess the duration of action and intensity of inflammatory effects
proceeding lipopolysaccharide injection, using serum NOx as a marker of

inflammation.

5.3.3. Methods

Two rats were randomly allocated into each of 2 groups: placebo (sterile
saline) and lipopolysaccharide. The rats were anesthetized and Teflon-coated
electrocardiograph electrodes were implanted subcutaneously into the left and
right axial regions, while cannulas were placed into the left jugular vein.
Lipopolysaccharide or placebo (in sterile saline) was injected intraperitoneally at
8:00 AM and 5:00 PM the next day (Day 2). Blood samples were taken starting at
7:55 AM on Day 2 (just before the first injection), then every 3 hours from
12:00pm to 9:00pm, then again on Day 3, every 3 hours, from 9:00 AM until 6:00
PM, then again on Day 4, every 3 hours, from 9:00 AM until 6:00 PM. Plasma
samples were analyzed for NOx™ using a modified Griess reaction as described in
Chapter 2.

114



5.3.4. Results

Figure 5-3 shows the effects of lipopolysaccharide injection on the
inflammatory profile of plasma nitrite in rats. The twice daily injections were

apparently insufficient for causing 24 hours of inflammatory changes.
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Figure 5-3. Plasma NOyx in male Sprague-Dawley rats treated with intra-
peritoneal injections of 1 mg/kg lipopolysaccharide dosed at 8:00 AM and 5:00
PM (n=2).

5.3.5. Conclusion

We found that inflammation associated with lipopolysaccharide was not
likely to provide day to day consistency in inflammation, and therefore not
considered favorable for testing the anti-inflammatory effects of statins. These
results prompted us to choose the Pre-AA model for our main experiment. This
model would offer smoother inflammatory mediator profiles and less possibility
for fluctuations in inflammatory mediators during the propranolol time course
study.
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5.4. 6-Hydroxydopamine sympatholysis in adjuvant
arthritis

In Chapter 3 we showed that inflammatory mediators are weak predictors
of pharmacodynamic response. The strongest correlation for any of our
measured proteins and/or inflammatory mediators was between norepinephrine
transporter density and B+-AR density. In contrast, there was no correlation
between inflammatory mediators and $1-AR density.

Post-B1-AR signal transduction pathways were assessed by measuring G-
protein-coupled receptor kinase-2 and L-type calcium channels. With the
measurement of norepinephrine transporter we have begun to examine pre-
receptor alterations in sympathetic signaling.

In this study we have used 6-hydroxydopamine, as a neurotoxin, to knock
out the peripheral sympathetic nervous system. Hence, 6-hydroxydopamine
reduces norepinephrine signaling.**’ 6-Hydroxydopamine sympatholysis has
been used in a variety of different animal studies. Table 5-2 details some of these
studies and was useful in establishing a protocol for 6-hydroxydopamine
administration in this lab. Confirmation of successful neurolysis can be achieved
by using tyramine sensitivity. Tyramine normally causes the rapid release of
norepinephrine from the nerve terminals. 6-hydroxydopamine animals should
have reductions in tyramine response in the order of 80-95% (as assessed by

blood pressure.
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Table 5-2. 6-Hydroxydopamine dosing schemes used in a variety rat

disease models. Cardioprotectants are often given with the first 6-

hydroxydopamine dose to prevent sympathetic overload which can cause

damage to the heart. A reduction in tyramine can be used as a control to confirm

successful sympatholysis. Abbreviations: CHF

Freq.=frequency.

congestive heart failure,
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Activation of the sympathetic nervous system can lead to a state of
chronic agonism at the B4-AR. In turn, downregulation of the Bs-AR may occur.
By knocking out the peripheral sympathetic nervous system we can protect the
B1-AR from the stimulatory effects of a hyperactive sympathetic nervous system.
This could make it possible to quantify the relative contribution of direct
inflammatory effects (at the cardiomyocyte) to indirect inflammatory effects (by

altering the sympathetic nervous system).

5.4.1. Hypothesis

That 6-hydroxydopamine-induced sympatholysis, in the adjuvant arthritis
rat model, will help preserve B4-AR responsiveness to isoproterenol by reducing
cardiac sympathetic activity.

5.4.2. Objectives

A. To determine isoproterenol response in 6-hydroxydopamine
animals compared to placebo- and atorvastatin-treated adjuvant
arthritis rats using heart rate.

B. To assess the ratio of the sympathetic to parasympathetic nerve
activity in these animals using a power spectrum analysis of heart
rate variability.

C. To verify sympatholytic success using tyramine response as

measured by PR interval.
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Methods:

Two rats were randomly allocated into each of three groups as follows:

Placebo or Cardioprotective
Complete atorvastatin solution (Propranolol
Freund’s 5mg/kg twice 10mg/kg, Prazosin
adjuvant daily 6-OHDA* 2mg/kg)
6-OHDA Yes placebo Yes Days 0 and 3
group
Placebo Yes placebo No Days 0 and 3
group
Atorvastatin Yes atorvastatin No Days 0 and 3
group

* 6-OHDA = 6-hydroxydopamine

On Day 0 all groups received Mycobacterium butyricum in squalene as a
Complete Freund’s adjuvant. Since the study was finished by Day 11 no clinical
symptoms of inflammation should be expected. On Days 0, 3, 6 and 9, rats were
deeply anesthetized using a halothane and oxygen mixture, followed by an
intraperitoneal injection of 148 mg/kg of 6-hydroxydopamine hydrobromide or
placebo (vehicle, 0.1% ascorbic acid in normal saline). This injection was
administered with propranolol and prazosin to protect the heart from sympathetic
overload, which can occur on the first and second doses of hydroxydopamine.
Atorvastatin 5 mg/kg twice daily or placebo (1% methylcellulose in water) was
administered on Days 0 through 11. On Day 11 the rats were anesthetized and
Teflon-coated electrocardiograph electrodes were implanted subcutaneously into
the left and right axial regions, while cannulas were placed into the left jugular
vein. The rats rested for four hours.

Power spectrum analysis was performed by analysis of heart rate
variability, using a 5 minute continuous electrocardiographic recording. The
relative amount of sympathetic nervous system activity to parasympathetic
nervous system activity was taken to be the integral power (ms?) of the low

frequency (sympathetic and parasympathetic influence) divided by the integral
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power of the high frequency (parasympathetic influence). Low frequency was
taken to be in the 0.25-0.6 Hz range, and high frequency was taken to be in the
1.0-2.0 Hz range.

For intravenous isoproterenol response (using 0.1856 pg/ml in sterile
saline) on Day 11, the animals had 12 min continuous electrocardiogram
recordings for assessing heart rate response. After recording for 1 minute,
isoproterenol was infused at 0.05 pg/kg over 30 seconds. At 7 minutes the
isoproterenol was infused at 0.25 pg/kg over 30 seconds. Heart rate was used to
assess isoproterenol response by measuring the maximum heart rate change
that occurred during the infusion.

For intravenous tyramine response (using 0.406 mg/ml in sterile saline)
was performed 2 hours after isoproterenol testing. It followed the same pattern
but with different doses. After recording the electrocardiogram for 1 minute,
tyramine was infused at 0.05 pg/kg over 30 seconds, then again at 7 minutes at
0.25 pg/kg over 30 seconds. The recording was stopped at 12 minutes. The PR
interval was used to assess responsiveness to tyramine because the animals did
not have their blood pressure monitored. Analysis of PR interval was performed
under blinded conditions. Measurements were made on the electrocardiogram
corresponding to the midpoint of either the isoproterenol or tyramine infusion as
appropriate.

Heart rate, heart rate variability, and power spectrum analysis was

analyzed using Acknowledge software version 3.9.1 (Biopac Systems Inc.).

5.4.3. Results

Figure 5-4 shows that 0.25 ug/kg isoproterenol infusion increased average
heart rate, and that the placebo-treated animals had the smallest increase in
heart rate. Similar findings were observed with the 0.05 pg/kg infusion (data not
shown). One animal was excluded from the isoproterenol graph because
inspection of the animal’s ECG revealed heart damage which may have occurred

during the flushing of the cannula. (Figure 5-4).
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As expected, animals in the 6-hydroxydopamine group had the smallest
sympathetic nervous system activity (Figure 5-5). We confirmed successful
sympatholysis using PR interval response to 0.5 mg/kg tyramine infusion (Figure
5-6). The lower dose tyramine infusion was not

analyzed.
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Atorvastatin OHDA Placebo

Figure 5-4. Isoproterenol response (changes in heart rate) in rats treated that
have been treated with atorvastatin or sympatholysis (OHDA). Each point

represents one animal, n=1-2.
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Figure 5-5. Cardiac sympathetic nervous system activity (as measured by the
low to high frequency power ratio) in rats treated that have been treated with

atorvastatin or sympatholysis (OHDA). Each point represents one animal, n=2.
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Figure 5-6. Tyramine response (PR interval response) in rats treated that have
been treated with atorvastatin or sympatholysis (OHDA) confirms that the rats
have been successfully sympatholysed. PR interval is expected to be shortened
in the atorvastatin and placebo groups because tyrarhine stimulates

norepinephrine release. Each point represents one animal, n=2.
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5.4.4. Conclusion

B-AR responsiveness to isoproterenol may be reduced in inflamed
animals. Sympatholysis or atorvastatin administration may protect the loss of B-
AR response (Figure 5-4). This suggests that inflammation’s effects on the
nervous system contribute to reduced pharmacodynamic response found with
cardiovascular drugs. Power spectrum analysis suggests that sympathetic
activity is reduced in the 6-hydroxydopamine group (Figure 5-5), as does
reduced tyramine response (Figure 5-6). \

This preliminary study is limited by the inability to perform statistics and its
small sample size. Nevertheless, it does justify performing further experiments to

confirm these findings, and also helps to establish these procedures in the lab.
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