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Abstract 

Hyperlipidemia has altered the pharmacokinetics and pharmacodynamics of 

many drugs. Previously, decreasing total plasma cholesterol in hyperlipidemic 

subjects by using HMG CoA reductase inhibition has normalized the 

pharmacokinetic parameters. However only one study has evaluated these 

effects. 

Naive (normolipidemic) and poloxamer-induced hyperlipidemic rats were 

dosed with nifedipine by iv, ip and po routes to study the effects of hyperlipidemia 

on the gastrointestinal and hepatic elimination of nifedipine. In addition, the 

fraction unbound of nifedipine in plasma was determined in both hyperlipidemic 

and norrnolipidernic rat plasma. Hyperlipidemia decreased hepatic clearance of 

nifedipine (39%) without altering gastrointestinal metabolism, which correlates 

well with a 31 % decrease in the fraction unbound of nifedipine in plasma. 

P407-induced hyperlipidemia was inhibited using HMG Co A reductase 

inhibitors, atorvastatin and lovastatin, thereby decreasing total plasma cholesterol 

by approximately 57%. The inhibition was dependent on the dosing schedule, but 

not on the HMG CoA reductase inhibitor. 

Pharrnacokinetic and pharmacodynamic evaluation comparing normolipidemic, 

hyperlipidemic, atorvastatin treated hyperlipidemic and atorvastatin treated 

normolipidernic rats corroborated with the previous PK results, demonstrating that 

hepatic elimination in hyperlipidemic rats was decreased. In addition, 

hyperlipidemia caused a sustained reduction of mean arterial due to an iincrease 

in total plasma nifedipine concentrations, despite a decrease in unbound nifedipine 



concentration. Atorvastatin intervention decreased total plasma cholesterol 

normalizing the hepatic clearance of nifedipine. As well, the hyperlipidemic- 

induced lowering of mean arterial pressure was reduced although not completely. 

A high incidence of hyperlipidernia exists in patients receiving nifedipine since it 

is commonly used in subjects with coronary heart disease. Although these studies 

only evaluated the calicum channel blocker nifedipine, and h e  rat model was the 

animal model chosen, these observations might have relevance in human studies 

with many calcium channel blockers that bind to lipoproteins. Possibly, total 

plasma cholesterol levels should be monitored to assess any potential alterations 

in nifedipine pharmacokinetics and the pharmacological response(s). 
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Chapter I 

Introduction 



I . I Cholesterol 

Cholesterol is an essential component of mammalian cells, regulating and 

providing, in part, a source of energy for normal cell function (1,2). Of primary 

importance, cholesterol is the metabolic precursor for de novo synthesis of 

steroid hormones, bile acids and hepatic derived lipoproteins (VLDL, HDL) (34)- 

1 .I . l Synthesis 

All replicating cells have the ability to synthesize cholesterol, however the 

majority of endogenously produced cholesterol is derived from the liver (I). The 

de novo synthesis of cholesterol occurs on the endoplasmic reticulum (2) by a 

series of more than 30 enzyme-catalyzed reactions (I), and is illustrated (5) in 

Fig. 1-1 (Refer to page 3). 



Acetyl Coenzyme A 
I 
9 

HMG CoA 
$-pKzzzzL] 

Mevalonate 

lsopentenyl Pyrophosphate + 
Geranyl Pyrophosphate + 
Famesyl Pyrophosphate + 

Squalene + + + 
Cholesterol 

Fig. 1-1. De novo synthesis of cholesterol. Acetyl coenzyme A is condensed into 

3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA). The conversion of 

HMG CoA to mevalonate by HMG CoA reductase is the rate-limiting step in 

the de novo synthesis of cholesterol (1,6,7). Mevalonate is converted into 

isoprenes, which are precursors to units needed to form squalene. A 

microsomal mixed-function oxidase process converts squalene to lanosterol, 

proceeding a 19 step-reaction catalyzed by rnicrosomal enzymes ultimately 

resulting in cholesterol (1). 



1.2 Lipoproteins 

Lipids and apolipoproteins are packaged into colloidal particles called 

lipoproteins, which enable transport of lipids in the bloodstream to surrounding 

tissues (8-1 0). 

7 -21  Structure and Composition 

As Fig. 1-2 illustrates, lipoproteins are spherical particles composed of 

apolipoproteins, free (unesterified) and esterifed cholesterol, triglycerides and 

phospholipids. Lipoproteins are composed of two sections including the surface 

monolayer containing mostly polar lipids (free cholesterol, phopholipids, and 

apolipoproteins) and the internal core containing nonpolar lipids (esterified 

cholesterol and triglycerides) (1 ,I 1). Recent experiments have shown that free 

and unesterifed cholesterol and triglycerides may distribute between the external 

shell and internal core depending on the size of the lipoprotein (1,l l).  

Nonetheless, the majority of lipid remains firmly trapped in the core (10). The 

lipoproteins may differ in density, size and lipid composition, depending on their 

physiological role(s) ( 1 , l ) .  The major categories of lipoproteins include 

chylomicrons, very-low-density lipoproteins (VLDL), intermediate-density 

lipoproteins (IDL), lowdensity lipoproteins (LDL), and high-density lipoproteins 

(HDL). 



Fig. 1-2. Demonstration of the distribution of lipid and protein on the surface 

monolayer and within the internal core of a lipoprotein. 

1.2.1.1 Human versus rat 

As shown in Table 1-1 (See page 6) lipid and apoliprotein composition is 

distributed among the lipoprotein sub-classes substantially differently in the rat in 

comparison to the human. 



Table 1-1. Comparisons of lipid and apolipoprotein composition among the 

different lipoprotein subclasses (VLDL, LDL and HDL) between the human and 

rat species. 

Properties Species VLDL LDL HDL 

Density (g ml-') 

% f lasma TCH 

O h  Lipid 
Composition 

Apolipoprotein 
Composition 

Human (1 2,13) 

Rat (1 4,15) 

Human (16) 

TCH 
TG 

Rat (1 7,18) 

TCH 
TG 

Human 

Rat 

-- -- - - - . - - - - - 

Total plasma cholesterol (TCH) and triglycerides (TG). 

I .3 Lipoprotein Synthesis, Transport and Metabolism 

1.3.1 Exogenous Pathway 

Exogenous cholesterol and triglycerides enter the body through the diet, 

which are subsequently packaged into chylomicrons in the endoplasmic 

reticulum of enterocytes, entering the systemic circulation by an exocytotic 

mechanism via the lymphatics. Once in the systemic circulation, chylomicrons 

interact with HDL initially acquiring and finally losing apolipoproteins C and E. 



The transfer of apolipoprotein C on the surface monolayer of HDL is necessary 

for the attraction and possible activation of lipoprotein lipase (LPL). On the 

vascular endothelium chylomicrons bind to LPL, producing a cholesterol rich 

lipoprotein 'chylomicron remnanr after depletion of triglycerides. LPL is an 

enzyme that hydrolyzes triglycerides into free fatty acids. The chylomicron 

survives in the plasma for 2 - 5 min prior to catabolism by the liver. Receptor- 

mediated endocytosis following LDL receptor or chylomiwon-receptor binding, at 

the liver, precedes catabolism of the chylomicron remnant. Binding of the 

chylomicron to the LDL receptor is mediated by apolipoprotein E (19). The 

chylornicron-remnant receptor is unaffected by cholesterol accumulation and 

causes cholesterol to accumulate to high levels in the liver when the diet contains 

excess fat. 

7.3.2 Endogenous Pathway 

1.3.2.1 Synthesis, uptake and catabolism of apolipoprotein B containing 

lipoproteins (VLDL, VLDL remnanfs, LDL) 

VLDL is synthesized and assembled in the endoplasmic reticulum of the 

hepatocyte with both exogenous and endogenous derived cholesterol and 

triglycerides. As Fig. 1-3 illustrates (see page 12) the nascent VLDL is released 

into the bloodstream interacting with LPL and HDL producing the 'VLDL 

remnantn. ID1 is considered to be a small VLDL remnant. In the human 

approximately 50 percent of the VLDL remnants are further processed into LDL. 

Although this process has not been unequivocally established, it is thought that 

continual lipolysis by LPL and hepatic lipase (HLE) completely depletes 



triglyceride and 

cholesterol-rich 

apolipoprotein C and E from VLDL remnants, producing the 

apolipoprotein B-100 lipoprotein, LDL. The plasma VLDL 

remnants and LDL return to the liver for catabolism (8). The major uptake 

pathway of apolipoprotein B1 W lipoproteins (VlDL remnants, LDL) is through a 

receptor-mediated endocytotic process governed by LDL receptors (1 0,20), 

which are found on the ovary, kidney, adrenal gland, liver and peripheral cells 

(fibroblasts and smooth muscle cells), but most are present on the liver (1 0). The 

LDL receptor binds apolipoprotein 8-100 and E containing lipoproteins (VLDL 

remnants, LDL) forming an endosome, and very quickly (3 - 5 rnin) the 

lipoprotein is released from the endosome and delivered to a lysosome where 

apolipoproteins and cholesteryl esters are hydrolyzed to amino acids and 

cholesterol, respectively (10). The LDL receptor goes back to the cell surface to 

complete several hundred round-trips, within its 20 h life span. The residence 

time of VLDL and LDL is 15 - 60 min and 24 - 75 h, respectively (1 1). Once LDL 

receptors are saturated (lo), the removal rate of LDL is proportional to the 

number of receptors. Whenever the number of receptors is reduced, plasma LDL 

levels will rise. In many species, including human, the consumption of a high fat 

diet decreases number of LDL receptors in the liver (10), resulting in 

hyperlipidemia. 

Although VLDL contains apolipoprotein BlOO and E, the presence of 

apolipoprotein C stericallly inhibits the binding domain rendering it incapable of 

interacting with the LDL receptor (1 7). However, in 1992 a receptor which had 

greater affinity for VLDL than LDL was identified (21). Although VLDL tissue 



uptake has not been conclusively shown to involve the VLDL receptor, VLDL 

tissue distribution is highly suggestive of triglyceride transport into metabolically 

active tissues. The heart, skeletal muscle and liver lack VLDL receptors. In 

addition to the specific receptor-mediated lipoprotein uptake pathway for the 

apolipoprotein B lipoproteins, two other minor pathways take place (8): (i.) Non- 

specific fluid-phase endocytosis (pinocytosis) by vascular cells and (ii.) Non- 

specific adsorptive endocytosis. 

1.3.2.1 -1 Human versus rat 

In both rats and humans remove lipoproteins are removed from plasma 

similarly via receptor-mediated uptake (LDL receptors) (1 8). However, plasma 

concentrations of LDL are lower in normolipidemic rats since hydrolysis of VLDL 

remnants to LDL occurs less frequently in rats than in humans, possibly due to a 

greater efficiency of elimination of VLDL remnants in the rat (1 ,I?). (Fig. 1-3, see 

page 12). 

1.3.3 HDL - Reverse Cholesterol Transpott and Lipid Transfer 

Nascent HDL is secreted as a lipid-poor apolipoprotein A particle by the 

liver and gastrointestinal tract, and which acquires cholesterol from chylomicrons 

and peripheral cells, and apolipoprotein C from chylomicrons. Lecithin:cholesterol 

acyltransferase (LCAT) esterifies cholesterol on the surface monolayer of HDL, 

generating a chemical potential gradient that leads to continual uptake of 

circulating cholesterol. The cholesterol rich HDL exchanges esterified cholesterol 

and phospholipids for triglycerides with VLDL and LDL through a protein 

transport process mediated by cholesterol ester transfer protein (CETP) and 



ph&pholipid transfer protein (PLTP) (8,22). (Fig. 1-3, see page 12). in addition, 

the cholesterol rich HDL delivers cholesterol to the liver for elimination by a 

process called 'reverse cholesterol transport" (23,24). The process of uptake of 

HDL within the liver is rather different than that of the apolipoprotein B containing 

lipoproteins (VLDL remnants, LDL), whereby the majority of HDL uptake is 

receptor independent (1 1). Possibly a minor quantity of HDL are taken up into the 

liver via a receptw-mediated endocytosis, which appears to be dependent on the 

presence of apolipoprotein E. 

7.3.3.1 Human versus Rat 

The gradient that promotes reverse cholesterol transport is created by 

cholesterol transfer from HDL to LDL and VLDL remnants by CETP in the human 

(1 7,25). In rat however, the gradient is produced by liver uptake of the cholesterol 

rich HDL, since the rat lacks CETP activity (26-28). (Fig. 1-3, see page 12). 

1.4 Cholesterol homeostasis 

The major organ involved in cholesterol synthesis and elimination in the 

body is the liver. Furthermore, the liver is responsible for controlling the levels of 

cholesterol in the body. Since the body is subjected to cuntinual input and output 

of large amounts of cholesterol (1 8,27) a rigorous homeostatic process is needed 

to maintain normal cholesterol levels. These homeostatic processes are 

accomplished through a number of carefully orchestrated mechanisms as follows 

(1,29): 

Decreased HMG CoA redudase expression, 

Increased acyl CoA cholesterol acyltransferase (ACAT) activity, 



Down-regulation of LDL receptors. 

1.4.1 Human versus Rat 

The differential regulation of the aforementioned homeostatic mechanisms and 

their co-dependent interrelationships may account for the high degree of inter- and 

intraspecies differences in total plasma cholesterol concentrations in the blood. 

The rat uses different mechanisms to maintain a normal basal total 

cholesterol level in the liver than human. In doing so, the rat is much less 

susceptible to elevations in total plasma cholesterol, which may explain the low 

total plasma cholesterol levels (0.5 - 2.5 mmol L-') (29,30) in the norrnolipidernic 

rat in comparison to the norrnolipidemic human (2.6 - 5.2 mmol L-') (24,31,32). 

For example, in response to a high fat diet, the human liver produces a decrease 

in hepatic synthesis by down-regulating HMG CoA reductase and decreasing 

uptake of cholesterol from plasma by down-regulating LDL receptors. As Fig. 1-2 

indicates (see page 12), down-regulation of the LDL receptors is not commonly 

observed after high fat diets in the rat (29,33), since the maintenance of liver 

cholesterol a n  be maintained by regulation of HMG CoA redudase alone (30). 

Only when the capacity of the HMG CoA reductase is exceeded is the regulation 

of LDL receptors decreased (18), as seen in a hyperlipidemic rat model (34). In 

both rat and human, 



Fig. 1-3. Illustration of cholesterol (CH), triglyceride (TG) and lipoprotein 

transport, distribution and metabolism. TG is hydrolyzed to free fatty acids (FFA) 

via LPL. CH is transferred from VLDL remnants to HDL and from HDL to 

chylomicrons. TG is transferred from HDL to VLDL remnants and from 

chylornicrons from HDL. Differences between rat and human are designated as 

1-3. (1). In the rat a greater amount of VLDL remnants are eliminated via the liver 

rather than being converted to LDL as it is in the human. (2). Rats lack CETP 

activity (3). LDL receptors in the rat are not as susceptible to increases in hepatic 

cholesterol as human, therefore down-regulation of LDL receptors are not as 

frequent as in human. Denotation a indicates an additional liver secretion and b 

indicates that the exact mechanism of uptake is not unequivocally established. 



alterations in LDL receptor levels are not only under the influence of cholesterol, 

but also under humoral control (34,35), particularly the growth hormone. When 

the level of growth hormone is increased or decreased (hypophysectomy), LDL 

receptors are also increased (35) or decreased (36), respectively. The decreased 

frequency of LDL receptor down-regulation in rat may be due, in part, to higher 

amounts of growth hormone secreted in rat in comparison to human (36,37). 

1.5 Hyperlipidemia 

Hyperlipidemia is defined as an abnormal elevation in blood cholesterol, 

cholesteryl esters, triglycerides or phospholipids (24). Hyperlipidernia may be the 

result of a genetic defect (primary) or secondary to diet, disease, and drugs (32). 

The prevalence and large intra- and intervariability in total plasma cholesterol in 

the western civilization is most commonly due to the combination of one or more 

secondary causes with some degree of a primary defect (24). High fat diets, 

weight gain, smoking, alcohol, and lack of exercise are behavioral factors that 

are secondary causes of hyperlipidemia (24). Chronic diseases most commonly 

associated with hyperlipidemia are diabetes, hypothyroidism, growth hormone 

deficiency, anorexia nervosa, systemic lupus, and chronic renal failure (34,35). 

Acute conditions resulting in hyperlipidemia are nephrotic syndrome, pregnancy, 

inflammation, and bacterial and viral infections (24,38). Hyperlipidemia resulting 

from infection may be due a suppression of HLE and LPL produced by 

interferons, interleukiwi and tumor necrosis factor (39,40). Also, total plasma 

cholesterol may be elevated after traumatic injury such as myocardial infarction, 

surgery, burns, and organ transplantation since lipoproteins are acute phase 



reactant proteins (41,42). Drugs may also cause hyperlipidernia such as 

cyclosponne A, thiazide diruetics, nonselective p-blockers, and steroids. 

1.5.1 Hyperi@idernia and Coronary Heart Disease 

Atherosderosis is a multifadorial disease occuring through a complexity of 

processes that are still under investigation. Regardless, it is widely accepted that 

risk factors include increases in total and LDL cholesterol and decreases in HDL 

cholesterol (4345). On the contrary, elevated triglycerides have not conclusively 

proven to be an individual risk factor (44,46). However, in some disease states it 

has been associated with increased cardiovascular risks (32). It has been 

conceded that atherosclerotic lesions are derived from uptake of oxidized LDL by 

macrophages, leading to the earliest form of atheroma called the 'foam celln (32). 

The foam cell is the beginning of a multitude of processes that accumulate to 

form an atherosclerotic plaque. 

7.5.2 Therapeutic intervention 

The benefits of lowering cholesterol in established coronary heart disease 

have been unequivocally proven (47,48). Large-smle studies using drug therapy 

to decrease total plasma cholesterol have demonstrated a reduction in coronary 

events (49,50), total and coronary mortality (48), progression of disease (49), and 

regression of atheroma (51). Although a single ciass of drugs could not possibly 

treat the numerous types of hyperlipidemia, HMG Co A reductase inhibitors are 

most extensively used (47). 



1.5.2.1 HMG CoA reductase inhibitors 

HMG CoA reductase inhibitors, such as lovastatin, simvastatin, pravastatin, 

fluvastatin and atorvastatin are commonly used to treat hyperlipidemic conditions 

of primary (heterozygous familial hypercholesterczlemia, familial mmbined 

hyperlipidemia) and secondary origin (non-familial forms of 

hypercholesterolemia, combined hyperlipidemia, including familial combined 

hyperlipidemia and patients with non-insulin dependent diabetes mallitus) 

(47,52). The liver is the target organ for inhibition of HMG CoA reductase. 

Reduced synthesis and concentrations of hepatic cholesterol cause an 

upregulation of LDL receptors, thereby increasing plasma elimination of 

apolipoprotein 6 lipoproteins (VLDL, VLDL remnants and LDL) (53). The 

decrease in hepatic cholesterol also leads to a decrease in production of VLDL 

(54). The contribution of these mechanisms to the overall decrease in total 

plasma cholesterol is undetermined (55). Nevertheless, decreases in total 

plasma cholesterol, LDL-cholesterol, and -triglycerides, and increases in HDL- 

cholesterol are observed. Pharmacokinetic (PK) and pharmacodynamic (PD) 

relationships of the HMG CoA reductase inhibitors have not been established 

because the clinical effect, ie. lowering of cholesterol and triglycerides, is not 

instantaneous (56). However, dose has been positively correlated to cholesterol 

lowering activity (55,56). The HMG CoA reductase inhibitors have similar clinical 

effects, with the exception of atorvastatin. Atorvastatin, the most recently 

marketed inhibitor, is the most potent HMG Co A reductase inhibitor (57,58). 



Atorvastatin, has also been shown to be a more potent cholesterol and 

triglymride lowering agent than the other inhibitors. (58,59). 

1 -5.2.1 .I Atotvastatin and lovastatin 

Lovastatin is a prodrug, being an inactive lactone that is converted by 

carboxyesterases in the liver and plasma to an active hydroxyacid (56). 

Atorvastatin is a calcium salt that exists in the active hydroxyacid form (55,60). 

Atorvastatin is sparingly soluble in aqueous media (61), whereas lovastatin is 

very water insoluble. Atorvastatin is readily absorbed (62), however due to pre- 

systemic elimination it has an oral bioavailability of only 12% (59,63). Similarly, 

lovastatin has a low oral bioavailability, due in combination to poor absorption 

and high hepatic extraction (56). Atorvastatin and lovastatin are highly protein 

bound, 98 and 95% respectively, and are each metabolized by cytochrome P450 

(CYP450) 3A (56), particularly CYP450 3A4 (5559). The half-life (t%) of 

elimination for atorvastatin and lovastatin in human is 13 - 51.5 h (61,63) and 1.5 

- 2.9 h (64,65), respectively, but the t% of inhibition does not reflect the drug tin, 

perhaps due to active metabolites, or other factors. 

1.5.3 Hyperiipidemic Rat Models 

The eagerness to understand the pathogenesis and treatment of 

hyperlipidemia has led to the development of numerous hyperlipidemic models. 

There are many considerations when choosing a hyperlipidemic model, such as 

the ability to replicate the human condition, convenience, and expense. Despite 

the differences in lipoprotein metabolism, distribution and total plasma 

cholesterol levels between the human and rat, the rat is commonly used in lipid 



research (66). Hyperlipidemic rat models vary in their etiology, and their type and 

severity of hyperlipidemia. The majority of the models reflect genetic 

alterations(s), including the JCR:LA corpulent (67), obese Zucker (68,69), ExHC 

(70), RlCO (71), Spontaneously Hyperlipidemic (66), and Prague Hereditary 

Hypercholesterolemic rats (14), many of which are expensive and have 

underlying pathological conditions. Feeding high cholesterol diets to rats does 

not commonly result in high plasma cholesterol levels, with the result that this 

model is not commonly used. Hyperlipidemia induced by the surfactant, Triton 

WR 1339 (72), has been recognized since 1951 and is currently being used to 

determine rates of VLDL secretion from the liver in order to characterize other 

hyperlipidemic models (73). Triton WR 1339 causes cell lysis, which limits its use 

(74). 

I .  5.3.7 Poloxamer 407 

1 -5.3-1.1 Physicochernical properties 

Poloxamer 407 (P407, Pluronic F127) is a member of the poloxamer family, 

composed of repeating polyoxyethylene and polyoxypropylene blocks (75). P407 

is a nonionic surfactant and biocompatible polymer, and its molecular weight and 

HLB (hydrophilic-lipophilic balance) are 12,600 and 18 - 23, respectively (76). 

P407 is a high molecular weight poloxamer and contains a large content of 

ethylene oxide (hydophile) in comparison to other poloxamers, which contributes 

to its non-toxic nature (76). P407 undergoes a reverse thermal gelation, changing 

from a viscous liquid to a semisolid gel, which is dependent on P407 concentration 



and temperature. For example, the semisolid gel liquifies at 30% wlw in water at 

1 1 OC (77). 

1.5.3.1 -2 Uses 

P407 is used as an excipient in parenteral formulations. It is employed as a 

solubilizing and wetting agent (751, and a stabilizing agent for proteins and 

polypeptide drugs (78,79). The advantages of detergents in protein delivery 

include prevention of protein adsorption to surfaces, inhibition of protein 

aggregation and precipitation, and reduction in protein denaturation (78). 

Nonionic detergents have also been reported to facilitate the reactivation of 

denatured enzymes (78). 

1.5.3.1 -3 P407-induced hyperlipidemia in rat 

P407 induces a dose-dependent, reversible elevation of total plasma 

cholesterol and trigtycerides. One g kg" ip dose produces a 8 - 1 1 and 30 - 50 

fold increase in total plasma cholesterol and triglyceride concentrations, 

respectively, 48 h after administration, which declines to baseline levels between 

96 - 120 h (15,80). The mechanisms involved in P4074nduced hyperlipidemia 

are stimulation of HMG CoA reductase (15,81,82), inhibition of LPL (80), and 

increases in mobilizaton of free fatty acids from adipocytes (83). The exact 

contributions of the individual mechanisms to the overall increase in total plasma 

cholesterol and triglyceride have not been established. 

1 -5.3.1.4 Disposition of P407 

Until recently, attempts have not been made to characterize P407 disposition 

due to the absence of a suitable assay. In 1996, a colorimetric assay was 



developed for these purposes and the plasmaconcentration time profile of a 1 g 

kg-' dose was described up to 48 h (84). The maximum concentration (C,) of 

13.5 mg ml' occurred at 12 h, that slowly declined to 4.5 mg rnl-' at 48 (84,85). It 

has been assumed that renal excretion of P407 is the main elimination pathway, 

because 75% of an intra-arterial dose given to dogs was recovered intact in the 

urine (84). This, however, has not been confirmed for the rat (84). In addition, at 

24 h, liver and kidney homogenates contained 15.9 and 3.0 mg of P407, 

respectively. The apparent clearance of P407 was low (2.4 x lo3 L hr" kg-'), 

which was suggested to be due to deep tissue accumulation, protein binding or 

reabsorption in the distal tubules (84). From urinary data, the t% of P407 has 

been reported to be 20.9 h (84), which correlates well with the hyperlipidemic 

effects. 

1 53.1.5 Toxicity of P407 

Surfactants are commonly knowr; for their ability to disrupt membrane 

integrity, possibly causing cell lysis and altering cellular function (86). It has 

previously been shown that P407 is non-toxic to cell membranes (79,87,88). 

Toxicological studies have been conducted to determine the physiological effects 

of high P407 doses. In the rat, 4 days of once-daily administration of 0.33 mg kg' 

', ip, resulted in an increase in the number of monocytes with no other 

toxicological findings (89). In contrast, a dose of I g kg-', ip, given under similar 

conditions, decreased weight gain, altered blood cell counts, and produced a 

slight splenomegaly (89). Decreases in lymphocytes, erythrocytes, hemoglobin, 

and hematocrit, and increases in white blood cells and monocytes were noted. 



Splenomegaly was caused by an infiltration of macrophages containing 

phagocytized lipids. 

1.6 Protein binding 

Human plasma contains over 60 proteins, the most abundant of which is 

albumin (90). The majority of drug binding is by albumin, orl-acid glycoprotein 

(AAG) and lipoproteins (91). Albumin predominantly binds acidic entities (92), 

whereas AAG and lipoproteins bind basic and neutral entities (93). The 

prevelance of plasma binding and selectivity of proteins varies widely for each 

drug and is dependent on the following: (i) physicochemical properties of the 

drug, (ii) concentration of protein, commonly referred to as the protein's capacity 

(NTOT), (iii) strength or affinity of binding of protein to drug (Ka) and (iv) 

concentration of drug (81,94). Some drugs may bind specifically to one protein 

(warfarin, probucol) while others may bind to all three (propranolol, nifedipine). 

1.7 Alterations of PK and PD Profiles in Hyperfipidemia 

Many drugs, particularly hydrophobic entities, associate to plasma lipoproteins 

(95). In previous reports, a decrease in fraction unbound in plasma (f,) has 

occurred for many drugs in a hyperlipidemic condition including: cycfosporine A 

(96) (97), imipramine (98), amitrityline (99), nortriptyline (99) and fentanyl (100). In 

addition, inverse correlations between fu, and total plasma cholesterol and/or 

triglyceride levels have been reported (96,101 ,102,102-1 04). 

The decreases in f, were caused either a decrease in total body clearance 

(CtB) (103,105,106), a decrease in volume of distribution (Vd,) 

(97,103,106,l O7), or an increase in drrlg plasma concentrations (1 05-1 1 3). In 



contrast, few studies have reported an increase in CITe and Vdo (1 14.1 15). Drug 

intervention to lower total plasma cholesterol has corrected the hyperlipidemic 

alterations in the PK parameters (1 01 ) 

Hyperlipidemia may produce a multitude of differing effects on a drug's 

pharmacological response(s). Studies investigating the clinical consequences of 

increased plasma drug concentrations in hyperlipidemia reported either a 

decrease in expected toxicities ( I  09,110) or no alterations in clinical efficacy for 

the indicated use (108). Other studies have shown that increased associations of 

drugs with lipoproteins causes either an increase (1 16,117) or a decrease in 

toxicity (96,118-1 20), depending on the particular lipid or lipoprotein involved. 

These conflicting findings are most likely explained by: (i) differences in the 

structure and makeup of the lipoproteins that influence the selectivity of binding to 

a particular lipoprotein (22,121 -1 23), (ii) multiple pathways of lipoprotein 

distribution, uptake, and metabolism (1 10.1 16,124-126) and (iii) exchange of drug 

with lipids and proteins between the lipoproteins (22). 

1.6.1 Drug Lipoprotein Interactions. 

There is substantial evidence to support two mechanisms of lipoprotein-drug 

interactions, including: (i) saturable association, which is specific to either the 

lipids or proteins on the surface monolayer (95, I 18,127), or (ii) unsaturable 

association, which involves drug solubilization within the internal core of the 

lipoprotein (95,97,102,128). The type and extent of drug binding is influenced by 

the physicochemical properties of the entity in question. Neutral and basic 

compounds undergo 50 - 100 percent and 5 - 60 percent lipoprotein binding, 



respectively (95), which primarily depends on the lipophilicity of the compound 

(95). In addition, the extent and distribution of lipoprotein binding may depend on 

lipoprotein concentrations in plasma, lipid concentrations within the individual 

lipoproteins (22,9S, 102), and the particular apolipoprotein on the surface 

monoiayer (96). 

1.6.1.1 Caldum channel blockers - lipoprotein interaclions 

The calcium channel blockers that have been shown to bind to lipoproteins 

are diltiazem (41). nifedipine (129). nicardipine (1 02), isradipine (95), amlodipine 

(95), and darodipine (130), but they do not necessarily have similar determinants 

in lipoprotein binding. For example, isradipine binding correlates linearly with the 

cholesterol levels in VLDL and LDL, but not HDL. However, nicardipine binding 

(1 02) correlates with triglycerides and phospholipids within VLDL, LDL, and HDL 

(102). Nifedipine binds to both HDL and LDL (129), although the affinity of 

association of lipoprotein to drug (Ka) in hyperlipidemic plasma is not known. 

I .  6.4 Cytochrome P450 (C YP45O) 

The 'fluid mosaic modeln proposed in 1972 describes the fluid nature of 

amphipathic membrane bilayen that are composed of phospholipids, cholesterol 

and proteins. The fluidity of the membranes is imperative for maintaining proper 

integrity and functioning of cellular processes (131). Increases in cholesterol 

content increases the cholesterol-phospholipid ratio within the bilayers, and 

decreases the fluidity of the membranes (131-133). Free (unesterified) 

cholesterol is a major lipid class of mammalian plasma membranes, and is 

thought to participate in the regulation of the physical state or 'fluidity" of the 



phospholipid bilayer (1 34). Although the catalytic activity of the CYP450 system 

strongly depends on phospholipid concentrations (135), it seems that the 

phospholipid:cholesterol ratio is also important (1 34,136). Cholesterol modulates 

membrane structure due to its unique interactions with phospholipid molecules 

and is incorporated into the membrane hydrocarbon core where it reduces 

freedom of motion. The effect is attributed to the contribution of the electron rich 

conjugated ring structure of cholesterol, which disrupts the ordering of acyl chain 

regions within the bilayer, and causes increases in bilayer membrane density and 

bilayer thickness. 

An increase in the cellular free cholesterol:phosphoiipid ratio has been shown 

to alter the activity of several membrane-bound enzymes in a variety of cells, 

including hepatic cells, erythrocytes, intestinal epithelial cells, and renal tubular 

cells (1 34,136). CYP450 isozymes are integral proteins spanning the microsomal 

membrane bilayer of the endop[asmic reticulum (137) and are the major 

metabolizing isozymes for xeniobiotics (1 38,139). The fluid environment that 

facilitates electron transport from NADPH via NADPH-CYP45O reductase to 

CYP450 may be reduced by increased cholesterol (135). In addition, 

hyperlipidernic conditions have down-regulated (1 37,140,141 ) CYP450 content 

and 'have decreased the enzymatic activities of components of the CYP450 

dependent monoxygenase system (1 37,142, i 43). 



1.7 Nifedipine 

1.7.1. Uses 

Nifedipine, a first-generation 1 ,edihydropyridine calcium channel blocker, has 

been used in clinical practice for many years. Nifedipine elicits its therapeutic 

effect through a potent vasodilator action by blocking the L-type calcium 

channels in smooth muscle (144-146). Nifedipine is indicated for use in 

hypertension and ischemic heart disease (1 47,148). Despite the ongoing debate 

concerning its benefits and safety, nifedipine (149151) is one of the most 

commonly prescribed antihypertensive drugs (147,152). Over the last twenty 

years, nifedipine has been assessed for other indicated uses, such as control of 

unstable angina (1 53) and long-term prevention of acute myocardial infarction 

(154). Unfortunately, the conclusions of these studies are iimiting because 

inclusion immediate release capsules were previously used, whereas, for the 

most part, nifedipine is now adminstered by sustained-release formulations 

(149). Sustained-release formulations (eg. Adalat PA or XL) have improved the 

PK and PD profiles of nifedipine by reducing Cmm and increasing the time to . 
reach C, (L,), which has generally produced a gradual and sustained lowering 

of blood pressure (155-157) and decreased the occurrence of reflex tachycardia, 

a baroreceptor feedback mechanism. To eliminate bias, large-scale clinical 

studies are continuing to determine the benefits of various nifedipine sustained 

release formulations (1 58). More recently, nifedipine was tested for potential anti- 

atherosclerotic properties due to the implication of calciurn-dependent processes 

in plaque formation (1 59-1 61 ). Proposed mechanisms for the anti-atherosclerotic 



properties are a reduction in smooth muscle proliferation, inhibition of growth 

factors, and other antioxidant or antiplatelet properties (1 59). Undoubtedly, 

nifedipine will be one of the most highly tested drugs in order to bring clarity to its 

clinical role (1 47). 

7.7.2 Physicochemical Properties 

The chemical structure of nifedipine (CI7HleNzO6) is depicted in Fig. 14.  The 

drug is practically insoluble in water with a saturated solubility of approximately 

10 pg ml-', which is reduced to less than 6 pg rnrl in phosphate buffer (162). 

H 

Fig. 1 4 .  Chemical structure of nifedipine. 

The n-octano1:water partition coefficient is approximately 10 000: 1 (1 62). 

Nifedipine is a weak base that is not charged at physiologic pH (163). The 

ultraviolet (UV) spectrum of nifedipine shows absorption maxima at 235 nm and 

about 340 nm in methanolic solution, and at 238 nm and about 340 nm in 

alkaline and acid solutions, respectively (162). Nifedipine is photosensitive, 

therefore it will degrade to inactive compounds upon exposure to visible and UV 

light (164). Therefore precautions must be taken when preparing nifedipine 



solutions and samples by using yellow (sodium) or red light to prevent 

degradation. 

1.7.3 PK and PD of nifedipine 

Absolute bioavailability of nifedipine is 0.40 - 0.64 in both the rat and human 

(165-167). A substantial amount of pre-systemic elimination occurs in the 

gastrointestinal tract and liver (167-169). Nifedipine is metabolized to inactive 

metabolites by oxidative processes via CYP450 3A isozymes (168,170). In the rat, 

the systemic clearance (CI,) is reported to be 2.4 - 10 ml m i d  kg-', indicative of a 

low to medium extracted drug, corroborated by a low to medium hepatic extraction 

ratio (ERH) (0.22 - 0.47) (167,169); Albumin, AAG, and lipoproteins contribute to 

the high nifedipine plasma binding (91 - 99%) (129,171 ). 

Diseases that alter nifedipine protein binding andlor metabolism generally 

alter the PK and PD profiles (172-174), evidenced by positive relationships 

between nifedipine concentration and both blood pressure lowering and toxicity 

(1 75). Concentrationeffect relationships for blood pressure lowering of nifedipine 

have been defined by the linear effect and sigmoidal-maximum pharmacological 

effect (E,) models (1 75). These relationships are formulation dependent, as 

demonstrated by comparisons of immediate- and sustained-release formulations 

(I 55,156). 

1.8 Thesis Rationale 

Distribution, elimination and pharmacological effects of many drugs have 

been altered by hyperlipidemia (22,47). Plasma lipoproteins, carriers of 

cholesterol and triglycerides, have the potential to interact with drugs, particularly 



hydrophobic entities. They exist in plasma at 10% of the concentration of albumin 

(91). Regardless, they can account for the majority of total drug binding in some 

entities - (97,176). In hyperlipidemic conditions, total plasma cholesterol and 

triglycerides are elevated, thereby increasing lipoprotein concentrations and their 

respective lipid masses therein. An increase in protein binding results in a 

decrease in f,. Also, in the hyperlipidernic condition decreases in the content 

and activities of hepatic metabolizing isozymes, particularly CYP450, have been 

reported, which may cause a decrease in Cluint. Both a decrease in f, and C l u i ~  

could alter the time-dependent Ct and Cu of nifedipine, which may alter its 

desired clinical effects. In addition, lipoproteins may re-distribute drugs away 

from effect sites to alternate organs (kidney, ovary), causing desirable 

pharmacological actions (adverse effects) andlor altering toxicities. 

Many calcium channel blockers, including nifedipine, (1 29) associates with 

lipoproteins (41,95,102), however the PK and PD consequences have not been 

determined. Calcium channel blockers are used to lower blood pressure in 

patients with or without coronary heart disease. Hyperlipidemia is an independent 

risk factor for coronary heart disease. Therefore, patients being treated with 

calcium channel blockers may have an underlying hyperlipidemic condition. 

Nifedipine, a 1,4 dihydropyridine calcium channel blocker has been associated 

with adverse reactions when used in patients with established coronary heart 

disease, which may subsequently result in increases in cardiovascular events 

and mortality (1 51). Increased plasma concentrations of nifedipine correlates with 

nifedipine toxicity (1 56,177). Therefore, the presence of an underlying 
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hyperlipidemic condition may alter the PK and PD profiles of nifedipine in a way 

that may explain the large degree of interindividual variability (178) and increased 

risk in patients with established coronary heart disease. 

1.9- Hypotheses 

Short- and long-term administration of 1 g kg-' P407 ip either once or for 4, 6 

and 9 wk every 96 h is non-toxic. 

Hyperlipidernia will alter the PK of a po, ip, andlor iv dose of nifedipine. 

The fup of nifedipine will be decreased in hyperlipidernic plasma. 

HMG CoA reductase inhibitors will inhibit P407-induced hyper1 ipidemia. 

Atorvastatin is a more potent HMG CoA reductase inhibitor than lovastatin in 

the P407-induced hyperlipidemic rat. 

Pentobarbital sodium anesthetized rats will be a suitable model for determining 

the antihypertensive effects of nifedipine. 

Intravenous (iv) nifedipine will demonstrate a sigmoidal dose-response 

relationship between the doses of 0.05, 0.1 and 0.3 mg kg" and blood pressure 

lowering. 

Hyperlipidemia will either increase, decrease or not alter the blood pressure 

lowering effect of nifedipine. 

Therapeutic intervention with atorvastatin in P407-induced hyperlipidemic rats 

will normalize PK and PD alterations caused by P407-induced hyperlipidemia. 

1 .I 0 Objectives 

1. To evaluate the pathological and toxicological affects of short and long-term 

administration of P407 in the rat. 



2. To evaluate the PK of an iv, ip and po dose of nifedipine in the P407-induced 

hyperlipidemic rat. 

3. To wmpare the f, of nifedipine in normolipidemic and hyperlipidemic rat 

plasma. 

4. To evaluate and wmpare the effects of HMG CoA redudase inhibitors, 

atorvastatin and lovastatin, on P4074nduced hyperlipidemia, using 3 different 

dosing schedules. 

5. To evaluate the effects of pentobarbital-induced anesthesia on the mean 

arterial pressure (MAP) and heart rate (HR) in the rat to determine if this would 

be a suitable model to evaluate PD of nifedipine. 

6. To evaluate the dose-response relationships of iv nifedipine using doses of 

0.05, 0.1 and 0.3 mg kg-'. 

7. To evaluate the consequences of P407-induced hyperlipidemia on the PK and 

PD of nifedipine in the anesthetized rat. 

8. To evaluate the consequences of cholesterol lowering in the hyperlipidemic 

rats, with atowastatin, on the PK and PD of nifedipine in the anesthetized rat. 



Chapter 2 

Experimental 



2.1 Chemicals 

Nifedipine was obtained from Sigma Inc., (Mississauga, ON, Canada). 

Nisoldipine was a gift (Dr. Knaus, University of Alberta, Edmonton, AB, Canada). 

Methanol and water (HPLC grade), acetic acid (analytical grade) and 

triethylarnine (TEA) were obtained from Mallinckrodt (Paris, KY, USA). Is= 

octane and methyl-t-butyl ether (MTBE, HPLC grade) were purchased from 

BDH (Toronto, ON, Canada.). P407 was obtained from BASF Corporation 

Canada Inc. (Toronto, ON, Canada). Atorvastatin (~ipito?, Parke-Davis, 

Scarborough, ON, Canada) and lovastatin ( ~ e v a c o r ~ ,  Merck Frosst, W E ,  

Canada) were supplied as 40 mg tablets. Polyethylene glycol (PEG 400) was 

obtained from Union Carbide Chemicals (Danbury, CT, U.S.A.). 

2.2 Dosage Form Preparation 

Nifedipine solutions were prepared by dissolving nifedipine powder in PEG 

400 the night prior to administration to ensure complete dissolution. To prevent 

nifedipine degradation, all dosage formulations were prepared and handled in a 

room illuminated only by sodium light. P407 was prepared as a 30% (wfw) 

solution in cold double distilled water 48 h prior to use and kept at 4-8 OC in order 

to maintain a liquid phase. Tablets containing 40 rng of atorvastatin and 

lovastatin were crushed and suspended in (0.4% w/v) methylcellulose to a final 

concentration of 30 mg mi-', immediately prior to use. Methylcellulose solution 

was made by dispersing the powder in 60 OC double distilled water (113 of the 

total volume). The remainder of water (33 of the total volume) was cooled to 4-8 

O C  and added to the hot solution. 



2.3 Animal Treatment 

Experiments were performed on male Sprague-Dawley rats weighing 

between 198 - 400 g obtained from Biosciences Animal Services (University of 

Alberta, Edmonton, AB, Canada). Rats were subjected to light from 8:00 a.m. to 

7:00 p.m. and dark for the remainder of time. Rats were allowed access to 

drinking water and regular rat chow Purina Mills Inc. 5001 diet (PMI Feeds Inc., 

St. Louis. MO, U.S.A.). at all times. The lipid components that were contained in 

the diet are as foliows; fat (4.5%, ether extract), fat (5.5%, acid hydrolysis), 

cholesterol (200 pprn), linolenic acid (1.16%), arachidonic acid (<0.01%), omega- 

3 fatty acids (0.26%), total saturated fatty acids (1.50%) and total 
# 

monounsaturated fatty acids (1 -58%) with a total gross energy and metabolizable 

energy (4.00 and 3.04 kcallg, respectively). Rats were collected and kept in a 

study area 72 h prior to experiments where they had unlimited access to food 

and water ad libitum. In addition, food and water was given ad libitum to 

conscious rats throughout the entire duration of the experimental studies. All 

procedures followed the ethics of animal investigation. 

2.4 Surgical Procedures 

2.4.1 Anesthesia 

All surgical procedures were carried out under surgical anesthesia, 

induced with 65 mg kg-' of sodium pentobarbital (~omnotol*, MTC 

Pharmaceuticals, Cambridge, ON, Canada), and, if needed, maintained with 20 

mg kg". In unconscious rats maintenance doses of pentobarbital sodium were 



administered directly into the ip cavity through a small midline incision in the 

lower abdomen. 

2.4.2 Cannuiat!'ons 

Jugular vein cannulation was performed to provide a site for blood 

sampling and iv administration of nifedipine solution. In addition, carotid artery 

cannulation was performed to provide a site for blood pressure measurement. 

The jugular vein cannula consisted of 76 crn of polyethylene tubing with an 

internal and external diameter of 0.58 and 0.97 mrn (PE-50, Clay Adams, 

Parsippany, NJ, U.S.A.), tipped with 2 cm of silastic tubing (Dow Corning Corp., 

Midland, MI, U.S.A.). The silastic tubing tip was inserted into the vein proceding 

the polyethylene tubing. Carotid artery cannulae were made with 9 crn PE-50 

tubing cut to a bevel of about a W cm. The arterial cannula was inserted about 1 

cm into the artery and secured into place with surgical sutures (Surgical Suture 

USP, Cyanamid Canada, Montreal, QUE, Canada.). To prevent release of 

heparin releasable LPL, an enzyme which is responsible for catabolism of 

triglycerides, the cannulae were locked with normal saline rather than 

heparinked saline. 

2.4.3 Heart Rate and Mean Artenal Pressure Measurements 

Lead I electrocardiograms (ECG) were produced by placing stainless steel 

teflon coated wiring (40G, Cooner Wire Co., Chatsworth, CA, U.S.A) 

subcutaneously, foiming a triangle from either axilla to the xyphoid process. Heart 

rate (HR) was taken as the length of the R-R interval of the ECG. Carotid artery 

cannulae were connected to a Grass pressure transducer (Honeywell Phillips Org., 



U.S.A). Blood pressure and heart rate were displayed on a bn'dge amplifier 

(Honeywell, Electronics for Medicine, Edmonton, AB. Canada) and an IBM 

Personal Computer (IBM lnc., Arrnonk, New York, USA).  Acknowledge Version 

3.0 (World Precision Instruments, Miami, FL, U.S.A) was used to determine 

systolic and diastolic blood pressure from the pressure waves. Mean arterial 

pressure (MAP) was calculated by MAP = ((2 ' DBP) + SBP) I 3  (179), where DBP 

is diastolic blood pressure and SBP is systolic blood pressure. 

The pressure transducer was calibrated daily with a sphygmomanometer 

attached to 9 crn of polyethylene tubing that was directly attached to the pressure 

transducer. Calibration curves from 30 to 150 mm Hg were linear, ? = 0.99, and 

intra- and interday variability was less than 10%. 

2.5 P407-induced Hyperlipidemic Rat Model 

Hyperlipidemia was induced in rats by ip administration of 1 g kg" P407, 

48 h prior to experimentation. Rats that served as controls received 1 ml saline in 

place of P407 in the identical manner. A small midline incision into the lower 

abdomen was made to provide access to the ip cavity for administration of P407. 

The incision was enclosed immediately using surgical sutures (Surgical Suture 

USP, Cyanamid Canada, Montreal, QC, Canada). Surgery was required because 

P407 could not be administered by a 26 G, 6.4 mm needle due to the thickness 

of the gel, therefore an 18 G. 19 mm needle was required which might traumatize 

surrounding organs. Needles and syringes were cooled prior to P407 injection to 

decrease gelation of P407 within the syringe. 



2.6 Blood Sampling 

Blood samples of approximately 150 - 250 pl were drawn through the 

jugular vein cannula with heparinized-coated 1 cc tuberculin syringes, unless 

stated otherwise. Immediately following blood sampling the cannula was rinsed 

thoroughly with blood, thereafter saline was administered to replace the lost 

blood. Note: the cannulas were not assayed for nifedipine after the intravenous 

injection, therefore initial concentrations found may be somewhat higher than the 

actual concentrations. However, the AUCs that were found in this thesis were 

comparable to previous findings (169). In addition, the tail clip method was 

utilized when only a few blood samples were needed (Please refer to sections 

2.91 and 2.12.2). Approximately 2-3 mrn of the tail was clipped using a sterilized 

razor blade. lmmediately thereafter, silver nitrate sticks were used to stop the 

bleeding. Blood was centrifuged for 5 min at 2500 g to obtain plasma and 

samples were frozen at -20 OC until analyzed. 

2.7 Analysis of Total Plasma Cholesterol 

Total plasma cholesterol levels were determined by the Surgical Medical 

Research Institute, University of Alberta, Canada. The VETTEST 8008 (Innex 

Canada Corporation, Toronto, ON, Canada) dry chemistry analyzer was used 

which utilizes a colorimetric assay. The inter- and intra-day variability was less 

than 1 2 O r 6 .  

2.8 Analysis of plasma nifedipine 

Plasma nifedipine concentrations using 50 - 150 p1 of rat plasma were 

measured by a previously reported HPLC method (180). The internal standard 



used was nisoldipine. The method involved extraction with MTBE:iso+xtane 

(75125, vlv) and subsequent evaporation of the resulting organic phase (about 

90% of nifedipine is extracted from plasma within these concentrations). The 

residue was reconstituted with 200 cJ mobile phase (methanol:water:acetic acid, 

65:34:1, vlv plus an additional 300 PI of triethylamine). Approximately 150 pl of 

sample was injected onto a Nova-pak 8 x 100 mm radial pack column, containing 

4pm C8 as stationary phase (Waters, Mississauga, ON., Canada). Nifedipine 

was detected by ultravioletlvisible at 350 nm using SPD-1OA UV-vis detector 

(Shimadzu Corporation, Kyoto, Japan). Calibration cuwes were linear (? > 

0.999) from 5 to 2000 ng ml-l using I /x weighting. All HPLC runs had a total of 9 

quality control samples, including 3 low (1 0 ng ml-I), medium (1 50 ng mi-'), and 

high (900 ng ml-'). lntra and inter-day variability was less than 8%. Millenium 

Chromatography Software Version 1 .I (Waters, Mississauga, ON, Canada) or 

EZChrom Software Version 3.0 (Shimadzu Analytical Instruments Division, 

Kyoto, Japan) was used to integrate the peaks and process the chromatography. 

2.9 Gross Morphological and Histopathological Assessment of Short- and 

Long-term Administration of P407 Experimentation 

2.9. f Protocol 

Rats were randomly assigned to either a test group which received 1 gm 

kg-', P407, ip given as a one-time administration (n=2) or every 96 h for 4 (n=3), 

6 (n=3), and 9 (n=3) wk. Control rats were similarily followed as test rats using 

saline ip over 9 weeks. At 48 and 96 h after the initial administration of P407, rats 



were anesthetized with ether to enable blood collection (- 200 pl) via the tail clip 

method. 

2.9.2 Gross Morphological Postmottern Eramination 

Upon completion of the study period all rats were submitted to Health 

Sciences Laboratory Animal Services (HSLAS, University of Alberta, AB, 

Canada.) for pathological assessment. A gross postmortem morphological 

examination induded an overall assessment of the entire body including skin, 

eyes, thorax, respiratory tract, gastrointestinal tract, peripheral vasculature, heart, 

spleen, pancreas, liver, adrenals, urinary tract, reproductive system, 

musculoskeletal system, brain and pituitary gland. Any abnormalities were noted 

including alterations in organ size, color, shape, structure, absesses and tumors. 

Lipid accumulation was characterized by variably sized, but usually, large single 

or multiple clear circular areas in the cytoplasm of affected cells. Lastly, if any 

abnormalities were noted in the gross morphological examination a 

histopathological examination was performed. 

2.9.3 Hisfopafhological Examination 

The histopathological examination included removal and trimming of 

sections from select tissue which were processed routinely into paraffin blocks, 

sectioned at 5 microns and stained with hematoxylin and eosin. The excised 

tissues were fixed in 10% neutral buffered formalin. Following fixation for a 

minimum of 24 hours they were trimmed into 3 mrn slices and placed onto plastic 

processing cassettes. Tissue in cassettes were placed in a Fisher automatic 

tissue processor and infiltrated with paraffin in a series of steps as follows: 



1. dehydration through a series of increasing concentrations of alcohol 

2. preparation for paraffin infiltration by saturation with xylene, and 

3. infiltration with parrafin. 

Following paraffin infiltration, tissues were removed from the processor, 

taken out of the cassettes, and manually embedded in a block of paraffin using a 

Fisher embedding centre. Paraffin blocks containing tissues were placed on a 

Reichert-Jung microtome, and a 5 micron thick section was cut and floated in a 

water bath onto glass slides. Glass slides with attached tissue sections were 

dried and then stained with hematoxylin and eosin stain using standard 

techniques. All procedures were performed by a trained histology technician 

assisted by a registered Animal Health Technician. Histology slides were read 

and interpreted by a Board Certified Veterinary Pathologist. 

2.10 Effects of Hypedipidemia on IV, IP and PO Nifedipine in the Rat 

Experimentation 

2.10.1 Protocol 

The animals were administered nifedipine (6 mg kg-') from a 5 mg ml-' 

solution by either a 4 min intravenous (iv) infusion, intraperitoneal (ip) injection or 

oral (po) gavage. The iv dose was injected slowly from 0 to 4 min through the 

jugular vein cannula prior to blood sampling at time 0 and 6, 8, 10, 15, 20, 30, 45, 

60, 90, 120, 150, 180 and 240 min after start of infusion. Ip injection was 

administered with a 12.7 mm 26G needle at time 0 min followed by blood 

samples at 2, 5, 30, 90, 180, 240, 300, 360, and 420 min. Oral gavage was 

administered by a stainless steel oral feeding tube at time 0 min followed by 



blood samples at 5, 15, 30, 90, 180, 240, 360, 480, and 600 min.Total plasma 

cholesterol samples were taken 5 rnin. prior to PK study. Triglycerides were not 

measured because nifedipine is bound to the cholesterol rich lipoproteins, HDL 

and LDL, as opposed to the tr igly~ride rich lipoprotein VLDL. 

2.1 1 Protein Binding Experimentation 

Norrnolipidemia and hyperlipidemia were obtained by administering either 

1 rnl saline or 1 mg kg*' P407 ip to male Sprague Dawley rats (340 - 380 g, n = 6) 

as in section 2.5. Blood was removed from the rats, via jugular vein cannula, 48 h 

post P407 administration. The plasma from each rat was pooled into the 

appropriate normolipidemic (n=3) or hyperlipidernic (n=3) group. The pH of the 

plasma was determined and adjusted as necessary to 7.4 k 0.2 with 0.01 M HCI. 

The plasma samples were spiked with a solution of nifedipine in methanol to 

produce a final plasma concentration of 1.5 pg mf'. The residual concentration of 

methanol in plasma was less than 1.5% v/v. The spiked plasma was then 

incubated at 37.0 OC * 0.3 for 30 min. The ultrafiltration units (Arnicon 

Micropartition System MPA-1 Starter Kit, Arnicon Div., W.R. Grace & Co., 

Danvers, MA, USA) combined with a YMT membrane disc (Amicon, lnc., 

Beverly, MA, USA) were filled with 1 ml aliquots of plasma. Samples were 

centrifuged at 2500 g for 30 min to obtain approximately 200 - 400 pl of 

ultrafiltrate. The ultrafiltrate of the nonolipidemic and hyperlipidemic plasma was 

collected and pooled (n=3 and n=4, respectively) in order to provide an 

appropriate sensitivity for analysis. ARer the first spin the remaining plasma in the 

ultrafiltration unit was removed and 1 rnl of phosphate (Ssrensens) buffer (1115 



MI pH 7.4) was added and centrifuged for 30 min at 2500 g. The ultrafiltrate was 

collected and pooled as before. Five consecutive washes with buffer were carried 

out. Unfiltered samples were assayed and used as standards to enable the 

determination of percent recovery of each filtered sample. Protein leakage was 

determined by both a visual inspection of ultrafiltrate and acetonitriie treated 

ultrafiltrate (1 :I ) respectively, at which point any yellow-colored, turbid andlor 

precipitated ultrafiltrate would be discarded. No samples needed to be discarded. 

All samples were extracted and assayed on the day of the experiment. Unfiltered 

samples were assayed and used as standards for determination of fraction 

unbound in plasma of each filtered sample. Fraction unbound in plasma was 

calculated from fu, = (U1 + W1 + W2 + W3 + W4 + W5 ) I Cr, where U1 ,W1 , W2 

W3 , W4 and W5 are the total concentration of nifedipine in ultrafiltrate of the 

initial plasma spin, first, second, third, fourth and fifth buffer wash, respectively, 

and Cr is the total concentration of nifedipine in the unfiltered samples. The entire 

procedure was performed in a sodium lamp illuminated room to prevent 

nifedipine degradation. 

Non-specific binding of nifedipine to the ultrafiltration unit and membrane was 

determined prior to the protein binding study to ensure complete recovery of 

nifedipine. Nifedipine was dissolved in methanol (0.10 mg ml-') and spiked into 

protein-free phosphate (Ssrensens) buffer (1500 ng ml"). Aliquots of 1 ml were 

placed into ultrafiltration units. Three consecutive washes were performed on 

each ultrafiltration unit to determine the number of washes needed to achieve 



complete recovery of nifedipine. After completion of washes the resulting 

ultrafiltrate and membranes were collected and assayed for nifedipine. 

2.12 Inhibition of P407-Induced Hyperlipidemia using HMG CoA Reductase 

Inhibitors, Atorvastatin and Lovastatin Experimentation 

2 72.1 Afowastatin and Lovastatin Dosing 

Stainless steel oral gavage tubes were used to administer lovastatin and 

atorvastatin suspensions. All suspensions were vortexed immediately prior to 

administration. Control rats that did not receive atorvastatin or lovastatin were 

administered 600 - 800 pl of plain methylcellulose suspension. 

2.7 2.2 Protocol 

To evaluate the inhibition of P407-induced hyperlipidernia two HMG CoA 

reductase inhibitors, atorvastatin and lovastatin, were administered via 3 different 

dosing schedules (A, B and C). Dosing schedule A (75 mg kg-' dosing at 24 and 

3 h prior to and 24 h post P407 administration), 8 (37.5 mg kg-' dosing at 24, 12 

and 3 h prior to and 12 and 24 h post P407 administration) and C (75 mg kg- 

'dosing at 3 h prior to and 24 h post P407 administration). Twenty-one rats were 

divided into 7 groups, 6 groups receiving either atorvastatin or lovastatin using 

dosing schedule A, B or C and the P407 group, using no HMG CoA reductase 

treatment. 

Baseline measurements of total plasma cholesterol and triglycerides were 

taken about 15 min prior to the first administration of atorvastatin, lovastatin or 

methyl&llulose administration via the tail clip method. At the end of the study 



period, 48 h post P407 administration, total plasma cholesterol and triglyceride 

levels were measured. 

2.1 6 Nifedipine Dose-Response Experimentation 

2.16.1 Protocol 

Nifedipine doses of 0.05 (n = 3), 0.1 (n = 3) or 0.3 (n = 2) mg kg-' were 

obtained from a 0.5, 1, and 3 and mg ml-' nifedipine solution, respectively, to 

ensure equal volumes of each dose, which was administered as a 30 sec iv 

infusion through the jugular vein cannula. 

2.16.2 Analysis 

Relationships between concentration and percent change MAP and HR 

were determined using data from each individual rat following all doses from time 

0 to 30 min. Hills equation, E = Em, Cn I ECSn + Cn (9). was used to describe 

the concentration-effect curve for percent change in MAP, where E is the effect 

(% change in MAP), E, is the maximum reduction in MAP, C is the nifedipine 

plasma concentration, ECSO is the concentration at 50% of maximum effect and n 

is the Hill coefficient. 

2.1 7 Sodium Pentobarbital Experimentation 

2.17.7 Pfofocd 

The effects of pentobarbital sodium-induced anesthesia on MAP and HR 

were determined in normolipidemic (n = 3) and hyperlipidemic (n = 3) rats. The 

effects of an initial dose were studied from 30 to 60 rnin after administration of 

pentobarbital-sodium (65 mg kg-', ip), at which point a maintenance dose (20 mg 

kg"), was required. The hernodynamic effects of the maintenance dose were 



determined 15 min following administration of the maintenance dose. The study 

period was from 30 to 60 rnin because the surgical preparation required 30 min. 

2.18 Phannacokinetic and Pharmacodynamic (PK-PD) Evaluation of 

Nifedipine in Hyperlipidemic and Atorvastatin Treated Hyperlipidemic Rat 

Experimentation 

2.7 8.1 Atorvastatin 

Three repeated oral doses of atorvastatin, 75 mg kg4 dosing at 72, 48 and 

24 h prior to the PK-PD study, were administered by a stainless steel oral gavage 

tube. The 48 h atorvastatin dose was administered 3 h prior to P407 

administration. Rats that did not require atorvastatin were administered 800 jd of 

plain methylcellulose at the similar dosing schedule as atorvastatin. 

2.18.2 Protocol 

The rats were grouped as follows: (i) control or normolipidemic (NL) (n = 

7), (ii) hyperlipidemic (HL) (n = 6), (iii) atmastatin treated hyperlipidernic (HLA) 

(n = 8) and (iv) atorvastatin alone (A) (n = 6). Baseline MAP and HR were taken 

in triplicate immediately following completion of surgical procedures. No longer 

than 2 minutes after, nifedipine ( I  mg kg-') was administered as a 30 sec iv 

infusion through the jugular vein cannula. PD measurements were taken about 5 

- 20 sec prior to blood sampling. Blood samples of 150 - 250 pl were drawn at 0,  

2, 5, 10, 15, 30, 45, 60, 90, and 120 min. An additional PD measurement was 

taken at 20 min. The carotid artery cannula was cleared of blood 15 sec prior to 

blood pressure measurement. The level of anesthesia throughout the study was 

monitored by the toe pinch (pedal) reflex. A maintenance dose of pentobarbital 



sodium (20 mg kg-') was required at 60 - 75 min following the initial dose. Rats 

were kept warm by means of a wool blanket and a heating lamp. 

2.1 9 Pharmacokinetic Analysis 

PK parameters were determined by WiNNONLlN Standard Edition 

Version 1.0 (Scientific Consulting Inc., Apex, NC, U.S.A). Non-compartmental 

methods were used to describe the disposition of nifedipine, in which no 

assumption for a specific compartment model is required. The linear trapezoidal 

method was used to calculate area under the concentration-time curve (AUCWst) 

and area under the first moment concentration-time curve (AUMCwart) from time 

0 to the last measurable concentration. The area under the concentration-time 

curve and area under the first moment curve from time 0 to infinity were 

calculated from A U C k  = AUCW,~ + (CI~&) and AUMC- = AUMCoqad + [Gad 

(Clast/h)] + (cW/k2), respectively, where Cm is the last measureable 

concentration, & is the time of the last measurable concentration and h is 

elimination rate constant. AUC for total (AUC~(wmin)) and unbound (AUCu(~min)) 

concentrations from 0 to 30 min were also calculated to enable comparisons with 

area under the effect-time curves (AUEC(mmin)). Comparisons of AUEC(mmin) 

with AUCb were not appropriate, because MAP was only measured from 0 to 30 

min. AUCV(mol for the NL and HL groups were calculated by the following 

equation; AUCv[-min) = fup AUCT(-in). The average f,, for NL and HL plasma 

were 0.035 and 0.024, respectively, which were found in a previous study (see 

section 4.1 ) using P407-induced hyperlipidemic and normolipidemic rat plasma. 



Total body clearance (CLn), and ip (CUFc,) and po clearance (CUF(p)) were 

calculated as Dose I AUCb. The h was estimated by linear regression using the 

last 3 - 6 concentration data points. Vd, was calculated as Vdr = (Dose I AUCh)  

(AUMCo, I AUC-). Absolute bioavailability (F) and fraction of drug escaping 

hepatic elimination (FL) were calculated using the ratio of the mean AUCb af€er po 

or ip doses over iv AUCh, respectively. 

2.20 Pharmacodynamic Analysis 

Pharmacodynamic analysis included maximum % decrease in MAP, 

AUEC(ojaninl and pharmacological half-life (pharmacological t%). The maximum 

% decrease in MAP was interpreted from the effect-time curves, all of which 

occurred at 2 min. AUEC(03Gnin) was calculated by the linear trapezoidal method. 

The h was calculated by linear regression of the time versus logarithmic effect 

curve using absolute values, and the pharmacological W was found as 0.693111. 

2.21 Phamacokinetic - Pharmacodynamic Analysis 

The percent change in MAP was related to the nifedipine plasma 

concentration by means of the linear model according to E = m * C + b, where E 

is the measured effect (I change MAP), C is nifedipine plasma concentration in 

ng ml-', rn is the slope and b is the y intercept. 

2.22 Statistical compan'sons 

Statistical comparisons were carried out on all data by either a one-way 

ANOVA with Duncan New Multiple Range Test for multiple comparisons or 

independent t-tests. Linear regressions were carried out using the simple linear 

regression method. All pharmawkinetic parameters, except h,, were log 



transformed prior to statistical analysis. A p < 0.05 was considered statistically 

significant. Data are reported as mean * SD, unless stated otherwise. 



Chapter 3 

Gross Morphological and Histopathological Postmortem 

Assessment of Acute and Chronic Administration of 

P407 



3.1 Results 

No significant differences were found in initial weights of rats (1 98-242 g). 

Rats in each group gained approximately 5 - 6 g day-', which is the average 

weight gain of a normal healthy rat (1 81 ). The final body weights of test rats after 

4, 6 and 9 wk of P407 administration and control rats after 9 wk of saline 

administration were 426 * 31, 475 * 19, 613 f 11 and 638 + 24, respectively. 

Notably, there were no significant differences between final weights of test and 

control rats after 9 wk. Total plasma cholesterol levels were significantly elevated 

48 and 96 h after P407 administration in all test rats (9.40 f 1.69 and 7.29 f 1.64, 

respectively), in contrast to the normolipidemic control rats (1.07 i 0.30 and 1.30 

rt 0.14, respectively). Gross morphological examinations reported that all rats 

after one time administration and 4 and 6 wk administration of P407 were 

hyperlipidemic but othewise healthy, with the exception of one rat at 6 wk. This 

rat had early lipid accumulation of infiltrating macrophages within the intirnal cells 

of the aorta, possibly resembling a foam cell. Test rats after 9 wk of P407 

administration had extensive lipid deposition in the cytoplasm of hepatocytes, 

renal cortical and adrenocortical cells, and macrophages within splenic sinusoids 

and pulmonary alveoli. However, intimal cells of the aorta were unaffected. The 

adrenal glands in all the 9 wk test rats were enlarged. internal bleeding was not 

observed in any test rats. Throughout the entire duration of the study, one rat 

died within the 6 wk group. 



3.2 Discussion 

P407-induced hyperlipidemia appears to be a convenient and inexpensive 

hyperlipidemic rat model (15,81), however this model is relatively new and has 

not been fully characterized. Although P407 has been noted to be a non-toxic 

polymer (78,87,88,182), a postmorten gross morphological and histopathological 

study was performed to evaluate overall toxicological and pathological effects of 

ip administration of 1 g kg-' P407 every 96 h, for short- and long-term 

administration. Total plasma cholesterol levels were elevated 48 h post P407 

administration and remained elevated by 96 h, which has also been observed in 

previous studies (80,81). The development of foam cells, fat-filled macrophages 

in the intimal layer of smooth muscle cells (1 83) in one of the 6 wk test rats may 

resemble an early stage of an atherosclerotic lesion. Generally, rats are very 

resistant to atherosclerosis due to efficient lipoprotein metabolism, higher 

concentrations of HDL, and lower concentrations of LDL, an important factor 

since LDL cholesterol has been shown to be the major atherogenic lipoprotein 

(43,183,184). Regardless, in some rat models sustained hyperlipidemia has 

resulted in atherosclerosis (19,68). In the current study, the 9 wk test rats had 

lipid infiltration in numerous tissues, but otherwise these rats were healthy. 

The most widely used for measurement of hepatic toxicity in rats 

are a reduction in the rate of body weight gain, detection of gross and histological 

abnormalities in the relevant organs, changes in organ weights, and increases in 

mortality rate (185). In the present study, all treated rats gained weight as 

normal, and mortality rate was not increased. Although one rat died, the death 



was later found by autopsy to be most likely due to gagging or choking on the 

bedding chips, that were found within the oral cavity and covering the larynx. In 

addition, liver size, color and weight were unaltered in all test rats. In comparison, 

other investigators have found that repeated ip administration of P407 at doses 

of 0.33 g kg-' increases rnonocyte concentrations with no other toxicities. 

whereas 1.0 g kg-' every 24 hours for 4 days causes a reduction in body weight, 

altered blood cell counts, and slight splenomegaly (89). To address this, the 

authors concluded that sequestration of lipidcontaining macrophages in the red 

pulp of the spleen caused the splenomegaly, which was not surprising 

considering the large increases in plasma lipids (89). It appears that dosing P407 

at 1 g kg'' every 24 h is toxic. In contrast, dosing P407 1 g kg-' every 96 h as in 

the present studies does not appear to have similar toxicities. Therefore, the 

P407-induced hyperlipidemic rat model appears to be a suitable hyperlipidemic 

model to study the effects of hyperlipidemia on the PK and PD of nifedipine after 

one time administration of P407 or up to 4 wk of administration every 96 h. 



Chapter 4 

The Effects of Hyperlipidemia on the PK of Nifedipine in 

the Rat 
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4.1 Results 

Nifedipine was absorbed and eliminated rapidly so that the last collected 

samples generally contained no detectable concentration (Fig. 4-1). 

P407-induced hyperiipidemia caused significant elevations of total plasma 

cholesterol (Table 4-1). This was associated with significant decreased CLTB and 

consequently increased AUC of nifedipine (Table 41). Significant positive 

correlations in the hyperlipidemic rats were found between nifedipine AUC and 

total plasma cholesterol in the iv and po dosed rats (r = 0.92, p = 0.028, and r = 

0.90, p = 0.016, respectively) but not following ip doses (Fig. 4-2). There was a 

significant prolongation of t% following iv and ip doses. Half-life and X was not 

measured after po doses due to excessive fluctuation in the elimination phase. 

therefore A U C b  was not determined. The AUCwd was used instead of AUCh. 

to calculate Cl/Fm) and F. This is unlikely to introduce error because the 

concentrations at the last time point were nearly at the lowest limit of quantitation. 

Vd, was not significantly affected by hyperlipidemia. The route of administration 

did not significantly influence the observed effects of P407-induced 

hyperlipidemia. No differences in absolute bioavailability (F) were observed 

between the norrnolipidemic and hyperlipidemic rats. 

The % recovery of nifedipine for the first, second and third ultrafiltration in 

protein-free phosphate buffer was 92.90 * 4.741, 107.8 + 1.33% and 109.63 & 

1.25%, respectively. Therefore, it was necessary to wash the ultrafiltration units 

twice in order to ensure complete recovery. Nevertheless, five washes were used 



for the plasma ultracentrifugation experiment. Nifedipine was undetectable after 

the fifth wash. 

The f, of nifedipine was significantly different between the normolipidemic 

(0.035 i 0.002) and hyperlipidemic (0.024 f 0.001) rats at a concentration of 1.5 

pg mi-', which was representative of the maximum plasma concentration in vivo 

in po dosed rats. Since nifedipine has demonstrated concentration-independent 

protein binding within concentrations ranging from 0.1 pg mft - 10 pg ml-' 

(1 28,170) only one dose was necessary to assess the effects of hyperlipidemia 

on the fu, of nifedipine. Total plasma cho!esterol levels of the normolipidemic and 

hyperlipidemic plasma used for the protein binding study were 0.82 + 0.35 and 

12.83 * 1.4 mmol L-', respectively. 

4.2 Discussion 

Nifedipine oral bioavailability in the rat (169) and human (465,186) is 

approximately 0.45 - 0.60 and 0.40 - 0.68, respectively. This low bioavailability 

has been attributed to a first pass metabolism rather than incomplete absorption 

(1 87.1 88). Recently, it has been shown that the gastrointestinal tract substantially 

contributes to pre-systemic elimination of nifedipine in the rat (1 69). Therefore to 

differentiate between the gastrointestinal and hepatic presystemic elimination of 

nifedipine both ip and po doses were administered and compared. Our 

observation that AUC of nifedipine following ip doses is almost equal to that 

observed after iv administration (Table 4-1) further supports involvement of the 

gut rather than liver in the presystemic clearance of the drug. 



Hyperlipidernia was induced in our rats using P407, which was adapted 

from a previously characterized model (80). Convenience and ability to replicate 

the human condition are two important issues when choosing an animal model. 

Although lipoprotein metabolism is substantially different in the rat than the 

human, the rat is extensively used for lipid research (26). The plasma lipoprotein 

distribution that comprises total plasma cholesterol in rats does not resemble that 

of humans. Rats carry 60 - 80% of plasma cholesterol in HDL, whereas humans 

carry 60 - 70% in LDL and only 20 - 30% in HDL (14). Perhaps an increase in 

protein binding resulting in a decrease in f,, occurs despite the differing 

lipoprotein distributions because nifedipine binds to both LDL and HDL (129). 

Furthermore, hyperlipidemia alters the pharmacokinetics of cyclosporine A 

similarly in the rat and human (1 O3,lO8,lO9,l89). Although nifedipine and 

cyclosporine A have different physicochemical properties, comparisons of the 

effects of hyperlipidemia on their PK parameters are important because they both 

associate with the major cholesterol containing lipoproteins, H DL and LDL. 

The magnitude of the. inhibitory effect of hyperlipidemia on CLTe of 

nifedipine was independent of the route of administration. Since the effect was 

not greater after po doses as compared with iv and ip administrations, it is 

reasonable to suggest that the firstpass gut metabolism might not have been 

differentially affected by hyperlipidemia. Therefore, a reduced systemic clearance 

is a plausible explanation for the observed P407-induced reduced nifedipine 

clearance. An increased binding to plasma lipoproteins might have caused this 

effect on nifedipine, a drug with low hepatic extraction in the rat (169). 



It has been shown that lipoproteins interact with a number of lipophilic 

drugs and hyperlipidemia increases the binding capacity of the lipoproteins 

(41,97,107). In vitro studies have shown that nifedipine binds to albumin, AAG 

and lipoproteins with a f,,,, of 0.01 - 0.09 (129,171). Our data indicates that 

hyperlipidemia results in a significant 31 % decrease in f, of nifedipine in plasma 

(Table 4-1). This is similar to previous reports suggestive of an inverse 

correlation between lipoprotein concentrations and f, for cyclosponne A (96), 

fentanyl (loo), imipramine (98) and isradipine (95). In addition to CLm, Vds may 

be altered in response to variations in the f,. This is only when one assumes that 

the fraction unbound in the tissue (fd), and tissue volume (Vt) or plasma volume 

(V,) do not change. The unchanged Vd, observed in our study may be indicative 

of either no changes in fd and increases in Vt or proportional changes in both fup 

and fut, resulting in an unchanged Vd,. 

Hyperlipidemia caused only a 31 % reduction in fup and approximately a 

40% reduction in CLTB regardless of the route of administration (Table 4-1). The 

variability in the reduction of fup does not account for the complete variability in 

reduction of CITe since reductions in CITB range to a much larger extent than the 

reduction in fup. Hence, the effect of hyperlipidemia on the pharmacokinetics of 

nifedipine may be completely explained by altered binding of the drug to plasma 

proteins. Nevertheless, since the effect on CLTs somehow exceeds the observed 

increase in the extent of binding, the possibility of other mechanism@) such as a 

decrease in hepatic uptake of lipoproteins caused by a down-regulation in LDL 

receptors (1934) and/or a reduced CLuiM by a decrease in CYP450 content or 



activity (1 W,I41,142) cannot be ruled out in addition, it has been suggested that 

the regulatory mechanisms of cytochrorne P450 and hepatic pglycoprotein are 

overlapping (190). A decrease in CYP450 may produce a decrease in p- 

glycoprotein in the liver and decrease hepatic uptake of nifedipine. Also, because 

p-glycoprotein is an ATP driven transporter an inactivation of p-glycoprotein 

ATPase, due to the presence of lipids (1 91 ) may also decrease hepatic uptake of 

nifedipine. 

The increases in t% in the hyperlipidemic state may not be explained by 

the decreases in f,,,, since the t% of highly distributed drugs are mainly 

dependent on changes in tissue binding as opposed to plasma binding. The 

observed increases in 1% in the HL group may substantiate suggestions of a 

decrease in CLuiM mentioned in the previous paragraph. However, an increase in 

Vt or a decrease in fut may also contribute. 

4.3 Conclusions 

P407-induced hyperlipidemia appears to produce a decrease in systemic 

clearance of nifedipine. A decrease in unbound fraction of nifedipine in 

hyperlipidemic plasma may, at least in part, be responsible. A decrease in 

hepatic uptake of lipoproteins, cytochrorne P450 and pglycoprotein ATPase 

activity cannot be ruled out (1 92). 



Table 4-1. Comparison of pharrnacokinetic data of nifedipine (6 mg kg-') in 

norrnolipidemic and hyperlipidemic rats administered via iv, ip and po routes (n = 

5 or 6 rats per group). Parameters are expressed as arithmetic means i SD. 

Superscript indicates significantly different from other routes of administration 

and indicates significantly different from normal. n.d. Not determined. 

Total Plasma 
Cholesterol 
(rnmol LO' ) 

A U C k  
(ug rnin ml-') 

Vd, ( rn l kg-' ) 

C LTB 
(ml m in-' kg-' ) 

C ~ P  a"d PI 
(ml min" kg-') 

t~ (rnin) 



Time (mins) 

Fig. 4-1. Concentration-time profiles for iv, ip and po administration of nifedipine 

(6 mg kg-') in hyperlipidemic and nonnolipidemic rats. Data is 

presented as arithmetic mean + SD. 



7 8 9 

Total Cholesterol (rnmol L-1) 

Fig. 4-2. Correlation of nifedipine AUC and total plasma cholesterol concentration 

after iv (r = 0.92, p = 0.028), ip (r = -0.16, p = 0.80) and po (r = 0.90, p < 

0.01 6) administration. 



Chapter 5 

Cholesterol Lowering in P4074nduced Hyperlipidemic 

Rats by Atorvastatin and Lovastatin is Dependent on the 

Dosing Schedule, Not on the Therapeutic Entity. 



5.1 Results 

Total plasma cholesterol was significantly increased by 8.4 fold (p c 0.001) 

48 h post administration of P407 in the group receiving only P407 (Table 5-1). 

The total plasma cholesterol lowering ability of atorvastatin and lovastatin were 

similar for each dosing schedule (Fig. 5-1). Atorvastatin and lovastatin 

administration using dosing schedule A (75 mg kg" dosing at 24 and 3 h prior to 

and 24 h post P407 administration) was the only regime which significantly 

inhibited P407-induced increases in total plasma cholesterol levels. Atorvastatin 

and lovastatin inhibited increases in total plasma cholesterol levels by 58% (p < 

0.001) and 56% (p < 0.001) in comparison to the P407 group, respectively. 

However, total plasma cholesterol remained significantly increased above 

baseline measurements by 2.0 (p c 0.001) and 2.5 (p < 0.001) fold, with both 

inhibitors using dosing schedule A. 

Total plasma cholesterol was increased 8.3 (p < 0.001) and 9.1 fold (p < 

0.001) using dosing schedule C (75 mg kg" dosing at 24 and 3 h prior to and 24 

h post administration) for atorvastatin and lovastatin, respectively. These 

increases were similar to those produced by the P407 group. 

Interestingly, dosing schedule B (37.5 rng kg-' dosing at 24, 12 and 3 h prior 

to and 12 and 24 h post P407 administration) increased total plasma cholesterol 

levels 12.8 (p < 0.001) and 11 fold (p c 0.001) above baseline using atorvastatin 

and lovastatin, respectively, which is 32 - 52% (p c 0.05) higher than the total 

plasma cholesterol levels in the P407 group. (Fig. 5.1). 



Triglyceride levels were increased from 1 .i8 f 0.08 to greater than 4.23 

rnmol L", however the exact values were not quantified due to assay limitations. 

The tn'glyceride levels were greater than the highest quantifiable amount and 

there was not enough plasma remaining to perform serial dilutions. 

5.2 Discussion 

Previously it has been shown that P407induced hyperlipidemia decreases 

CLm and f, of nifedipine (193), therefore, it is of interest to evaluate the effects 

of lowering total plasma cholesterol levels, in an attempt to normalize the PK of 

nifedipine. 

In the last decade a new class of drugs, HMG CoA reductase inhibitors, 

have been introduced to lower serum cholesterol and triglycerides. Today there 

are 5 HMG CoA redudase inhibitors on the market; lovastatin, simvastatin, 

pravastatin, fluvastatin and atorvastatin. The mechanism of action of this drug 

class involves alteration of cholesterol biosynthesis and metabolism. In many 

species, including rat and human, lovastatin and atorvastatin are potent inhibitors 

of HMG CoA reductase, producing a decrease in the hepatic pool of cholesterol. 

As a result, a decrease in the formation of VLDL (3,4) and an upregulation of LDL 

receptors occurs, which leads to a decrease in total plasma cholesterol. The 

exact contributions of these mechanisms to the overall lowering of total plasma 

cholesterol have not been determined and may be species dependent. 

The hypolipidemic effects of HMG CoA reductase inhibitors in the rat has 

produced a body of conflicting evidence, with reports showing a decrease 

(1 5,81 ,I 94,195), increase (1 94,196) or unchanged (1 94,197-200) total plasma 



cholesterol levels. Perhaps these results are dependent on the particular model 

used, therapeutic entity, and dosing regime of the therapeutic entity. In the 

present study a decrease, increase and unchanged total plasma cholesterol level 

was observed depending on the dosing schedule, but not on the inhibitor that 

was used. 

Dosing schedule A (75 mg kg-' dosing at 24 and 3 h prior to and 24 h post 

P407 administration) was designed to adhere to the study protocol which 

completely inhibited P4074nduced hyperlipidemia using lovastatin 75 mg kg-' 

dosing at 24 and 1 h prior to and 24 h post P407 administration (81). In 

accordance, significant decreases in total plasma cholesterol were observed, 

although complete suppression did not occur. However, using dosing schedule A 

with either inhibitor decreased total plasma cholesterol to a greater extent than 

reported for pravastatin, dosing 75 mg kg-' at 24 and 0 h prior to and 24 h post 

P407 administration (1 5). The authors explained that the administration of the 

second dose of pravastatin at time of injection (0 h) of P407, rather than 1 hr 

prior, may be the cause for the minimal inhibition. Accordingly, it has been 

suggested that the efficacy of lowering total plasma cholesterol with an HMG 

COA reductase inhibitor in P407-induced hyperlipidemia is dependent on dose 

and timing of administration with respect to P407 administration. To account for 

this, the present study allowed ample time (3 h) for absorption of atorvastatin and 

lovastatin, prior to P407 administration. 

Dosing schedule 8 (37.5 mg kg-' dosing at 24, 12 and 3 h prior to and 12 

and 24 h post P407 administration) was designed to suppress the latent 



induction of HMG CoA reductase activity reparted to occur 12 - 20 h after 

administration of the HMG CoA reductase inhibitor (197). Short-term and chronic 

administration of HMG CoA reductase inhibitors produced an increase in enzyme 

expression due to a cellular adaptation of the HMG CoA reductase enzyme 

(201). However, this increased enzyme expression is inconsequential as long as 

the drug's concentration (HMG CoA reductase inhibitor) remains above the 

minimum inhibitory level (202), after which the activity is expressed and 

cholesterol genesis increases to rates above control values (197,203,204). In 

contrast to expectations, the percent change in total plasma cholesterol was 

significantly higher than the P407 group, which may be attributed to the dual 

effects of HMG CoA reductase induction and a sub-optimal concentration of both 

atorvastatin and lovastatin. Furthermore, the suboptimal concentration of 

atorvastatin and lovastatin may arise from a decrease in bioavailability in twice 

daily dosing, since feeding occurs in conjunction with the second dose. 

Dosing schedule C (75 mg kg-' dosing at 3 h prior to and 24 h post P407 

administration) was designed to determine the importance of the 24 h dose of 

HMG CoA reductase inhibitor prior to P407 administration. The lack of 

cholesterol lowering suggests that the 24 h prior to P407 statin dose is necessary 

to inhibit P4074nduced hyperlipidemia, which corroborates previous findings 

(1 5)- 

The similar reductions in total plasma cholesterol occurring after lovastatin 

and atorvastatin dosing were not expected, since in vitro studies with rat liver 

microsomes (205'206) or hepatocytes (207) have shown that atorvastatin is a 



more potent hypolipidemic agent than lovastatin. These in vitro results, in turn, 

have correlated well with in vivo PD studies in many species including rat, guinea 

pig, rabbit and human (200). As well, the PK profile of atorvastatin is more 

prolonged than lovastatin in plasma, however the extensive metabolic profile and 

multitude of PD effects have, as yet, precluded the development of functional PK- 

PD models for HMG Co A reductase inhibitors (56,201 ). Currently, these findings 

have not indicated any qualitative differences in effects on total plasma 

cholesterol levels between the HMG CoA reductase inhibitors tested, 

notwithstanding the respective effects on total plasma triglyceride levels, which 

were not assessed in this study. 

It is currently recognized that the normal rat has lower total plasma 

cholesterol levels and a different lipoprotein distribution than human (15). Also, 

HMG CoA reductase inhibitors may increase rather than decrease total plasma 

cholesterol in the normal rat (196)' although the majority of studies show no 

observable changes (1 97-1 99). These overt limitations for lipid research in the 

norrnolipidemic rat may be overcome by producing a state of hyperlipidemia 

similar to that seen in human (1 5,195). P407 elevates total plasma cholesterol to 

levels comparable to the hyperlipidemic state in human, which can be inhibited 

by HMG CoA reductase inhibitors ( 1 5 8  ) Furthermore, the lipoprotein 

distribution may be altered to resemble a hyperlipidemic condition in the human 

more closely, although this was not determined in the current study (15). Despite 

the limitations in the normal rat, the P407-induced hyperlipidemic rat may be a 



suitable model to study the effects of hyperlipidemia and subsequent treatment 

of, on the PK and PD of drugs. 

5.3 Conclusions 

P407-induced hyperlipidemia increases total plasma cholesterol, which 

may be partially inhibited by HMG CoA reductase inhibitors. The dosing 

schedule, rather than the particular HMG CoA redudase inhibitor, atorvastatin or 

lovastatin, is crucial to the inhibition P4074nduced hyperlipidemia. 
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Table 5-1. Total plasma cholesterol concentrations (mrnol c', mean i SD) at 

time zero (naive rats, prior to P407 and statin administration) and 48 h after 

administration of P407 and HMG Co A reductase inhibitors (statins). Significant 

differences (p < 0.05) between total plasma cholesterol at 0 h and 48 h are 

represented by 

Treatment 

P407 + 
Atorvastatin 

I P407 + 
Lovastatin 

I P407 + 
Atorvastatin 

P407 + 
Lovastatin 

I P407 + 
Atorvastatin 

P407 + 
Lovastatin 

Dosing 
Schedule 

A: 75 mg kg-' at 
24 and 3 h prior 
to and 24 h post 
P407 

B: 37.5 mg kg-' 
at 24, 12, and 3 
h prior to and 12 
and 24 h post 
P407 

C: 75 mg kg-' at 
3 h prior to and 
24 h post P407 

Total Cholesterol at 0 
h (prior to P407 and 
statin administration) 

Total Cholesterol at 
48 h post-P407 

administration and 
24 h post statin 

treatments 



lEBSE9 P407 

kSSSS P407 + Atorvastatin (75 rng kg-' 24 & 3 h prior to & 24 h post P407) 

EiBEB P407 + Lovastatin (75 rng kgo1 24 & 3 h prior to & 24 h post P407) 
P407 + Atorvastatin (37.5 rng kgn' 24, 12 & 3 h prior to & 12 & 24 h post P407) 

P407 + Lovastatin (37.5 mg kg-' 24, 12 & 3 h prior to & 12 & 24 h post P407) 

kESD4Q P407 + Atowastatin (75 mg kg-' 3 h & 24 h post P4O7) 

EEEQ P407 + Lovastatin (75 rng kg-' 3 & 24 h post P407) 

Fig. 5-1. Fold increase in total plasma cholesterol concentration from baseline 

(naive rats, prior to P407 and statin treatment). Significant differences from 

the group receiving only P407 aredenoted by a. 
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6.1 Results 

6.7.1 Effect of Pentobarbital Sodium-Induced Anesthesia on Baseline MAP and 

HR. 

The effects of pentobarbital sodium-induced anesthesia (65 mg kg-', ip) on 

MAP and HR were studied in NL and HL rats (Fig. 6-1). Baseline MAP and HR 

were similar in the NL and HL groups. MAP gradually increased, from 0.2 and 

1.5% to approximately 8% at 30 min in both NL and HL groups, respectively. 

Unlike MAP, HR displayed no consistent change with a substantial degree of 

inter- and intra-animal variability throughout the duration of the study. 

Maintenance doses of pentobarbital sodium (20 mg kg-') were required at 30 

min, determined by a positive response to the pedal reflex, which produced a 

decrease in MAP in all rats, with the exception of one rat in the NL group, which 

remained unaltered. The averaged decrease in MAP was 9 i 2 and 6 * 5% in NL 

and HL groups, respectively. In addition, HR decreased by 5 & 5 and 6 -1 4% in 

the NL and HL rats, respectively, indicating a pentobarbital sodium-induced 

bradycardia. No significant differences in MAP and HR between the NL and HL 

groups were detected throughout the entire duration of the study. 

6. I. 2 Dose-Response 

Fig. 6-2 depicts the nifedipine concentrationdependent and -independent 

reduction in MAP and HR, respectively. Therefore MAP, but not HR, was used to 

assess the pharmacological response nifedipine. The percent decrease in MAP 

was described by the sigmoidal Em model (Please refer to section 2.16.2). Em,, 

ECS0 and n were estimated to be 4 6  k 5 1 ,  435 -1 72 ng ml-' and 2 f 0.4, 



respectively. The 0.05 and 0.1 mg kg-' doses of nifedipine generally resulted in 

concentrations within the log-linear portion of the concentration-affect curve for 

the study period. The majority of other concentrations following the 0.3 mg kg" 

dose were in the plateau (Emu) phase of the effed-concentration curve. 

6.1.3 Comparison of nifedipine PK-PD in NL, HL, HLA, and A TV groups 

Total plasma cholesterol concentrations were 1.4 f 0.3 and 1.4 k 0.2 mmol L-' 

in the NL and ATV groups, respectively. P407-induced hyperlipidernia 

significantly increased total plasma cholesterol to 12.4 f 1.1 mmol L" in 

comparison to the NL and ATV groups. Therapeutic intervention with atorvastatin 

in the HLA group produced variable decreases in total plasma cholesterol, 

ranging from 0 to 70°h, resulting in total plasma cholesterol levels of 9.2 5 3.5 

mmol L-', significantly lower when compared to the HL group and significantly 

higher than the NL and ATV groups. 

AUCT(h) was significantly increased by 66% in the HL group compared to the 

NL and ATV groups (Table 6-1). Cholesterol lowering by atorvastatin treatment 

(HLA group) decreased the AUCTp+ so that it was not significantly different than 

the NL and ATV groups. A positive correlation between AUCT(h) and total 

plasma cholesterol levels was found (r = 0.71, p < 0.0001 ). CI, of nifedipine was 

affected to a similar extent as AUCT(b). In addition, a significant inverse 

correlation (r = 0.67, p = 0.004) was found between CI, and total plasma 

cholesterol (Fig. 6-3). Plasma nifedipine concentrations were similar in all groups 

during the first 15 min (Fig. 64), therefore AUCT(-min) was similar for the NL and 

HL groups. In contrast AUCucmminl was significantly (p < 0.001) lower in the HL 



group compared to the NL group. From 15 min onward the concentrations in the 

HL and HLA groups declined slower than the other groups (Fig. 64). 

Accordingly, the tqA of elimination was significantly increased by 85 and 35% in 

the HL and HLA group, respectively, compared to the NL group. Cholesterol 

lowering by atowastatin treatment (HLA group) decreased t% by 27% in the HLA 

group compared to the HL group, to the extent where t% in the HlA group was 

not significantly different than in the NL and ATV groups. (Table 6-1). In addition, 

a positive correlation between t% and total plasma cholesterol (r = 0.76, p = 

0.002) was found (Fig. 6-5). No significant changes in Vd, were found for the 

HL, HLA and ATV groups in comparison to the NL group. ATV rats, however, 

exhibited a lower Vd, values than the HL and HLA rats. 

There was a statistically insignificant decreasing trend of maximum percent 

change in MAP (12% in the HL and HLA groups compared to the NL and ATV 

groups) (Table 6-2). MAP increased rapidly approaching baseline in 30 min in the 

NL and A groups. As Fig. 68 illustrates, the return of MAP to baseline was 

slower in the HL group so that a significant difference in percent change MAP 

was observed at 30 min in comparison to the other groups. As a result, 

pharmacological t% of nifedipine was increased 4 fold in the HL group compared 

to NL and A groups (Table 6-2). There was a significant and positive correlation 

between pharmacological and pharmaacokinetic 1% (r = 0.50, p = 0.01 1). 

Atorvastatin intervention (HLA group) produced a significant decrease in 

pharmacological tl% of 1.9 fold compared to HL group, nevertheless it remained 

significantly higher than the NL and A N  groups. A positive correlation between 



pharmacological tl% and total plasma cholesterol (r = 0.80, p < 0.001) was found 

(Fig. 6-7). AUEC(-in) was not significantly increased in the HL group as 

compared with the NL group despite the increasing trend. Nifedipine plasma 

concentration and percent reduction in MAP was described by h e  linear model 

as illustrated in Fig. 68. The siopes (rn) of the linear regression for effect- 

concentration curves were not different between the four groups. 

6.2 Discussion 

Nifedipine is a potent arterial vasodilator, which decreases systemic vascular 

resistance and blood pressure (1 75,208). Unfortunately, sympathetic stimulation, 

due to a reflex baroreceptor mechanism, is accomplished by tachycardia. Many 

studies in conscious and unconscious rats have found that nifedipine induces a 

concentration-dependent and -independent decrease in MAP (209) and HR 

(210), respectively. Within the doses used in this study (0.05, 0.1 and 0.3 mg kg- 

') nifedipine exhibited a sigmoidal plasma concentration-effect relationship (Fig. 

6-2.A). At a dose of 0.1 mg kg-' nifedipine concentrations ranged within the log- 

linear phase of the concentration-effect curve. This allowed for simple detection 

of changes in nifedipine induced lowering of MAP in the HL group after 0.1 mg 

kg-' doses. HR was not used as a pharmacological measurement because an 

effect versus concentration relationship could not be identified. (Fig. 6-2.8) 

Nifedipine is a low extracted drug in male Sprague-Dawley rats (169) 

eliminated by CYP450 3A in humans and an additional 2C subclass in the rat, 

(2 1 1 ). Previous work in our laboratory in P407-induced hyperlipidemic rats found 

a significant reduction (31 %) in f, of nifedipine (193). Since nifedipine is a low 



extraction ratio drug in the rat the 31% decrease in f, may explain the observed 

40% decrease in CLsF and subsequent increased AUC in the HL group (Table 6- 

1). These results are similar to those reports for cydosporine A (103,212) and 

doxycycline (106) in hyperlipidemic states. Indeed, when AUC of nifedipine was 

corrected for the unbound fraction in plasma, no significant difference was 

observed between the NL and HL rat (Table 6-1). Nevertheless, a minor 

contribution of a decrease in Clui* cannot be ruled out due to the increasing 

evidence suggestive of a decreased CYP450 content and activities in 

hyperlipidemic states (1 41 ). In addition. the possibility of a decreased hepatic 

uptake secondary to a down-regulation of LDL receptors in a hyperlipidemic 

condition exist (34). 

Although we collected blood samples for the pharmacokinetic experiment for 

120 rnin, the pharmacological effect of nifedipine was followed for only 30 rnin 

because in NL rats the effect did not last more than 30 rnin. In addition, 

maintenance doses of pentobarbital sodium that were required at 30 rnin 

decreased MAP. Although AUCu(mmin) was significantly lower in the HL group as 

compared with the NL group, this however, did not result in a decrease in 

pharmacological effect as measured by AUEC(m,inl and slope of the linear- 

effect curves (Table 6-2). Indeed, an increasing trend in effect, which amounted 

to a significantly higher effect at 30 rnin was observed (Fig. 68) .  This was 

accompanied by a significant prolongation of both tln of the concentration-time 

curve and pharmacological tin and a significant correlation between the two 

indices. A lack of a corresponding decrease or unaltered pharmacological effect 



with a decrease or unaltered unbound nifedipine concentration, respectively, may 

suggest that MAP lowering is dependent on total rather than unbound nifedipine 

concentrations. This supports previous observations (98.1 18) that lipoproteins do 

not impair drug activity and may in fact facilitate drug uptake into tissue (213). 

The site of action of nifedipine is in vascular smooth muscle and, although the 

exact mechanism of binding is not determined, it has been suggested that 

nifedipine may reach its receptor by way of plasma lipids (144). This is plausible 

since lipoproteins interact with vascular smooth muscle, where LDL brings 

cholesterol to the smooth muscle and HDL removes it, evidenced by the role of 

LDL and HDL in atherosclerosis and reverse cholesterol transport (8), 

respectively. Perhaps nifedipine transport is augmented by plasma lipid transfer 

to the smooth muscle tissue. 

Both HL and HLA groups tend to exhibit somewhat larger Vd, than NL and 

ATV groups (Table 6-1). These numerical differences resulted in statistical 

significance only between ATV and high cholesterol groups (HL and HLA). This 

may further support the notions of nifedipine distribution by plasma lipids. The NL 

goup showed the greatest variability in Vd,, which may explain its lack of 

significant differences with other groups. 

Reduction of total plasma cholesterol levels using atorvastatin intervention 

(HLA group) increased C L ,  and decreased t% of nifedipine to levels that were 

not significantly different than the NL group. Reduction of total plasma cholesterol 

in the HLA group significantly decreased pharmacological M of nifedipine in 

comparison to the HL group. However, pharmacological W remained significantly 



higher in the HLA group as compared to the NL group. These findings are similar 

to a previous study in man using simvastatin in hyperlipidemic renal transplant 

recipients, where cydosporine A trough concentrations decreased and f, 

increased in simvastatin treated recipients in comparison to recipients (101). In 

addition, the significant positve correlations between drug concentrations and 

total plasma cholesterol levels observed for nifedipine are similar to previous 

findings for cyclosporine A (1 26) (1 89). Also, the observed significant inverse 

correlations between total plasma cholesterol and CL., of nifedipine are 

comparable to those reported for cyclosporine A (1 89). 

Extrapolation of these results from rat to human is plausible given the 

similarities in alterations of cyclosporine A concentrations in plasma (1 03,189) 

and amphotericin B toxicities (1 16,2l4,214) in the hyperlipidemic rat and human. 

Recently, nifedipine has been suggested to be associated with an increased 

mortality and cardiovascular events in subjects with established coronary heart 

disease (1 51). In addition, nifedipine induced reflex tachycardia, leading to a loss 

of blood pressure control, has been positively correlated, in part, to plasma 

concentrations. Perhaps future studies investigating the effects of hyperlipidemia 

on nifedipine PK and PD in human may help explain the large degree of inter and 

intra-variability of nifepine concentrations in plasma and the increased risk 

associated with nifedipine in coronary heart disease, a condition associated with 

hyperlipidemia. 



6.3 Conclusions 

Hyperlipidemia decreased C L ,  of nifedipine and increased tIn without 

altering Vd,. Lowering of MAP was sustained and the pharmacological t% was 

prolonged in the hyperlipidemic state, which corresponded with increases in total 

plasma nifedipine concentrations. Atorvastatin produced a 0 to 70°h attenuation 

in P407-induced hyperlipidemia, which brought PK parameters within nona l  

range. In addition, atorvastatin treatment normalized lowering of MAP, despite an 

incomplete normalization of pharmacological t%. The effect of nifedipine on MAP 

seems to correlate better with total rather than unbound plasma concentration. 

Thus high total plasma nifedipine concentrations in the hyperlipidemic state may 

alter its therapeutic outcome. 



Table 6-1. Pharrnacokinetic parameters of nifedipine (0.1 mg kg-') iv for the 

following groups: norrnolipidemia (NL, n=7), hyperlipidemia (HL, n=6), 

atorvastatin treated hyperlipidemia (HLA, n=8) or atorvastatin alone (ATV, n=6). 

Data is presented as arithmetic mean f SD. Each group is compared to each 

other in the Statistical Comparisons column. Groups that are underlined together 

are not significantly different. n.d. Not determined. 

NL A N  HLA HL Statistical 
Comparisons 

C b  
(m l min-' kg-') 

t w  
(m in) 

Vd, 
(ml kg-') 

28.5 A N  NL HLA HL 
& 3.3 

63 ATV NL HLA HL * 14 

309 ATV NL HLA HL 
*34 



Table 6-2. PD parameters of MAP lowering induced by nifedipine (0.1 mg kg-') iv 

for the following groups: norrnolipidemia (NL, n=7), hyperlipidemia (HL, n=6), 

atorvastatin treated hyperlipidemia (HLA, n=8) or atorvastatin alone (ATV, n=6). 

Data is presented as arithmetic mean * SD. Each group is compared to each 

other in the Statistical Comparisons column. Groups that are underlined together 

are not significantly different. 

NL ATV H LA HL Statistical 
Comparisons 

AUEC-I 
(mm Hg'min) 

Max % decrease 
in MAP 

Pharmawiogical 
tw 
(min) 

Slope (m) of 
linear effect- 
concentration 
profile 

477.7 ANNLHLAHL 
=t 93.1 

33 A N  NL HLA HL * 5 

28 ATV NL HLA HL * 10 

0.080 ATV NL H M  HL 
& 0.036 



Time (mins) 

Fig. 6-1. Comparison of baseline (A) mean arterial pressure and (B) heart rate in 

normolipidemic (n=3) and hyperlipidemic (n=3) rats between time 0 - 30 min 

(Note: time 0 is start time for study, however it is  30 min after initial dose of 

pentobarbital sodium). Data is presented as mean i SEM. No statistical 

differences were found. 



Concentration (ng d) 

Fig. 6-2. Concentration-effect profile of percent decrease from baseline (A) mean 

arterial pressure and percent change from baseline (B) heart rate and 

nifedipine plasma concentration over the dose range of 0.05, 0.1 and 0.3 mg 

kg-' in NL rats. The line in Fig 6-2 A. represents the best fit line for the 

sigrnoidal-Em model. 



Total Cholesterol (mmol LO') 

Fig. 6-3. (A). Correlation of nifedipine CLTe (ml m i d  kg-') and total plasma 

cholesterol (mmol c') between NL, ATV, HLA, and HL groups (y = -0.19~ + 

6.29, r = 0.67, p = 0.004). (B). Correlation of nifedipine C L T ~  and total 

plasma cholesterol in the HL and HLA groups ( y = -0.31~ + 7.61, r = 0.70, p 
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Fig. 64. Concentration-time profiles of plasma nifedipine (0. I mg kg-', iv) in 

the NL (a, n=5), HL (m, n=6), HLA (A , n=8) and A (el n=6) groups. Data is 

presented as arithmetic mean + SEM. Plasma concentrations were elevated 

and sustained in the HL and HLA groups in comparison to the NL and A 

groups. 



Total Plasma Cholesterol (mmol L-' ) 

Fig. 6-5. Correlation of nifedipine t% (min) and total plasma cholesterol (mmol L-') 

in NL, A, HLA, and HL groups (y = 2.61~ + 26.76, r = 0.76, p = 0.002). 



l ime (mins) 

Fig. 68. Effect-time profiles of nifedipine (0.1 mg kg-', iv) in the NL (a, n=5), HL 

(4 n=6), HLA n=8) and A (e, n=6) groups. Data is presented as 

arithmetic mean rt SEM. Each group is compared to the NL group and 

statistical differences (p < 0.05) are indicated by a. The percent decrease 

from baseline MAP was significantly higher in the HL group in comparison to 

the Nl,  HLA and A groups. 



Total Plasma Cholesterol (mmol L-I) 

Fig. 6-7. (A). Correlation of nifedipine pharmacological t% (min) and total plasma 

cholesterol (mmol L-I) in NL, A, HLA, and HL groups (y = 1.63~ + 4.14, r = 

0.80, p < 0.001). (6). Correlation of nifedipine pharmacological t% and total 

plasma cholesterol (mmol c') in the HL and HLA groups (y = 2 . 2 9 ~  - 3.49, r 



Concentration (ng mrl) 

Fig. 6-8. Concentrationeffect profiles of nifedipine (0.1 mg kg-', iv) in the NL (0 ,  

? = 0.997, rn = 0.097), HL (m, ? = 0.970, m = 0.075), HLA (A, ? = 0.987, m 

= 0.084) and A (*, ? = 0.990, m = 0.088 groups). Data is presented as 

arithmetic mean f SEM. No statistical differences were found. 



Chapter 7.0 

General Disclsssions and Conclusions 



7.1 History 

Evidence suggesting that lipoproteins are important blood components for 

the binding and transport of basic drugs was provided in 1977 (21 5). In 1984 it 

was pointed out that little interest was shown for research into lipoprotein binding 

in comparison to the extensive research efforts evaluating albumin and a,-acid 

glywprotein binding (216). Perhaps the lack of interest was due to the 

presumption of a lack of clinical consequences of lipoprotein binding when 

considering the relatively tow concentration of lipoproteins (about 10%) in plasma 

as compared with albumin (about 60%) (217). Currently, the significance of 

lipoproteins on total drug binding has been evaluated for many drugs, and can 

comprise between 5 - 95 percent of total drug binding (216). However, the 

consequences of variations in lipoprotein concentrations on the disposition and 

pharmacological responses of drugs have not been extensively studied (106). 

Nonetheless, the literature has evolved from case reports describing patterns of 

altered lipid levels in conjunction with altered drug concentrations and 

pharmacological effects (1 09,1101 1 12) to studies describing complex details of 

drug distribution associated with lipoproteins and the corresponding drug transfer 

between lipoproteins and tissue (22). It is mainly thought that drug disposition is 

altered by hyperlipidemia due to an increase in plasma protein binding, which 

may still prove to be true. However, more recently, evidence suggests that 

hyperlipidemia causes a decrease in the content and activities of the CYP450 

isozymes, the major enzymes responsible for biotransformation of many drugs 

(1 37,141 ,142). 



Much of the increased interest in hyperlipidemic conditions has resulted 

from the severe (potentially life-threatening) conditions that hyperlipidemia is 

commonly associated with, including post-transplantation, cancer, viral infections 

(eg. human immunodeficiency virus (HIV)), parasitic infections (e-g. malaria), 

and bacterial infections. Patients inflicted with these aforementioned diseases 

are commonly heavily medicated with a variety of drugs. Therefore, an 

understanding of the potential alterations of PK parameters, due to altered lipid 

levels and lipoprotein metabolism, is crucial. 

7.2 PK and PD consequences of hyperlipidemia 

Lipoproteins act as cmiers for lipids, hydrophobic vitamins (21 3,218) and 

many drugs (99,219,220). It has been suggested that lipoproteins play a critical 

role in the extensive distribution and elimination of many drugs due to an 

extensive distribution of the lipoproteins into tissues (e.g. adipose, muscle, liver, 

kidney) (124,216). However, the magnitude of the role of lipoproteins on the 

distribution and elimination of drugs is most likely dependent on the capacity and 

binding affinity of drug to the lipoprotein, as well as the affinity of the drug to the 

relevant tissues (21 6). 

Hepatic clearance (CLH), AUC, Vd,, 71 and 1% (1 O3,~OS-lO?,212) are 

altered for many drugs in hyperlipidemic conditions. Hyperlipidemic subjects 

showed decreases in doxycycline CL.,, Vd, and h and increases in AUC in 

comparison to normolipidemic subjects (1 06). Also, increases in AUC (1 07,212) 

and decreases in h (212) with no changes in CLT* and Vd JF of both total and 

free phenytoin were found in similar comparisons. In addition, long term 



administration of cyclosporine A in hyperlipidemic renal transplant recipients, 

resulted in increases in AUC and trough concentrations of cyclosporine A, which 

directly correlated with total, LDL and HDL cholesterol (1 13). In hyperlipidemic 

uremic patients a inverse linear relationship between cyclosporine A CL, and 

VLDL-triglyceride, VLDL-cholesterol and LDL-triglyceflde concentrations 

resulted, however no correlation was found for LDL-cholesterol (189). 

Interestingly, these findings are similar to the observed inverse correlations found 

between nifedipine CLs, and total plasma cholesterol disclosed in this thesis. 

In many instances, disease-induced alterations of protein binding may 

alter pharmacological response(s) in a predictable manner, whereby a decrease 

in f, causes either a decrease or unaltered Cu of drug or an increase in Ct of 

drug (93), which corresponds to a decrease, unaltered or increased 

pharmacological effect, respectively. It is evident that in some instances, 

hyperlipidemia affects pharmacological responses of drugs in a hither to, 

unpredictable manner, primarily due to the complexity of lipoprotein metabolism, 

distribution, and uptake at hepatic and extrahepatic sites (1,22). 

7.3 PD of Amphotericin B in Hyperlipidernia 

Studies investigating amphotericin B demonstrate many of the 

complexities regarding the mechanisms of hyperlipidemic-induced alterations in 

drug response as described above. Amphotericin B is an antifungal agent, 

commonly known to induce nephrotoxicity (221) and red blood cell hemolysis 

(1 1 8). In hyperlipidemic states antifungal activity towards Candida albicans 

remains (1 18), while red blood cell hemolysis decreases, indicating that 



lipoproteins may serve as protective entities for red blood cells (1 18,125). The 

unaffected antifungal activity reported is likely a consequence of preferential 

binding of amphotericin B to fungal ergosterol rather than to mammalian 

cholesterol (222,223). Subsequently, administration of uncomplexed 

amphotericin B to hyperlipidernic rabbits caused less nephrotoxicity than 

amphotericin B wmplexed with LDL (125). Since LDL receptors are found on the 

kidney, increases in arnphoten'cin B nephrotoxicity may be due to an increased 

delivery and internalization of LDL-associated amphotericin 6 within the kidney. 

An additional study reported that an increased affiliation of amphotericin B with 

LDL caused an increased incidence of nephrotoxicity in the obese hyperlipidemic 

Zucker rats (214). Further, in human subjects, an increase in amphotericin B- 

associated nephrotoxicity corresponded with elevated LDL-cholesterol levels 

(116). Conversely, amphotericin B appears not to cause nephrotoxicity when 

affiliated with HDL, because HDL does not interact with the kidney as LDL does, 

implying that an increase in amphotericin B-LDL binding corresponding to LDL- 

cholesterol levels may be responsible (1 16). It is known that amphotericin B 

preferentially binds to HDL as opposed to LDL (121,224), however, as LDL 

cholesterol increases, amphotericin B distribution in LDL also increases as 

shown in vitro (118). Therefore, it may be postulated that pharmacological 

responses of drugs that act on the liver or kidney (LDL receptor- prevalent 

tissues) may be altered due to changes associated with drug distribution among 

the lipoprotein classes, which is particularly relevant in hyperlipidemic conditions. 



7.4 Mechanisrn(s) of Hyperlipidemlc induced decreased CLn 

Although hyperlipidemia seems to alter drug concentrations and CLH in a 

relatively consistent manner, the exact mechanism(s) have not been fully 

elucidated. The consequences of hyperlipidemia on CLn are thought to be 

mediated by an increase in lipoprotein binding, resulting in a decreased f, or 

fraction available (fav) of drug for elimination. The commonly used hepatic 

elimination models (e.g. well-stirred, parallel tube, dispersion model) (225,226) 

assume that the f,, is the fa, for elimination. For example, with the "well-stirred" 

model, 

Clearly, highly extracted drugs that are highly protein bound violate the 

assumption that fup is the fa,, for elimination. For example, propranolol is greater 

than 90 percent extracted and is highly protein bound (95 - 99%) (91,227), 

therefore ERH > f,,. Therefore, the well-stirred model has been adapted (91) to 

account for this phenomenon as follows, 

where f, is replaced by f, for elimination. LDL-receptor mediated uptake 

may provide, in part, a greater fav for elimination, resulting in a ERH > f,,. Many 

examples of drugs that are bound to lipoproteins and extracted to a greater 



extent than their f, exist (91 ,99,l 02,128,228). Notably, LDL receptor down- 

regulation commonly occurs in hyperlipidemic conditions (1 0,32,34), thereby 

decreasing the f, for elimination, which may result in a decreased CIH. 

7.5 PK and PD of Cyclosporine A in Hypedipidemia 

Cyclosporine A is a first-line immunosuppressant drug used to prevent 

graft rejection, post organ transplantation. With respect to hyperlipidemic-induced 

PK and PD alterations, it is a heavily investigated drug, because cholesterol and 

triglyceride levels are commonly elevated post organ transplantation. 

Cyclosporine A has a fu, ranging from 0.02 - 0.05 (91,229) and a ERH of 0.2 - 0.5 

(230). As well, the majority (> 80%) of total protein binding (> 9589%) is 

mediated by lipoproteins and hepatic elimination is responsible for the majority of 

CL,. In two separate studies using hyperlipidemic Zucker rats, significant 

decreases in cyclosporine A CLr, and Vd, (103) and increases in t% and AUC 

(1 08) (103) occurred in comparison to equivalent studies using normal Sprague- 

Dawley rats. Although both authors concluded that the PK changes observed in 

the hyperlipidemic Zucker rats were due to an increase in protein binding, it has 

recently been shown that hepatic LDL receptors are down-regulated (34) and 

CYP450 is poorly expressed (1 41 ) in the hyperlipidernic Zucker rat. Therefore, 

altsrations in the PK parameters of cyclosporine A in the hyperlipidemic Zucker 

rat may be a combination of a decrease in f,, hepatic uptake, and CYP450 

content andlor activity. In addition, since cyclosporine A elicits its effects in the 

reticular-endothelial system (RES), richly defined in the liver, down-regulation in 

LDL receptors, would be expected to cause a decrease in clinical efficacy. In 
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support of this 11 bone marrow transplant recipients with hypertriglyceridemia 

experienced graft rejection, despite the observed 11 - 30 fold increase in (1 09) 

cyclosporine A trough concentrations above the normal therapeutic range. In 

addition, the bone marrow transplant recipients experienced no nephrotoxicity. 

The lack of cyclosporine A effect and nephrotoxicity cannot be explained by the 

increased Ct of cyclosporine A, but could be caused by a down-regulation in LDL 

receptors. However, since Cu of cyclosporine A are unknown, conclusions as to 

the exact mechanism cannot be drawn. In addition, the largest study to date 

evaluating the effects of post-transplant hyperlipidemia on the fup and clinical 

efficacy of cyclosporine A revealed a decrease in clinical efficacy with 

corresponding decreases in fup (96). Over a 6 month period, fup of cyclosporine A 

and total plasma cholesterol was determined for 1,848 plasma samples taken 

from 66 renal transplant recipients, and clinical response (i-e. graft rejection) was 

monitored and correlated to f,,, which varied 8 fold from 0.5 to 4.2 percent. 

Significant inverse correlations between fup and HDLcholesterol and 

apolipoprotein A were found. One week prior to rejection, a significant decrease 

in fu, of cyclosporine A was observed (96). 

In contrast to the frequently observed decreases in CLc, and Vd, in 

hyperlipidemic states, significant increases in CL, and Vd, of cyclosporine A in 

hypertriglyceridemic subjects caused by a high fat diet have been reported 

(1 14,115). It was conceded that the results were unexpected. Nonetheless, 

increases in cyclosporine A CL, were explained by suggesting that dietary fat 

acted as a carrier for the transport of cyclosporine A into the liver via chylornicron 



remnants (1 14). Although not adequately investigated, this wndusion seems 

plausible since chylomicrons are taken up via chylomicron remnant receptors 

that are not down-regulated in response to high fat diets or hyperlipidemic 

conditions. This is in contrast to the commonly observed down-regulation of LDL 

receptors in response to high fat diets. The increase in Vd, was explained by 

suggesting that an increased diffusion of drug to adipocytes resulted from an 

increase in lipoprotein concentration after the high fat meal. Interestingly, in 

addition to the hypertriglyceridemia, a decrease in area under the total 

cholesterol-time profiles in subjects fed high fat diets occurred in comparison to 

subjects fed low fat diets (1 15). In this regard, it appears that a decrease in total 

plasma cholesterol may have been responsible for the increases in CLF and 

Vd,. 

The lack of predictability of clinical efficacy of cyclosporine A using Ct and 

Cu in hyperlipidemic conditions has motivated researchers to develop a model 

accounting for total cholesterol and triglycerides for therapeutic drug monitoring 

of cyclosporine A (231). The model allows for estimation off, if total cholesterol 

and triglyceride levels are available, but since only 23 percent of the variation in 

f, is accounted for by the model, the errors would be too large for use as a 

therapeutic drug monitoring tool. 

7.5 Nifedipine 

7.5.1 PK and PD Alterations in Hyperlipidemia 

In the present context, hyperlipidemia did not alter presystemic elimination 

of nifedipine, as confirmed by the unchanged absolute bioavailability of 



nifedipine. Since the gastrointestinal tract is responsible for the majority of 

nifedipine presystemic elimination in the rat, it may be suggested that the 

gastrointestinal CYP450 isozymes are not altered by enterohepatic recirculation 

of cholesterol. Clearly, P407-induced hyperlipidemia decreased CL, and f,. 

and increased AUC and tl% of nifedipine similar to the effects of other 

hyperlipidemic models on many lipophilic entities (96). Since the ERH of 

nifedipine is low in the rat (0.16 - 0.32) (169). it may be assumed that the CL, is 

dependent on f, and CIAint according to the most commonly used elimination 

models (e.g. well-stirred, parallel tube, dispersion model). In this regard, it 

appears that the 31 percent decrease in f,, of nifedipine explains the majority of 

the approximate 39 percent decrease in CLyr Nonetheless, since the ERH (0.16 

- 0.33) is greater than the f, (0.01- 0.09) of nifedipine, a down-regulation in LDL 

receptors and a decrease in CYP450 content and activity, recently reported to 

occur in hyperlipidemic conditions (140-142) may also play a minor role in the 

decreased CL, and increased tW observed. Furthermore, the increase in 1% 

suggests an increase in Vt or decrease in f*. These findings are in contrast to the 

decreased Vd, commonly observed with cyclosporine A In this regard, the 

extent of drug distribution is determined by the competition for plasma protein 

versus tissue protein. Although cyclosporine A and nifedipine are highly 

distributed, the affinities of binding to lipoproteins and tissue proteins may be 

much different, which is a major determinant in tissue distribution. Historically, PK 

and PD studies in hyperlipidemic states have included only cyclosporine A and 

amphotericin B, therefore it is difficult to make generalized conclusions. Cleariy, 



the contribution 

nifedipine needs 

Although 

been correlated 

98 

of lipoproteins to the overall distribution and elimination of 

to be determined prior to foiming wndusions. 

blood pressure lowering induced by nifedipine has previously 

to both Cu (172) and Ct (156,232,233) of nifedipine, it appears 

that Ct, rather than C, of nifedipine corresponds with MAP lowering in the P407- 

induced hyperlipidernic rats. These results suggest that lipoproteins do not hinder 

the ability of nifedipine to distribute to its site of action, but may in fact aid in the 

transport of nifedipine to tissue receptor sites, which agrees with previous 

findings (98). For example, an increase in imiprarnine protein binding in 

hyperlipoproteinernic plasma in vitro, with no alterations in uptake into human 

fibroblasts (98), suggests that both bound and unbound drug was able to cross 

into the tissue. 

Nifedipine elicits its action in vascular smooth muscle, however the exact 

mechanism of tissue uptake and binding to the calcium channels is 

undetermined. One hypothesis proposed that the delivery of 1,4 dihydropyridines 

to vascular smooth muscle is mediated by transfer with plasma lipids (144), 

which would explain the corresponding increases between Ct of nifedipine and 

the enhanced blood pressure lowering. This seems plausible given the role of 

LDL in atherosclerosis, whereby cholesterol is deposited into the intirna layer of 

smooth muscle (8). In an opposite fashion, HDL transfers unesterified cholesterol 

from the intima to the liver by a process called reverse cholesterol transport (8). 

To date the exact mechanisms of lipid transfer are undetermined. Perhaps future 

studies, analyzing the interaction(s) of lipoproteins with vascular smooth muscle, 



may increase the understanding of how hyperlipidemia may alter the dinical 

responses of nifedipine and other calcium channel blockers. Interestingly, it has 

been previously suggested that experimental work is required to elucidate the 

role of tissue uptake of dihydropyridine calcium antagonists in order to enable 

prediction of therapeutic outcomes in hyperlipidemic states (95). 

7.5.2 Clinical lmplicafions of Hyperlipidemia on Nifedipine 

Many drugs that bind to lipoproteins have increased inter- and intrasubject 

PK variability (91,102,219,231 ) in contrast to those bound predominantly to 

albumin, since lipoprotein concentrations tend to fluctuate more than albumin, 

exaggerating the variability in fu, of lipophilic drugs (41,93,96,102,102,128). In 

humans, nifedipine concentrations exhibit a large degree of inter- and 

intrasubject variability (8 - 10 fold), exemplified by AUC and Cma values 

(178,234,235), which are associated with a high incidence of adverse events, 

because nifedipine toxicity is claimed to be dose-related (151). The adverse 

events of nifedipine are vasodilator-related. Therefore as blood pressure is 

lowered, common nifedipine-associated toxicities, such as headache, syncope, 

dizziness, flushing and tachycardia may be enhanced. Tachycardia is of utmost 

concern, because it may result in a loss of blood pressure control (1 56,177) and 

possibly an increased incidence of mortality ( I  51). Interestingly, it is conceded 

that nifedipine immediate-release capsules are detrimental in subjects with 

coronary artery disease and post-myocardial infarction (1 541 58,236), conditions 

that are associated with hyperlipidemia. For this reason, nifedipine immediate- 

release formulations have been virtually replaced by sustained release products. 



The sustained-release preparations of nifedipine reduce nifedipine plasma 

concentrations below levels expected to cause tachycardia (1 55.1 56,236,237), 

thereby considerably decreasing adverse events. However, a moderate 

incidence of tachycardia remains even with the sustained-release nifedipine 

formulations (32 versus 58 percent for immediate release) (238). 

The prevalence of hyperlipidernia in subjects receiving nifedipine is 

inherently high, because nifedipine is commonly used in coronary heart disease 

or post-myocardial infarction. Studies assessing the effects of nifedipine in 

hyperlipidemic conditions in humans may lead to a better understanding of the 

potential cause(s) of the drugs apparent increased mortality risk in coronary 

artery disease, and help explain the ongoing controversy related to the safety of 

nifedipine. In addition, the high intra- and intersubject variability that leads to a 

moderately high incidence of adverse events may be explained by an elevation 

of total plasma cholesterol. Perhaps monitoring total plasma cholesterol levels 

and dose adjusting as required would clarify these issue(s), and, in turn, lead to a 

decrease in the risk(s) of nifedipine use. 

7.6 HMG Co A Reductase Inhibitors 

Cholesterol lowering using HMG CoA reductase inhibitors has proven to 

be of exceptional benefit in coronary heart disease (49-51). In addition, HMG Co 

A reductase inhibitors have been commonly used in heart transplant recipients to 

decrease the incidence of graft atherosclerosis (239,240). The potential 

normalization of drug PK parameters in hyperlipidemic conditions by lowering 

total plasma cholesterol and triglyceride levels was recently advocated (101). 



Treatment of subjects with simvastatin before and after heart transplantation 

produced a significant decrease in total and LDL cholesterol of approximately 13 

and 23 percent, respectively (101). In turn, the f, of cyclosporine A increased 

from 1.4 f 0.1 to 1.82 * 0.22 and mean trough concentrations decreased from 

349 to 242 ug L", respectively. These findings are similar to the effects observed 

on nifedipine PK parameters following atorvastatin administration in the P407- 

induced hyperlipidemic rat. Specifically, cholesterol lowering normalized the AUC 

and CL,, and decreased t% of nifedipine. In addition, a sustained lowering of 

MAP in the hyperlipidemic state was partially, although not completely 

normalized after treatment with atorvastatin, as evidenced by a significant 

decrease in pharmacological t%. To date, these two studies are among the first 

to evaluate the effects of cholesterol lowering on the PK parameters of drugs in 

the hyperlipidernic state. Importantly, the observed normalization of the PK 

parameters after cholesterol reduction are encouraging, indicating that HMG CoA 

reductase inhibitors may normalize PK and PD alterations induced by 

hyperlipidemia for many drugs. Therefore, future human studies, elucidating the 

roles of HMG CoA reductase inhibitors on the PK and PD of drugs in 

hyperlipidemic conditions, should be required. 

Many disease conditions create physiological changes that alter the 

clinical efficacy of drugs, which may not be overcome by simple co-administration 

of therapeutic entities. The potential of regulating cholesterol and triglyceride 

levels to produce optimal clinical efficacy of these drugs seems to be a simple 

solution for a larger problem. 



7.7 Calcium Channel Blockers 

Previous studies have shown that lipoproteins are major determinants in 

plasma protein binding for many calcium antagonists other than nifedipine 

including; diltiazem (41 ), nicardipine (1 02). darodipine (1 3O), isradipine and 

amlodipine (95). To date, that effects of hyperlipidemia on the PK and PD of 

these calcium channel blockers have not been determined, with the exception of 

nifedipine. The consequences of hyperlipidemia on nifedipine PK and PD cannot 

be extrapolated to the other calcium channel blockers, because the mechanisms 

of lipoprotein binding may be different, due to differing lipophilicity, 

physiochemical properties, and disposition. Generally, calcium channel blockers 

are administered to patients with secondary hyperlipidemia, and like nifedipine, 

hyperlipidemia may play a role regarding inter- and intrasubject variability in the 

PK and PD parameters of calcium channel blockers. 

7.8 Obstactles in Lipid Research 

Hyperlipidemic models have been described in many animal species. The 

cholesterol fed rabbit and the Watanabe rabbit, a gene knock-out model of 

heterozygous familial hyperlipidemia (241,242), have been the most popular 

models utilized in lipid research to date. Unfortunately, the use of rabbits in PK 

and PD studies are inconvenient and have a considerable expense attached. 

Alternatively, the ease of handling and low costs of the rat model has resulted in 

its common use for experimental research. Clearly, the anatomical structures and 

physiological processes of the rat have been extensively documented (1 81 ). 



Furthermore, the disposition of many xenobiotics has been evaluated and many 

models of disease are established and validated in the rat. 

The potential extrapolation of findings to human is an important factor in 

experimental research. In this regard, it has been suggested that the rat model 

has limitations in lipid research, particularly due to the differences in normal basal 

total plasma cholesterol levels and lipoprotein distribution between the human 

and rat. However, previously, the majority of lipid research has fowsed on the 

study of the causes and processes of coronary heart disease and the discovery 

of therapeutic entities to halter these processes. Considering that LDL is the 

major contributor to coronary heart disease (43.1 84,241) and it makes up only 

20 - 30 percent of total lipoprotein concentrations in the rat compared to 60 - 80 

percent in the human, it appears the reported concerns have merit. On the 

contrary, arguments against the use of the rat model for investigating the causal 

effects of hyperlipidemia on the disposition of drugs are less well founded. In fact, 

similar PK and PD consequences with cydosponne A and amphotericin B in rat 

(1 O 3 , l  08,214) and human (1 13,116,189,243) have been reported. The majority 

of studies evaluating the consequences of hyperlipidemia on the PK and PD of 

drugs have found corresponding decreases in fu, and CLsp. A concern remains 

however, regarding the drugs affinity and selectivity for the individual lipoprotein 

subclasses, since the resulting transport and uptake of lipoproteins by tissue 

may preclude the use of the rat model for extrapolation to the human condition. 

For example, HDL and LDL both interact with peripheral tissues, but differences 

in tissue selectivity have been noted. Nonetheless, the significance of these 



differences between rat and human will not be determined until the 

mechanism(s) by which hyperlipidemia alters the PK and PD parameters of 

drugs is fully elucidated. 

7.9 P4U7-Induced Hyperlipidemic Rat Model 

The P407-induced hyperlipidemic rat model was introduced in 1995, 

therefore it is a relatively new model. The idea of surfactant-induced 

hyperlipidemia has been know for many years, beginning with Triton WR 1339 

(73), which unfortuately caused cellular toxicities (74). Although P407 e has been 

regarded as non-toxic (76),(75,78,83,87,88,182) pathological and histological 

assessment of short- and long-term administrations of P407 were studied in this 

research project. The pathological assessments confirmed the findings of 

previous reports (87), demonstrating that P407 does not disrupt cellular 

membranes. P407 appeak, for the most part, to be inert, other than inducting 

hyperlipidemia and lipid infiltration into various tissues. 

7-11 0 Conclusions 

1. Single dose administration of 1 g kg-' P407, ip, and every 96 h for 4 and 6 wk 

induces hyperlipidemia, but otherwise, rats were healthy. One rat, at 6 wk had 

lipid infiltration in intimal cells of the aorta, of the foam cell type, which may be 

indicative of early stages of atherosclerosis. Nine weeks of the similar dosage 

regime produced lipid infiltration into various tissues. Therefore, since no 

apparent gross morphological and pathohistological alterations were 

observed, the P4074nduced hyperlipidemic rat model may be used to 



evaluate the effects of hyperlipidemia on PK and PD parameters of drugs 

after acute and chronic dosing (up to 6 wk). 

2. P407-induced hyperlipidemia decreased nifedipine CLTe and CLdF, and 

increases AUC and tl% with no significant alterations in Vd=. The increases in 

total plasma nifedipine concentrations in hyperlipidemic rats produce a 

sustained lowering of MAP, evidenced by the increased pharmacological t%. 

In addition, significant positive correlations between total plasma cholesterol 

and AUC, t% and pharmacological t%, as well as inverse correlations with 

C I T ~  were found. 

3. P407-induced hyperlipidemia decreases the f, of nifedipine in plasma, which 

appears to be the major contributor to the decreased CLTB. However a 

decrease in hepatic uptake, CYP450 content and activity and p-glywprotein 

activity cannot be  led out. 

4. HMG CoA reductase inhibitors, lovastatin and atorvastatin, decrease P407- 

induced hyperlipidemia similarly. However the efficacy is dependent on the 

particular dosing regime. In particular, HMG CoA reductase inhibitors must be 

given 24 h prior to administration of P407 and dosed only once daily, as 

opposed to twice daily. 

5. Inhibition of P407-induced hyperlipidemia by atorvastatin results in significant 

normalizations of nifedipine PK and PD parameters of nifedipine, however not 

complete. 



6. In treating hyperlipidernic patients with nifedipine, attention should be paid to 

the possibility of altered PD outcomes due to a potential increase in protein 

binding andlor a decrease in metabolism. 
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