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Abstract 

The influence of hyperlipidemia on the pharmacodynamic and pharmacokinetic 

aspects of lipophilic drugs was explored. The antiarrhythmic, amiodarone, and the 

antifungal, (±)-ketoconazole, were used as model drugs. Experimental 

hyperlipidemia was induced in rat using poloxamer 407 and two sensitive novel 

HPLC assays were developed.  

In a multiple dosing study, hyperlipidemia increased amiodarone plasma 

concentrations, heart concentrations and electrocardiographic changes. The 

amiodarone heart uptake could not be totally attributed to its unbound fraction, 

where the cardiac very low density lipoprotein receptors seemed to play a role in 

the uptake of bound drug.  

Amiodarone liver metabolism in presence and absence of hyperlipidemia was 

studied using isolated primary rat liver hepatocytes. The metabolism of 

amiodarone was lower in hepatocytes isolated from hyperlipidemic than those 

from normolipidemic rats. Hyperlipidemic serum resulted in a decrease in 

amiodarone metabolism and when coincubated, the expected decrease in unbound 

fraction seemed to resulted in greater inhibition of metabolism. 

(±)-Ketoconazole showed stereoselectivity in its pharmacokinetics in rat with (+)-

ketoconazole showing higher plasma concentrations than its antipode. This was 

attributed to its higher protein binding. There was no difference in the total 

bioavailability of the two enantiomers. Ketoconazole enantiomers exhibited 

nonlinear pharmacokinetics. In normolipidemic rat plasma ketoconazole 



   

 
 

enantiomers were more than 95% bound to lipoprotein deficient fraction. 

Hyperlipidemia resulted in shifting both enantiomers 20% to very low density and 

low density lipoprotein fractions. 

In a pharmacokinetic assessment, hyperlipidemia was found to increase 

ketoconazole enantiomer volume of distribution. Moreover, the stereoselectivity 

ratios of most pharmacokinetic parameters were changed. After oral dosing, the 

uptake of (-)-ketoconazole was significantly decreased. Since ketoconazole is 

used as a potent CYP3A inhibitor, alteration in liver concentrations of (-)-

ketoconazole, the more potent inhibitory enantiomer, could decrease its CYP 

inhibitory potential. 

Hyperlipidemia potentiated the CYP-mediated interaction between ketoconazole 

and midazolam with significantly higher midazolam AUC and lower clearance. 

This was attributed to the inhibitory action of ketoconazole and the effect of 

hyperlipidemia on the binding of midazolam. Hyperlipidemia was found to 

unexpectedly decrease midazolam unbound fraction in plasma.  

In conclusion, the findings could explain some unexpected dose versus effect 

outcomes in hyperlipidemic patients receiving amiodarone or ketoconazole. 
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1. Introduction 
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1.1 Hyperlipidemia 

Hyperlipidemia (HL) is a medical condition characterized by abnormally high 

concentrations of plasma lipoproteins. Based on the National Health and Nutrition 

Examination Survey (NHANES 2005-2006), 16% of American adults over 20 

years of age have total CHOL levels of 240 mg/dL or higher of which  50% are 

not aware of its possession[1]. HL can be caused primarily by genetic makeup, as 

in familial HL, or secondarily to other factors including diet, sedentary lifestyle, 

obesity, diseases or drugs [2-4]. Familial HL is further classified according to the 

Fredrickson classification based on the pattern of lipoproteins on electrophoresis 

or ultracentrifugation (Table 1) [5, 6].   Conditions that have been correlated with 

the induction of HL include diabetes mellitus, hypothyroidism, pregnancy, 

HIV/AIDS, malaria, nephrotic syndrome and obesity [4, 7]. Drugs associated with 

development of HL include birth control pills, estrogens, corticosteroids, 

isotretinoin, beta blockers, some diuretics, immunosuppressives such as 

cyclosporine A (CYA) and anti-HIV medications [4, 7].  

HL is identified as a major risk factor of cardiovascular diseases specifically 

atherosclerosis and ischemic heart diseases [8-11]. The mechanism involved in 

atherosclerotic lesion formation is thought to be through a sequence starting with 

a chemical alteration of low density lipoproteins (LDL) in arterial walls through 

oxidation and nonenzymatic glycation. Mildly oxidized LDL (OxLDL) then 

recruits monocytes in the arterial endothelium, which become transformed into 
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macrophages. Macrophages then accelerate LDL oxidation, apolipoprotein B 

accumulation and alter the regulation of LDL receptors, making them insensitive 

to the increase in cell content of cholesterol (CHOL).  OxLDL then increases 

plasminogen inhibitor levels promoting coagulation, induces expression of the 

vasoconstrictor endothelin, and inhibits the expression of nitric oxide (a 

vasodilator and platelet inhibitor). A damaging cycle then becomes entrenched, 

because as macrophages oxidize LDL, OxLDL in turn, both directly and 

indirectly, helps recruit more monocytes into the region. These events lead to 

massive accumulations of CHOL and formation of CHOL-laden cells called foam 

cells that form the first signs of fatty streaks. As the fatty streaks grow larger, the 

surrounding fibrous and smooth muscle tissues proliferate and form larger 

plaques, a process exacerbated by release of inflammatory substances from 

macrophages [7, 12, 13].   

 

The contribution of HL to cardiovascular risks was shown  in the Heart Protection 

Study (HPS) trial which included randomized patients with a nonfasting total 

CHOL ≥3.5mmol/L. Where, administration of simvastatin 40 mg/day, an antiHL 

medication, decreased the relative risk of death by 13%, nonfatal myocardial 

infarction by 37% and nonfatal stroke by 26% compared to placebo [14].  In 

addition to the cardiovascular risks, HL can also be involved in other 

physiological effects such as increased renal failure progression and acute 

pancreatitis [15, 16]. 
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1.2 Lipids and Lipoproteins  

According to the current guidelines of Canada’s Food Guide Facts for healthy 

eating, lipids should compose no more than 30% of total daily caloric intake. 

There are several nutritional components that are classified as lipids. Those 

include triglycerides (TG); phospholipids (PL); and CHOL. The basic lipid 

moiety of the TG and PL is fatty acid whereas the sterol nucleus of CHOL is 

synthesized from degradation products of fatty acid molecules [13]. TG are 

mainly used in the body for energy production while PL and CHOL and their 

derivatives are utilized to perform intracellular functions [13]. Lipid digestion and 

absorption involve bile salts, phospholipids, salivary, gastric and pancreatic 

lipases and colipase [17, 18]. Almost all fats in the diet are absorbed from the 

intestines and shunted into the intestinal lymph from enterocytes in the form of 

chylomicrons (CM) [18]. CM are then transported in the thoracic duct and enter 

into venous blood where they are taken up by adipose and liver tissues (Figure 1).  

Lipoproteins can be classified based on their density and content of lipid, protein, 

and apoprotein into CM, very low density lipoproteins (VLDL), intermediate-

density lipoproteins (IDL), LDL, and high-density lipoproteins (HDL) (Table 2) 

[4, 7, 19]. CM are primarily synthesized by the enterocytes and the remainder of 

the lipoproteins are almost entirely produced by liver [4, 13, 17]. The lipoprotein 

metabolic pathway is described in Figure 1. The presence of apolipoproteins 

confers some important structural and functional roles one of which is their action 

as ligands for lipoprotein receptors [20].   
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Figure 1: overview of lipoprotein metabolism. (ACAT= acyl CoA:cholesterol 
acyltransferase; CETP= cholesteryl ester transfer protein; FA= fatty acid; FFA= 
free fatty acid; HMGR= HMG CoA reductase; LCAT= lecithin:cholesterol 
acyltransferase; PAP= phosphatidic acid phosphatise). From ref. [7]. 

 

1.3 Lipoprotein receptors 

The LDL receptor (LDL-R) family is composed of more than ten receptors [21]. 

Only five of the LDL-R family members have been identified to bind to 

lipoproteins; those include LDL-R, very low density lipoprotein receptor (VLDL-

R), megalin, LDL-R related proteins (LRP), and apoER2 [20, 22, 23]. They are 

located in coated pits in cells and have seven characteristic features: cell surface 

expression, extracellular ligand binding domain consisting of complement type 

repeats, requirement of Ca2+ for ligand binding, recognition of receptor protein 
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and apolipoprotein (apo) E, epidermal growth factor (EGF) precursor homology 

domain containing YWTD repeats; single membrane spanning region, and 

receptor mediated endocytosis of different ligands [22]. 

 

They are synthesized by the Golgi bodies then transported in vesicles to the cell 

membranes. Upon recognition of their substrates, they bind, internalize and 

transport them intracellularly through a vesicle [20, 24].  The vesicle then 

degrades upon binding to lysosomes, releasing the lipids into the cytoplasm; 

meanwhile the receptor recycles back to the cell membrane to bind more 

substrates [19, 20]. The five receptors differ in their distribution in the body and 

the nature of their substrates. In fact, LDL-R is found in almost all tissues except 

for the adipose, thyroid and salivary gland. LDL-R, which are extensively 

expressed by the  liver and  adrenals [20, 25], mainly transport apo-B and apo-E 

containing lipoproteins including VLDL, IDL and LDL [21, 26]. The major role 

of the LDL-R is to regulate plasma CHOL by mediating uptake and catabolism of 

plasma LDL, the major carrier of plasma CHOL [22]. VLDL-R are abundant in 

fatty acid-active tissues (heart, muscle, adipose), macrophages and brain but not 

expressed in liver [21, 27]. They sequester apo-E-containing lipoproteins 

including VLDL and IDL but not LDL [21]. It has been also suggested that it is 

the VLDL-remnants, IDL, rather than VLDL, which are taken up through the 

action of VLDL-R mediated endocytosis [28]. Thus VLDL-R is responsible for 

uptake of the TG rich, apo-E-containing lipoproteins by tissues active in fatty acid 

metabolism [22]. Unlike LDL-R, VLDL-R expression is not down regulated by 

intracellular lipoproteins [21, 27]. Megalin, also known as LRP 2, is expressed in
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absorptive epithelial cells such as those of the kidney (mainly in the glomerulus 

and proximal tubule cells) and lung and to a lesser extent in placenta and ovary 

[22, 29]. Megalin ligands include apo E, apo B, clusterin, proteases and protease 

inhibitors, carrier proteins for lipophilic vitamins, parathyroid hormones and 

polybasic drugs as aminoglycosides [20]. Therefore, megalin is involved in LDL 

catabolism, vitamins reabsorption by kidney [30] and can bind and help cells to 

take up several antibiotics [31]; thus it may be responsible, along with other 

members of the LDL-R family, for some of the toxic side effects observed in 

various tissues after the use of antibiotics [32, 33]. LRP are abundant in liver, 

brain, adrenal and lung [20, 34], specifically in hepatocytes, macrophages, 

trophoblasts, neurons, fibroblasts, pneumocytes, and smooth muscle cells [20, 

34]. They are involved in the uptake of lipoprotein particles containing apo E and 

lipoprotein lipase and  cooperate with LDL-R in removal of CHOL from the 

circulation [35, 36]. ApoER2 is closer to VLDL-R rather than LDL-R , with a 

similar broader ligand binding ability [22]. They are mostly expressed in brain 

and together with VLDL-R play an important role in Reelin, a cytosolic protein 

which help regulate neuronal migration and positioning in developing brains, 

signalling pathway and may act as Reelin receptors in the extracellular domains 

[37, 38]. 

1.4 Experimental models of HL 

HL animal models have been developed and utilized to study the 

pathophysiological effects of HL on vital organs, the mechanisms involved in HL 
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and cardiovascular diseases and to develop new drugs, devices or techniques for 

HL and/or atherosclerosis therapeutics [39-44]. The choice of the animal model is 

usually critical and dependent on the cost, time and experimental theme to be 

addressed [40, 45]. Several species including monkeys, dogs, mini pigs, rabbits, 

golden hamsters, rats and mice have been recruited in such models. The use of 

non-human primates and swine is normally not practical due to cost, longevity, 

and ethics [40]. On the other hand small animal models are comparably cheaper 

and amenable to genetic manipulation [40]. 

The induction of HL has been initiated using several approaches in the literature, 

the simplest of which is through the administration of a high CHOL, Western 

style, diet for several weeks [40, 46, 47]. However, such methods are time 

consuming and present highly abnormal conditions where primarily herbivorous 

species are fed lipid-rich meals [40].  Such an abnormal situation may lead to 

unexpected outcomes such as promotion of colon cancer in some mice species 

[48]. HL induction has been also suggested post administration of thyrotoxic 

compounds leading to hypothyroidism [40, 43], treatment with estrogen, ethanol 

or isotretinoin [49, 50]. The mechanisms behind HL induction differ among 

agents. For example, the role of thyroid hormone on VLDL TG metabolism and 

TG homeostasis was latter attributed partially to its effect on ApoA5 levels [51].  

 

Non-ionic surface active agents as Triton WR1339 and poloxamer 407 (P407) 

have been also used to induce HL [16, 44, 52, 53]. Triton WR 1339 induces HL 

through altering the VLDL physically rendering it resistant to lipolytic enzymes 
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in blood and tissues. It also increases hepatic cholesterogenesis and HMG-CoA 

reductase activity through the depletion of liver CHOL [53, 54]. Unfortunately, 

triton was found to cause hemolysis and thus its chronic administration to rodents 

is not feasible [55]. The increase in plasma TG and CHOL after P407  injection ip 

is due to the direct inhibition of LPL and CHOL 7-α hydroxylase enzymes and an 

indirect increase in CETP and lecithin CHOL acyltransferase (LCAT) enzymes to 

compensate for the increased CHOL burden [52, 55]. Table 3 compares the TG 

and CHOL levels among different HL-induced models. 

 

In addition to rendering regular animal models HL, some genetically modified HL 

models have been developed. These include the Watanabe heritable 

hyperlipidemic (WHHL) rabbit, Zucker diabetic fatty (ZDF) fa/fa rat, stroke-

prone spontaneously hypertensive rat (SHRSP), JCR:LA-cp rat, apoE and LDL-R 

knockout mice [39, 41, 42, 56-58]. Table 4 compares the different HL models. 

 

In practice there is no perfect HL animal model, as each has its own positive and 

negative aspects. P407, also known as pluronic F127, is a thermoreversible, 

nonimmunogenic block copolymer of polyethylene and polypropylene repeating 

units. It is used as vehicle in controlled drug delivery applications and as a barrier 

for prevention of postsurgical adhesions in experimental animals [55, 59]. After 

P407 ip dosing, its half life was 21 h with only less than 3% of drug found in rat 

circulation at ~ 120 h [59]. Its pharmacodynamic response, increase in TG and 

CHOL levels, was found to   
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Table 3: Effect of different chemicals on the cholesterol and triglyceride levels of 
rat 

Chemical 

treatment 
Dose Duration 

Plasma/serum 

total 

cholesterol 

(mmol/L) 

Plasma/serum 

triglyceride 

(mmol/L) 

Control rat - - 1.48±0.02 1.23±0.25 

HFHC diet 

Added 

2% 

CHOL 

21days 2.90±0.75 0.70±0.19 

Triton WR1339 250mg/kg 

Single iv 

(24 h post 

dose) 

10.05±0.39 18.23±0.41 

Poloxamer P407 1g/kg 
Single ip 

(36h post dose)
62.58±13.45 40.31±4.85 

Isotretinoin 

+peanut oil 
10mg/day 

intragastrically 

for 11days 
2.14±0.25 1.88±0.1 

Experimental 

Hypothyroidism 

(polythiourasil) 

0.1% 

(w/v) 

In drinking 

water for 25 

days 

2.46±0.10 0.33±0.04 

Adapted from ref [50, 60-63] 

 

correlate with its pharmacokinetics (PK) data, i.e. no residual HL effect 120 h 

after P407 ip injection [55].  In addition to its use as HL animal model, chronic 

injection (> 4 months) of P407 to mice resulted in aortic atherosclerotic lesions 

[64]. Despite the dramatic increase in CHOL and TG levels post P407 injection, it 

is considered an acceptable model with little toxicity [64], non inflammatory 

action [65], absence of other metabolic diseases such as diabetes, acceptable time 

and cost [55].  
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Table 4: Comparison of different hyperlipidemic animal models 

Species/Name Mutation Metabolic 

effects 

 
 

Vascular 

pathology 

Predominant 

plasma 

lipoprotein 

fraction 

Rabbit 

WHHL LDL-R 

deficient 

hyperlipidemia Atherosclerosis, 

spontaneous 

MI, valvular 

diseases 

LDL 

Mouse 

ApoE-KO ApoE 

deficient 

hyperlipidemia No CVD VLDL 

LDL-R-KO LDL-R 

deficient 

hyperlipidemia No CVD LDL, HDL 

Rat 

Zucker-fa Defective 

ObR 

Obesity/insulin 

resistance and 

hyperlipidemia 

No CVD Chylomicrons, 

VLDL 

JCR:LA-cp ObR 

truncated in 

the 

extracellular  

domain 

Obesity/severe 

insulin 

resistance and 

hyperlipidemia 

Vasculopathy, 

atherosclerosis, 

thrombosis 

VLDL 

SHRSP Lower 

ApoE levels  

Hyperlipidemia 

post HFHC 

diet 

Atherosclerosis, 

hypertension 

VLDL, LDL 

From references [39, 41, 56, 66] 

ObR: leptin receptor, CVD: cardiovascular disease, JCR:LA-cp: James C. Russel 

corpulent rat, HFHC: high fat-high cholesterol diet 
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1.5 Effect of HL on PK of drugs 

The effect of systemic and postprandial HL on drug disposition will be addressed 

on each of the ADME elements of PK, where ADME stands for Absorption, 

Distribution, Metabolism, and Excretion.  

 

Figure 2: PK and pharmacodynamics from ref [67]  

 

1.5.1 Absorption 

The effect of lipids on oral absorption and bioavailability of drugs have been 

studied extensively in the literature. In fact, high fat meal studies are 

recommended by the FDA as they are expected to affect gastrointestinal 

physiology and thus the systemic availability of the medication [68]. High fat 

food can affect drug bioavailability through alteration of drug solubility, delaying 

of gastric emptying rate, stimulation of bile acid and stomach acid secretion, 
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changing gastrointestinal tract  pH, increasing splanchnic blood flow, altering 

luminal metabolism and enterocyte enzyme expression and finally physically or 

chemically interacting with dosage forms or drug substances as in competition for 

active transporters [68, 69]. Such alterations in rate and extent of absorption are 

usually measured using Cmax (peak plasma drug concentration), Tmax (time to 

reach Cmax) and AUC (area under concentration versus time curve). 

 

The absorption of drugs is highly dependent on their aqueous solubility. Thus oral 

administration of poorly soluble drugs with lipids can increase their absorption 

due to their prolonged gastric residence time [70, 71]. The prolonged residence in 

the stomach acidic environment is likely to enhance the dissolution of basic drugs 

[69]. In addition to the prolongation of the gastric residence time, lipids enhance 

the secretion of gastrointestinal tract  and pancreatic fluids, resulting in an 

increase in the total  gastrointestinal tract fluid volume and further enhancement 

of drug dissolution and absorption [69, 70]. In fact fatty meals increased the AUC 

of albendazole  and phenytoin in man by 4.5 and 2  fold, respectively [72, 73],  

elongated Tmax and increased AUC of sodium salicylate in rabbit [74], and 

increased Cmax, Tmax and absolute bioavailability of the poorly soluble drug 

danazole in normal subjects by 2.4, 1.3 and 4 fold respectively[75]. Other drugs 

that were reported to have better availability due to delayed gastric emptying 

include chlorothiazide, rufinamide, propoxyphene, spironolactone, 

hydrochlorothiazide, nitrofurantoin and riboflavin [72, 76, 77]. On the other hand, 

increasing gastric residence time may decrease the absorption of drugs that are 
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acid labile, ionisable or  sensitive to the action of gastric enzymes [69]. Food 

ingestion results in an increase in gastric hydrochloric acid and enzyme secretion 

and renders the blood and urine alkaline in a phenomenon known as postprandial 

alkaline tide [69]. Such affected medications include a variety of antibiotics such 

as penicillin V, erythromycin stearate, ampicillin, amoxicillin and penicillin G 

[69, 72, 77], as well as diclophenac sodium and chlorpromazine [72]. Marathe et 

al have reported that the bioavailability of avitriptan was decreased by fatty food 

due to the changes in gastric emptying and motility [78]. Similarly, high fat meals 

resulted in lower Cmax and AUC and prolonged Tmax for tacrolimus following 

5mg doses to human subjects, indicating slower absorption and lower 

bioavailability [79].  

 

High fat meals have also been shown to increase the rate of estimated splanchnic 

blood flow  resulting in an increase in passive drug absorption due to an altered 

transluminal concentration gradient [69]. In addition they increase bile secretions 

to the duodenum [80]. Approximately 40% of bile salts are conjugates of cholic 

acid, 40% are conjugates of chenoxycholic acid and 20% are conjugates of 

deoxycholic acids [81]. Bile components including bile salts, acids, PL, TG and 

CHOL are known modulators of drug bioavailability [82]. Bile salts above critical 

micellar concentrations help dissolve the lipophilic drugs, having high log 

octanol/water (log P) partition coefficient, through micellar solubilisation [81]. 

Micelles can be simple micelles consisting of merely bile salts and drug or mixed 

micelles containing bile salts, lecithin, lysolecithin and components of bile 



   

17 
 

digestion [81]. Among the drugs that have increased bioavailability due to bile 

salt solubilisation are phenytoin, griseofulvin, tocopherol, carbamazepine, 

diazepam, dicumarol, ketoconazole (KTZ), mefloquin, mebendazole, 

hydrocortisone, and dexamethasone [72, 73, 76, 77, 83, 84]. In fact postprandial 

HL increased the bioavailability of amiodarone (AM) in humans with an increase 

in AUC and Cmax of 3.8 and 2.4 fold, respectively [85]. Similarly, after 

administration of oral lipids to rats, AM Cmax and AUC were increased after oral 

dosing by 2.7 and 2.1 fold, respectively whereas there was no increase in AUC 

after iv dosing. The increased bioavailability after oral dosing was accompanied 

by no change in Tmax nor half life indicating an increase in the extent rather than 

the rate of absorption [86]. Similarly, oral lipids increased the bioavailability of 

halofantrine in man, dog and rat [87, 88]. This was attributed partly to increase in 

absorption possibly due to an increase in solubility and also to a decrease in 

clearance (CL) of the drug. It is worth mentioning that halofantrine (HF) is a 

chiral drug that displays stereoselectivity in its PK with the (+) enantiomer 

showing higher blood concentrations and AUC and lower CL and volume of 

distribution (Vd) in rat [89]. On the other hand bile salts can result in a decrease 

in absorption of some drugs that form complexes with them. Such drugs are 

neomycin, kanamycin, pafenolol [81]. 

 

Administration of a lipid source with lipophilic drugs (log P>5) can enhance their 

lymphatic transport [81]. The intestinal lymphatics are responsible for the 

transport of highly lipophilic drugs, lipids and lipidic derivatives through the 
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thoracic lymph duct and into the systemic circulation by passing the hepatic first 

pass metabolism thereby increasing their bioavailability [81]. Examples of 

compounds that are transported through the lymphatic system are HF [90], CYA 

[91], and many other lipophilic drugs [81]. 

 

High fat meals can interact physically or chemically to inhibit or decrease drug 

absorption [69]. For instance, food can act as a physical barrier preventing the 

drug from reaching mucosal surfaces of the gastrointestinal tract, thus affecting 

both passive and active transport [69]. It can also compete with drugs on the 

active transporters or metabolic enzymes or it may even exhibit an inhibitory 

effect on them [72, 81]. Increased CHOL levels resulted in a higher HF intestinal 

availability in rat everted intestinal sacs due to their competitive inhibition on 

efflux transporters of the ATP-Binding cassette (ABC) family [92]. Pre-treatment 

of rats with 1% CHOL in peanut oil resulted in a reduced metabolite:drug ratio of 

AM in rat everted intestinal sacs indicating a reduction of intestinal metabolism of 

AM [93].  

 

In other cases, despite the above mentioned effects of high fat meals, some drugs’ 

absorption were reported as not being affected. In fact, thalidomide and CYA 

Cmax and AUC were not changed before and after administration of high fat 

meals to humans and rats, respectively [94, 95]. 
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1.5.2 Distribution 

The drug distribution in the body dictates its pharmacological and toxicological 

activities. In the study of drug PK, we look into rate and extent of distribution. 

Distribution rate is governed by tissue perfusion and drug permeability, whereas 

its extent is measured using a PK parameter called Vd.  

 

The extent of drug distribution is dependent on many factors including molecular 

size of the drug, plasma and tissue protein binding, receptor mediated drug uptake 

and efflux transporters. One of the most important effects of HL on distribution 

extent is through the increase of the lipid fraction in plasma. Lipophilic drugs then 

tend to bind to plasma lipoproteins, resulting in a decrease of the unbound fraction 

(fu) of the drug in plasma and in its Vd  [86, 96, 97]. CYA, nelfinavir and AM 

showed 3.4-, 10.4- and 23-fold lower Vd, respectively,  in poloxamer induced HL 

rat model [86, 94, 98]. Similarly, racemic HF was shown to exhibit stereoselective 

decreases of 26- and 36-fold in Vd of its (+) and (-) enantiomer respectively, in 

the same animal model [87]. HF was also observed to have 21% decrease in its 

Vd in HL beagle dogs [99]. In hypertriglyceridemic patients, propranolol PK 

parameters were changed, including a 48% decrease in Vd. This was not the case 

in hypercholesterolemic and mixed HL patients where no change in PK 

parameters was noted [100].  In HL phenytoin treated patients the extent of 

distribution, the Vd of phenytoin was not altered although other PK parameters 

such as AUC and CL were significantly increased and decreased, respectively in 
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hypercholesterolemic and mixed HL  patients but not in hypertriglyceridemic 

ones where AUC tended to decrease [101].  

 

The distribution pattern of drugs among plasma proteins differs between the NL 

and HL state. Albumin and alpha1-acid glycoprotein are considered the most 

significant plasma proteins, having preferential affinities for acidic and basic 

drugs, respectively. The increase in plasma lipoproteins in the HL state increases 

the drug binding to the lipoprotein fraction as well as decreases the drug binding 

to the previously mentioned lipoprotein deficient plasma fraction (LPDP)  [61, 

102, 103]. In HL human and rat plasma, AM was found to shift from the LPDP 

fraction to the VLDL, LDL and HDL fractions, with LPDP AM concentrations 

decreased by 3.5- and 55- fold in human and rat plasma, respectively [61]. In fact 

in HL, most of the drug was bound to the VLDL followed by the LDL then the 

HDL fraction [61]. The desethylamiodarone (DEA), AM major and active 

metabolite, behaved similar to the parent drug [61]. CYA was mostly found in the 

HDL fraction in NL patients but in the VLDL/LDL fraction in HL patients; its 

percentage in the VLDL/LDL fraction moved from 32% in NL patients to 46, 54 

and 55% in hypercholesterolemic, hypertriglyceridemic and mixed HL patients, 

respectively [103]. The LPDP concentrations did not differ much among the 

different NL and HL groups [103]. In rat plasma CYA was mostly found in the 

LPDP fraction in NL rats but shifted to be mostly found in the VLDL fraction in 

P407 HL rats [104]. Thus in the HL state CYA  concentrations increased by 5.3-, 

19- and 2.2- fold in the VLDL, LDL and HDL fractions, respectively [104].  
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HF (+)-enantiomer was found mostly in the LPDP and HDL fractions in NL rat 

plasma while the (-)-enantiomer was mostly found in the LPDP fraction [102]. In 

P407 HL rat plasma, both (+) and (-)-enantiomers were mostly found in the 

VLDL fraction, not detected in the HDL fraction and their concentration in the 

LPDP fraction decreased by 2.5- and 3.4- fold, respectively [102]. For 

desbutylhalofantrine, HF’s major and active metabolite, the (+) and (-) 

enantiomers shifted from the LPDP fraction to the VLDL fraction in HL rat 

plasma  [102]. Amphotericin B shifted from the LPDP fraction in fasted rabbits 

serum to the LDL/VLDL fraction in CHOL fed ones [105]. It is worth mentioning 

that upon changing the formulation of amphotericin B to a lipid complex it shifted 

to HDL fraction in both fed and fasted rabbits [105]. 

 

The alteration in the plasma protein binding and the consequent decrease in Vd 

would be expected to result in a decrease in tissue concentrations of moderate and 

high extraction ratio (E) drugs. However, the tissue distribution of  lipophilic 

drugs behaves in quite a complex manner [97, 102, 106]. Despite the lower fu and 

Vd, AM, a moderately hepatically extracted drug, showed significantly higher 

plasma, heart, spleen, and liver concentrations and lower lung, kidney, and brain 

concentrations in rat post iv AM dosing [97]. Increasing the heart uptake of AM 

2-fold may lead to a significant increase in pharmacological activity as heart is the 

site of action of this medication. It is also important to note that although the HL 

apparently decreased the lung concentrations of AM, DEA concentrations were 

increased [97]. It is known that one of the dangerous side effects of this drug is 
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pulmonary fibrosis and that the toxicity potency of DEA even exceeds that of the 

parent drug [107]. HL obese Zucker rats showed higher kidney levels of 

amphotericin B than control lean ones [108]. CYA concentrations in heart and 

spleen decreased whereas, kidney, plasma, blood and liver showed higher levels 

in HL rats after single iv dose [106]. The increase in the kidney concentrations in 

HL could increase the nephrotoxicity of the medication [106]. This was shown in 

patients with hypercholesterolemia where an increase in drug binding to LDL 

resulted in an increase in nephrotoxicity of CYA [109]. On the other hand, the 

increase of VLDL and HDL levels was found to reduce cellular uptake of CYA 

within LLC-PK1 pig kidney cells [110].  The (+)-HF enantiomer increased in 

plasma, liver, lung and spleen and decreased in heart of HL rat after single iv dose 

of HF racemate [102]; however, the (-)-enantiomer concentration increased in 

plasma, lung, and spleen and decreased in brain and kidney in the same animal 

model [102]. Despite the increase in plasma concentration in HL, it was reported 

that the IC50 of HF against Plasmodium falciparum significantly increased 

indicating a decrease in its pharmacological effect [99]. HF cardiotoxicity was 

enhanced in HL rats, with longer QT interval than in NL ones despite the 

equivalent heart concentrations between the two groups [111].  

 

A decrease in drug concentration in some tissues in HL is expected for high and 

moderate E drugs, on the basis of a decrease in the fu. However, in HL the 

increase of the drug concentrations and uptake in tissues is not expected based on 

the theory that only the unbound concentrations are capable of  traversing cell 
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membranes. Based on such data a new concept has evolved pointing at the 

contribution of the LDL-R family in the transport of drugs bound to lipoproteins.  

The binding affinity of the drug to the lipoprotein fraction, the type of lipoprotein 

fraction the drug is bound to and the expression, regulation and type of LDL-R in 

tissues are all factors affecting such transport.  

 

1.5.3 Metabolism  

Ideally once in the circulation, drugs should reach their target organ, exert their 

effect and then be eliminated once the effect is no longer required.  Some 

medications are excreted unchanged; however, most drugs are first rendered more 

water soluble followed by their excretion into urine or bile [67]. This occurs 

through several metabolic reactions involving Phase I and II enzymes. First a 

polar group is introduced or unmasked (Phase I), then such a group is conjugated 

to a hydrophilic endogenous species using conjugating enzymes (Phase II) and 

finally the conjugate, more water soluble and higher molecular weight, is excreted 

through liver or kidney through carrier mediated transport [67, 112]. Phase I 

enzymes include cytochrome P450 (CYP450), epoxide hydrolase and monoamine 

oxidase, aldehyde and alcohol dehydrogenases, and flavin containing 

monooxygenases and are located in the membrane of the endoplasmic reticulum. 

Phase II enzymes include glucoronyl transferase and glutathione S-transferase. 

Phase II enzymes are generally cytosolic except for glucoronyl transferase, which 

is microsomal [113].  
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The liver is the major organ involved in the metabolism of endogenous 

compounds and xenobiotics. The small intestine plays also an important role in 

oral drug metabolism prior to transport of the drug via portal circulation to the 

liver [67]. Other organs and tissues, including nasal mucosa, lung, kidney and 

blood, can also perform metabolizing activities [67, 114, 115].  If drugs are not 

eliminated by other means, drugs that are poorly metabolized remain longer in the 

body and have lower clearance and longer half life.  

The rate of drug biotransformation is dependent on several factors including the 

drug concentration and availability at site of metabolism, the levels of enzymes, 

availability of cofactors and drug protein binding. It is known that only free drug 

is available for metabolism. Since HL usually decreases the fu of drugs through 

increasing its lipoprotein binding,  it is expected to decrease the metabolism and 

hepatic CL of drugs with moderate and low hepatic extraction ratios (E) [17, 86, 

87]. In addition, liver is considered the terminal site of catabolism for lipoproteins 

containing apoB (Table 2)  [17, 22]. Fatty acid liberation due to lipoprotein 

catabolism in hepatocytes was reported to directly reduce the metabolism of the 

drugs bound to lipoprotein [17, 116]. This happens either through direct 

competition with drug molecules or indirectly through modulation of drug 

metabolising enzymes [17]. For instance, unsaturated fatty acids have higher 

CYP3A inhibitory action than saturated ones [117, 118]. The mechanism by 

which arachidonic, linoleic and docosahexaenoic (DHA) acids down regulate 

phenobarbital induction of the CYP2B1 gene in rat hepatocytes is reported to be 
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through inhibition of constitutive androstane receptor (CAR) translocation from 

cytosol to nucleus [119].   

HL as a disease also can alter the expression of CYP450 enzymes in liver and 

other tissues [17]. The P407-induced HL model showed 1.94-fold lower total 

CYP content compared to NL Sprague-Dawley rats, but not Wistar rats [97, 98]. 

CYP2C11 and CYP3A1/2 isoenzymes were the isoenzymes downregulated in the 

P407 model [97].  Such downregulation is not restricted to the P407 rat model but 

was also documented in the obese Zucker rat model; CYP1A1, 1A6, 2B1, 

glutathione-S transferase, and  quinine reductase were also inhibited in the obese 

Zucker rat model [17, 120]. The downregulation of  CYP3A in obese Zucker rat is 

thought to be due to the lower CAR levels [121], while that of CYP 3A1/2 and 

CYP2C11 in P407 Sprague-Dawley rat is suggested to be due to decreased 

expression of CAR and pregnane X transcription factors [17]. Thus HL can 

reduce metabolism through fu reduction and inhibition of CYP enzymes. 

Although LDL-R mediated transport for the bound drug fraction counteracts such 

inhibition by making more drug available to the liver and other tissues 

metabolizing enzymes [97, 102], usually the result is a net reduction of 

metabolism associated with lipoproteins [86, 87].  

Despite the decrease in fu and Vd in HL rats, AM showed higher liver 

concentrations, possibly due to  LDL-R mediated uptake [17]. There was no 

significant difference between the affinity constant (km) and the maximum rate of 

formation (Vmax) of AM between NL and HL rat microsomes [97]. However, for 

the AM major metabolite, DEA, its formation rate was found to be higher in NL 
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than HL; CL through DEA formation was similarly lower in HL livers [97]. These 

in vitro results were also confirmed in vivo where the DEA:AM level in rats was 

lower in HL than NL after single iv AM dose, with a lower liver tissue to total 

plasma concentration (Kp) also being observed in HL [97]. If the fu was solely 

responsible for the AM liver uptake then the liver tissue to unbound plasma 

concentration ratio (Kpu) should match between NL and HL , However, HL liver 

Kpu was higher indicating the possible contribution of lipoprotein receptor uptake 

[97]. As mentioned earlier, AM shifts mostly towards VLDL binding in HL and 

LDL receptors are downregulated in HL, and liver does not express VLDL 

receptors. This diminishes the possible role of LDL-R mediated uptake in 

increasing liver uptake of AM, leaving a decrease in fu and the downregulation of 

CYP enzymes to decrease AM metabolism.   

HF showed enantioselective PK in NL and HL conditions. It has been 

demonstrated that HF enantiomers showed a 10-fold decrease in the fu, and a 

decrease in Vd and CL in the P407 rat HL model [87]. Despite such a decrease in 

the fu, liver concentrations of (+)-HF were higher and (-)-HF concentrations were 

unchanged from those of  the NL rats after  an iv dose of HF [102]. This may 

indicate the involvement of LDL-R mediated uptake of HF. Despite the 

downregulation of CYP3A1/2 and 2C11 in this model, isolated liver microsomes 

from NL and HL rats showed no difference in Vmax and intrinsic CL of HF 

enantiomers [102]. This was attributed to the involvement of other CYP enzymes 

in the metabolism of HF that were not affected by HL.  Finally the net result, as 

for AM, favoured a total decrease in CL of the drug. 
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CYA behaved somewhat differently than AM and HF [94]. Despite the decrease 

in the fu in HL, human subjects and rats given P407 showed a tendency towards 

enhanced CL [94, 122]. This was accompanied by an increase in liver 

concentrations and unchanged liver to blood uptake ratio in the P407 rat model 

[106]. This may indicate that the effect of LDL-R mediated transport for this drug 

outweighs the decrease in fu and the downregulation of the enzymes, leading to a 

net increase in metabolism and CL.  

Postprandial HL also affects metabolism. In fact, ingestion of a high fat meal was 

reported to decrease hepatic blood flow [69, 123]. The decrease in hepatic blood 

flow would be also expected to increase the bioavailability (F) of high E drugs 

that undergo first pass through the hepatoportal circulation [69, 123].  Such drugs 

include propranolol, labetolol and metoprolol [123-125]. In fact labetolol showed 

higher AUC, longer Tmax with no significant change on half life with food in 

humans [125]. In addition, a high fat meal can produce an inhibitory activity on 

intestinal metabolism. In fact, DHA incubation with rat liver microsomes 

decreased the metabolism of squinavir in a dose-dependent manner in vitro [126]. 

Similarly, coadministration of DHA with squinavir in vivo increased its 

bioavailability when given orally but not iv. This suggests that DHA increases the 

bioavailability of squinavir through inhibition of its intestinal CYP3A metabolism 

[127]. DHA was also reported to decrease intestinal metabolism of MDZ and 

CYA after oral dosing through competitive inhibition of gut CYP3A [118, 128]. 

An increase in AUC and a decrease of 80% in CL of diosgenin after prolonged 
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administration of high fat meal in rat was attributed to a reduction of its intestinal 

first pass metabolism due to fat ingestion [129].   

1.5.4 Excretion 

The pathways of drug elimination from the body involve either biotransformation 

to active or inactive metabolites or direct organ excretion [67]. Since we have 

covered drug metabolism above, in this section we will be focusing on the organ 

excretion of the drugs. Kidney and liver are the major excretory organs in the 

body.  

In PK, excretion is measured through the CL parameter which is defined as the 

volume of blood or plasma that is irreversibly cleared from xenobiotics per unit 

time. Another parameter that relates to excretion is the half life which is the time 

for half the amount of drug in the body to be excreted. 

Active transport through anionic and cationic transporters is important in renal 

active secretion and reabsorption as well as in biliary excretion. The transporters 

involved in such processes include organic anionic transporters (OATs), organic 

cationic transporters (OCTs), organic anion-transporting polypeptide family 

(OATP), type I sodium-phosphate transporter (NTP), ATP-dependent organic ion 

transporters including multi-drug resistance 1/p-glycoprotein (MDR1/Pgp) and 

multidrug resistant associated proteins (MRP). The distribution of such 

transporters in kidney and liver is described in Figure 3 and Figure 4. 

HL could potentially affect the renal and biliary excretion of medications, thus 

contributing to the net CL of the lipophilic drugs. Unfortunately, the exact  
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Figure 3: drug transporters in renal proximal tubules  
From ref[67] 
 

 

Figure 4: major solute carriers and ABC transporters in liver hepatocytes 
 From ref[130] 
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clinical contribution of such an effect is not clearly reported in the literature.   

HL has been shown to affect the glomerular filtration rate [15]. It results also in 

an increase of bound drug, both actions would potentially decrease the drug 

filtered passively by glomerulus. HL has also shown an inhibitory effect on 

kidney P-pg activity. Where renal epithelial cell line models of rifampin induced 

porcine (LLC-PK1) and rat (NRK-52E) treated with 20% rat HL serum have 

demonstrated a 25% increase in the rhodamine (Rh 123) uptake over equivalent 

cells treated with 20% rat NL serum [131]. This could possibly result in a 

decrease of CL of drugs transported via kidney Pgp.  

CYA is cleared through a combination of metabolism, biliary excretion and 

kidney excretion [132]. Renal CL of CYA does not represent a high portion of its 

total CL, reported as 2.97 mL/min for nontransplant subjects which is close to the 

predicted filtration rate of 2.6 mL/min. In bone marrow transplant patients the 

values of renal CL increased 10-fold, indicating a higher contribution of about 5% 

in CYA total CL [132]. Kidney AUC 24 h of CYA was 1.48 fold elevated in the 

P407 HL rat model [106]. Rifampin induced porcine (LLC-PK1) and rat (NRK-

52E) treated with 20% rat HL serum resulted in an inhibition of Pgp and an 

increase of CYA concentration in cells [104]. CL 

Similarly, CYA was shown to be excreted in bile with the involvement of Pgp 

using isolated perfused rat liver system and verapamil as a Pgp modulator. A 

tracer dose of CYA was excreted in bile and this amount was decreased by 

verapamil and that was accompanied by an increase in cholestasis [133]. Thus HL 
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would be expected to affect biliary excretion of CYA and other lipophilic Pgp 

substrates through Pgp modulation.  

1.6 The PK and pharmacodynamics of two representative 
lipophilic drugs: AM and KTZ 

1.6.1 AM 

AM is classified as a Vaughan-Williams class III antiarrhythmic agent. It is 

chemically defined as 2-butylbenzofuran-3-yl)-[4-(2-diethylaminoethoxy)-3,5-

diiodophenyl]- methanone (Figure 5). In addition to being a blocker of potassium 

channels, as are all class III antiarrhythmic agents, AM also possesses weak 

sodium channel–blocking activity, noncompetitive inhibition of α- and β-

adrenergic receptors, and vagolytic and calcium channel–blocking effects [134, 

135]. Such activity results in an increase in atrial and ventricular refractoriness. It 

also depresses automaticity of the sinoatrial node, resulting in slowing of the heart 

rate. The drug also slows conduction and increases refractoriness of the 

atrioventricular node [134]. These parameters are measurable on the 

electrocardiogram (ECG) as prolongation of the QRS complex and RR, PR, and 

QTc intervals. Owing to its proven record of efficacy and ability to reduce 

mortality, AM is commonly used as first-line therapy for the treatment of patients 

with arrhythmia [134, 136, 137]. 

 

AM is a highly lipophilic drug, with log P of 9, which contributes to its complex 

PK properties [134, 138]. It is extensively bound to plasma proteins  
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Figure 5: Chemical structure of amiodarone. Shaded area (butyl side chain) is one 
of the parts responsible for the unique pharmacokinetics properties of AM. 
From ref [139] 
 

of humans and rats, with a significant amount of this binding to lipoproteins 

[140]. AM possesses erratic absorption (35%–65%) with low and unpredictable 

oral bioavailability (F) [141]. Its extensive tissue uptake results in a large Vd and 

long terminal phase half-life  (t½) [86, 142, 143]. The drug also possesses a low 

and a low to moderate E in human and rat, respectively [86]. AM is well taken up 

by heart tissues, and a positive cardiac concentration versus effect relationship 

accounts for its changes in the ECG [97, 144, 145]. AM has a narrow therapeutic 

range of 0.5-2 mg/L thus have high chances of toxicity.  

Replacement of the shaded butyl side chain in Figure 5 with methyl and ethyl 

acetate ester moieties appears to reduce the stability of the agents when incubated 

in plasma (possibly due to the actions of esterases), and also decreases the 

duration of their electrophysiological activity when in vitro or ex vivo techniques 
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were applied [139]. To our knowledge, actual pharmacokinetic data on these 

agents are not available. 

AM is extensively metabolized via five pathways namely N-deethylation, 

hydroxylation, O-dealkylation, deiodination, and glucuronidation. N-dealkylation 

is probably the most important pathway in human and rat, yielding DEA, which 

shares many of the PK and pharmacodynamic properties of the parent drug [146]. 

In fact DEA has demonstrated higher potency and toxicity than its parent drug 

[147]. Several enzymes have been shown to be responsible for DEA formation in 

liver and intestine.  CYP3A4 and CYP2C8 are the main isoenzymes involved in 

such  metabolism in humans [148, 149], while CYP3A1, 3A2 and 1A1 are the 

major enzymes involved in rat  [150].  AM was found to inhibit CYP1A1, 

CYP1A2, CYP2B6, CYP2C9 and CYP2D6 as well as Pgp; therefore it is 

expected to have drug interactions with their substrates [151].  

1.6.2 KTZ 

KTZ, cis-1-acetyl-4-[4-[[2-(2,4-dichlorophenyl)2-(1H imidazol-1-ylmethyl)-1,3-

dioxolan-4-yl]methoxy] phenyl]-piperazine, is a broad spectrum antifungal agent 

used for systemic and local infections. It is a chiral drug that is administered 

clinically as a racemic (1:1) mixture of the enantiomers of the cis configuration 

(Figure 6). The cis configuration indicates that the hydrogen and the 2,4-

dichlorophenyl group at the two chiral centers are on the same side of the five 

membered (dioxolane) ring. Their absolute configuration has been reported via 
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synthesis as (+)-(2R,4S) dextrorotatory enantiomer and (−)-(2S,4R) levorotatory 

enantiomer [152]. 

 

 

Figure 6: Chemical structures of ketoconazole enantiomers 

 

As with other azoles, KTZ antifungal activity is attributable to the inhibition of 

CYP450-mediated 14-α-demethylation of lanosterol in ergosterol biosynthesis. 

This results in fungal ergosterol depletion, interruption of membrane 

integrity/activity, and inhibition of cell growth [153]. These CYP inhibition 

properties extend to mammalian CYPs and strong interactions are possible with 

both hepatic drug metabolizing and steroidogenic enzymes [154-156]. Owing to 

the risk of KTZ-induced hepatotoxicity and serious drug–drug interactions, the 

use of KTZ as an antifungal agent tends to be restricted to more serious infections 

that are resistant to other safer azoles [157, 158]. Because of its CYP inhibitory 
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properties, KTZ is extensively used as a CYP and Pgp modulator for in vitro and 

in vivo drug interaction studies [127, 159-162]. 

 

Surprisingly, the PK information pertaining to KTZ is relatively limited. Human 

studies have shown that disproportionate changes in AUC can occur with 

changing dose levels, in conjunction with alterations in terminal elimination t½,  

thereby suggesting nonlinear kinetics [163, 164]. Human studies have been 

limited primarily to oral administration due to the lack of intravenous (iv) 

formulations. The primary PK parameters of CL and Vd (Vd), have been 

determined in rats and dogs [165-168]. It is reported that a one compartment open 

model conforms well to KTZ plasma concentration vs. time data, with oral 

absolute bioavailability (F)  ranging from 32% to 37% in rats and 12% to 88% in 

dogs [165-167]. After KTZ iv bolus and infusion over a range of doses, rats 

exhibited dose-dependent changes in the Vd, and a disproportionate increase in 

AUC with escalating dose [167, 168]. Over the concentration range of 0.1 to 10 

mg/L, KTZ showed strong linear plasma protein binding with an average fu of 

0.037 [167]. KTZ undergoes several metabolic biotransformations, including 

oxidation, scission, and degradation of the imidazole ring, scission and 

degradation of the piperazine and dioxolane rings and oxidative O-dealkylation 

[169, 170]. 

 

Although some information is available regarding KTZ PK, it should be 

recognized that it is chiral. All previous PK data were generated using 
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nonstereospecific assay methodologies and as such reflected the combined kinetic 

properties of both KTZ enantiomers. It has been shown for many enantiomeric 

pairs of drugs that the pharmacological activity of one enantiomer may differ 

from that of its antipode [171, 172]. In fact in vitro studies applying KTZ 

enantiomers to human CYP3A4 supersomes using testosterone and methadone as 

substrates suggested stereoselective inhibition, with the (-)-KTZ enantiomer 

displaying approximately two-fold more inhibitory potency [173]. In many cases 

as well, the PK behaviour of one enantiomer may differ from its antipode [174, 

175]. 

   

1.7 Rationale 

HL  is a pathological state characterized by an elevation of lipoproteins in plasma 

[2, 176]. Patients with HL pose clinical concerns because sustained increases in 

low density lipoprotein are a direct contributor to an increased risk of 

atherosclerosis, often resulting in hypertension  and coronary heart diseases [8, 9, 

177]. Elevated plasma lipoprotein levels also can influence the behaviour of 

lipophilic drugs in vivo through reducing fu, reducing metabolism or by 

facilitating lipoprotein receptor-mediated drug tissue uptake [3, 106, 178-180]    

AM is a lipophilic drug of log P=9 with a moderate to low E. It is strongly bound 

to plasma proteins and was shown to be strongly bound to plasma lipoprotein  in 

HL state, mainly to the VLDL fraction [61]. HL was shown to affect its PK and 

tissue distribution after single dosing [86, 97]. In fact, HL resulted in higher heart 

and liver concentrations and lower clearance. Whether the increase in heart uptake 
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is accompanied by an increase in AM pharmacodynamics on the heart and the 

reason behind the decrease in CL despite the higher liver concentrations needs to 

be explored.  

Despite the fact that KTZ is a chiral drug, there are no data on its enantiomeric 

PK in the literature. This is due to the lack of an analytical method for their 

quantitation in biological specimens. KTZ is also extensively (~97-99%) bound to 

plasma proteins. Its Log P of  4.4 [167] suggests it  to be a possible candidate for 

binding by serum lipoproteins and hence present altered PK in the face of HL.  

1.8 Hypotheses: 

1. Experimental HL increases the heart uptake and electrocardiographic changes 

associated with repeated-dose AM. 

2. HL decreases AM metabolism.   

3. The lipophilic chiral antifungal drug, KTZ, possesses stereospecific PK in rat 

plasma. 

4. KTZ binds to lipoproteins. 

5. HL affects the stereospecific PK of KTZ. 

6. HL can modify the strength of drug-drug interactions involving KTZ. 

1.9 Objectives: 

This project has the following specific aims: 

1. Examine the effect of experimental HL on the heart uptake and 

electrocardiographic changes associated with repeated-dose AM; 

2. Examine the effect of HL on AM metabolism using rat hepatocytes;  
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3. Develop an HPLC assay for the determination of KTZ enantiomers in rat 

plasma; 

4. Determine the nonlinear stereoselective PK of KTZ in rat after administration 

of racemate; 

5. Examine the influence of HL on in vitro distribution of KTZ enantiomers in 

rat plasma; 

6. Examine the effect of HL on the PK of KTZ enantiomers in rat; 

7. Develop an HPLC assay for the simultaneous determination of MDZ and 

KTZ in rat plasma; 

8. Explore the effect of HL on KTZ-MDZ drug-drug interaction in rat. 
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 2. Experimental 
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2.1 Materials 

 AM HCl, ethopropazine HCl, KTZ, β-nicotinamide adenine dinucleotide 

phosphate tetrasodium (NDPH), sodium chloride, sodium bromide,  P407, NaOH, 

fetal calf serum, collagenase, sodium dithionate, thiobarbituric acid, 

diethyldithiocarbamic acid, butylated hydroxytoluene, ethylene diamine 

tetraacetic acid (EDTA), trypsin inhibitor, Percoll, collagen, HEPES sodium salt, 

and bovine serum albumin were purchased from Sigma-Aldrich (St. Louis, MO). 

DEA was obtained as a gift from Wyeth Research (Monmouth Junction, NY). 

Methanol, acetonitrile, isopropyl alcohol, absolute ethanol, tert-butyl methyl ether 

(TBME), diethyl ether and hexane [all high performance liquid chromatography 

(HPLC) grade], diethylamine, propylene glycol, and polyethylene glycol (PEG) 

400 (analytical grade) were purchased from Fisher Scientific (Fair Lawn, NJ, 

USA). Potassium dihydrogen orthophosphate (KH2PO4), dipotassium hydrogen 

orthophosphate, KCl, MgCl2.6H2O, sucrose, and CaCl2.2H2O (all analytical 

grades) were obtained from BDH (Toronto, ON, Canada). Isoflurane USP was 

purchased from Halocarbon Products Corporation (River Edge, NJ, USA). 

Penicillin-streptomycin, insulin, dexamethasone phosphate, DME media, and 

trypsin were obtained from GIBCO, Invitrogen Corporation (Carlsbad, CA, 

USA). Heparin sodium injection, 1000 U/mL and 10000 U/mL, were obtained 

from Leo Pharma Inc. (Thornhill, ON, Canada). AM HCl (50 mg/mL), 

midazolam (MDZ) (5 mg/mL) and diazepam (5 mg/mL) as sterile injectable 

solutions were manufactured by Sandoz (Boucherville, QC, Canada). KTZ oral 

tablets (Nizoral®, McNeil Consumer Healthcare, Guelph, Ontario, Canada) were 
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purchased from the hospital pharmacy department at the University of Alberta 

Hospitals. 

Enzymatic assay kits for determination of total CHOL and TG in human and rat 

plasma samples were purchased from Diagnostic Chemicals Limited 

(Charlottetown, Prince Edward Island, Canada). 

 

2.2 Effect of HL on the PK and pharmacodynamic aspects of AM 
 
2.2.1 Assays 

2.2.1.1 Determination of AM using an LC-MS method 

A previously reported validated LC-MS method was used for the analysis of AM 

and DEA in plasma, heart tissues and hepatocytes [180]. For the assay of drug and 

metabolite, corresponding blank drug-free plasma, homogenized heart tissues and 

hepatocyte cells from HL and NL rats spiked with known amounts of AM and 

DEA were used for the construction of standard curves. 

2.2.1.2 Lipid measurement 

Total CHOL and TG concentrations were determined using peroxidase enzymatic 

CHOL and TG assay kits. Two mL of CHOL or TG reagents was added to human 

or rat NL or HL plasma samples or fractions. Normolipidemic (NL) plasma was 

defined as having CHOL and TG concentrations of <200 mg/dL. Tubes were 

incubated at 37°C for 5 or 10 min and scanned at 505 or 515 nm, respectively, 

using an colorimetric spectrophotometer [105]. 
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2.2.2 Determination of the effect of experimental HL on the 
electrocardiographic changes associated with AM 
 
All study protocols were approved by the University of Alberta Health Sciences 

Animal Policy and Welfare Committee. Male Sprague–Dawley rats (Charles 

River, Quebec, Canada) with body wt ranging from 250 to 350 g were used for 

PK, pharmacodynamic, and tissue distribution studies. All rats were housed in 

temperature controlled rooms with 12 h light per day. The animals were fed a 

standard rodent chow containing 4.5% fat (Lab Diet® 5001, PMI nutrition LLC, 

Brentwood, USA). Free access to food and water was permitted prior to the 

experiments. 

2.2.2.1 Induction of HL: 

The HL rats were injected 1 g/kg intraperitoneal (ip) doses of P407 (0.13 g/mL 

solution in normal saline).To ensure the proper injection of P407, the animals 

were lightly anesthetised using isoflurane, and then allowed to recover.  The NL 

control groups were injected normal saline in equivalent amounts. Dosing is 

usually performed at 36 h after ip injection.  

2.2.2.2 Surgical procedures: 

The day before the experiment, the jugular veins of the rats were catheterized with 

a cannula under isoflurane anesthesia (Surgivet, Waukesha, WI, USA). Each 

cannula was made by inserting 2-3 cm of silastic tubing (Laboratory tubing, 508-

003, Dow Corning Corporation, Midland, MI, USA) over the tip of approximately 

5 cm length of polyethylene tubing (Intramedic®,Clay Adams, Sparks, MD, USA) 
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with about 0.5 cm of overlap. The silastic tubing end was inserted into the right 

jugular vein and the polyethylene end was pulled out through the dorsal side of 

the neck. The exposed areas were closed using a surgical suture. The cannula was 

flushed with 20 u/mL heparin in 0.9% saline and the end of the cannula was 

capped with a 23 G stainless steel needle, which was crimped using pliers. After 

recovery, each rat was allowed to have free access to water but not food. The 

morning after, each rat was transferred to a metabolic cage and after adaptation 

for approximately 30 minutes with free allowance to water, they were dosed 

intravenously or orally (feeding gavage) with the desired drug  based on the 

protocol of the study. After obtaining the two hour samples they were given food. 

However, for the AM multiple dosing PK-pharmacodynamic study access to food 

was allowed throughout the whole study. 

2.2.2.3 Dosing and sample collection 

This study was performed using a total of 56 male Sprague–Dawley rats. The rats 

were allocated into several groups, stratified by lipoprotein status and AM dosage. 

The protocol included saline-treated control rats, and rats given discreet AM dose 

levels of 25, 50 and 100 mg/kg/d. For each of these groups there was a matching 

NL and HL group. Each drug-free control group included 4 rats, whereas each of 

the AM dosed groups for NL and HL status contained 8 rats.  

At the dose levels described above, AM or equivalent volume of saline vehicle 

was injected every 12 h for 5 d, for a total of 10 doses starting ~36 h after the first 

ip doses of P407 or saline. The AM injectable solution was diluted using saline 

for injection to provide a final concentration of 12.5 mg/mL. Each iv dose was 
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injected over 60 s via the jugular vein cannula, followed immediately by injection 

of 0.5 mL of 0.9% NaCl for injection and 0.15 mL of cannula lock solution 

consisting of 25% heparin 1000 U/mL, 55% polyethylene glycol 400, and 20% 

cefazolin 100 mg/mL. Because of the known PK and duration of effect of P407 

[59],   the HL state was maintained over the course of the study by injecting the 

animals with a second dose of P407 just after the 5th dose of AM was 

administered. The NL rats were injected equivalent volumes of saline i.p. at the 

same times.  

Under light isoflurane anaesthesia, 12 s ECG strips were recorded using stainless 

steel subdermal needle electrodes, P55 general purpose AC preamplifier and 

PolyVIEW® data acquisition and analysis system (Grass Instrument Division, 

Astro-Med, Inc, West Warwick, RI). The ECG recordings were collected at 

baseline conditions (at the time of the first pre-study dose of P407) and 12 h after 

doses 1, 5 and 10 during the AM post-distributive phase [86]. The PR, RR and QT 

intervals, the latter of which was measured from the Q wave deflection to the time 

where the isoelectric point was reached following the T-wave, were recorded.  

The QT interval was normalized to the heart rate (QTc) using Fridericia's 

(QTc=QT/(RR)1/3) and Bazett’s (QTc=QT/RR1/2) formulas [181, 182]. After 

collection of all the ECG strips, a random code value was assigned to each strip 

prior to measurement of ECG parameters. This ensured that the ECGs were 

evaluated in a blinded fashion by the assessor, who did not know which treatment 

was given or time of ECG obtainment of each measurement. 
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In conjunction with the ECG data collection, blood samples (0.15-0.2 mL) were 

withdrawn from the tail vein immediately after measurement of the ECG at 

baseline, and after doses 1 and 5. Cardiac puncture was used to withdraw blood at 

the end of the study. The plasma was separated from blood by centrifugation for 5 

minutes at 2500 g and used for measurement of AM and DEA plasma 

concentrations. The blood withdrawn at the end of the study was also used to 

measure plasma lipid concentrations. After blood withdrawal by cardiac puncture, 

hearts were also harvested followed by blotting with tissue paper to remove 

excess blood. All plasma and tissue specimens were stored at -30C until assayed. 

2.2.3 Effect of HL on AM metabolism using rat hepatocytes in 
vitro 

 

The isolation of hepatocytes followed a two step liver perfusion procedure [183] 

with minor modifications. 

2.2.3.1 Preparation of perfusion solutions 

Three different perfusion solutions were used for the isolation of hepatocytes. 

Among those, solution A was prepared by dissolving 115 mM sodium chloride,   

5 mM potassium chloride, 1 mM of potassium dihydrogen phosphate, 25 mM 

Hepes sodium salt, 0.5 mM ethylene glycol tetraacetic acid, 0.8 g of glucose and 

0.8 mL of heparin in a final volume made up with 500 mL of deionized water. 

Solution B was prepared by dissolving 115 mM sodium chloride, 5 mM 

potassium chloride, 1 mM potassium dihydrogen phosphate, 25 mM Hepes 

sodium salt, 0.8 g of glucose, 0.8 mL of heparin, 1 mM calcium chloride, trypsin 
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inhibitor and collagenase (collagenase was added just before perfusion) in 500 

mL of deionized water. Solution C consisted of 100 mL of solution B 

supplemented with 1.2 mM magnesium sulphate and 1 mL of DME media. All 

the solutions were brought to pH 7.4 (by using 1M HC1 or 1M NaOH) and 

filtered through a 22µm membrane prior to use. One day before the experiment, 

preliminary perfusion solution A1 (500 mL of 115 mM sodium chloride, 5 Mm 

potassium chloride and 1 mM potassium dihydrogen phosphate in water), A2 (100 

mL of 25 mM Hepes sodium salt in water), A3 (0.5 methyleneglycol tetra acetic 

acid dissolved in 50 mL of deionized water), 1 mM calcium chloride solution and 

1.2 mM magnesium sulphate solution, were prepared. On the day of experiment 

solution A, B and C were prepared with appropriate proportions of preliminary 

perfusion solutions. 

 

2.2.3.2  Isolation of rat hepatocytes 

This study was approved by the University of Alberta Health Sciences Animal 

Policy and Welfare Committee. Sprague-Dawley rats (350-450 g) were used for 

isolation of hepatocytes. These rats were housed in cages and fed with water and 

food. At 36 h before the experiment, rats were rendered NL or HL by 

intraperitoneal injection of saline or poloxamer 407 (1g/kg) under light isoflurane 

anaesthesia. On the day of experiment the rats were anaesthetised with isoflurane. 

A midline laparatomy was performed and the portal vein and the suprahepatic 

inferior venacava were cannulated. All tubing and solutions were maintained at 

37°C and saturated with 100% O2. The liver was perfused through the portal vein 
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with solution A with a flow rate of 35mL/min for 8-10 min using a peristaltic 

pump until all the blood was out. Then the liver was perfused with solution B with 

a flow rate of 30 mL/min for 10-15 min until the liver appeared completely 

blanched and softened. Externally the liver was washed with normal saline (0.9% 

sodium chloride solution) during the entire period of isolation. After perfusion 

with solution B, the liver was removed and placed in a Petri dish containing 100 

mL of solution C and the capsule was stripped away from one side of the liver and 

cells dissociated by brushing the liver with a plastic comb. The cells were then 

filtered through a cloth filter into a funnel and kept in a shaking water bath for 5 

min at 37°C and supplemented with 100% O2 with gentle shaking. After 5 min 

incubation, the cell suspension was filtered again through 100 µm filter into 50mL 

sterile cell culture plastic tubes (VWR International, Mississauga, Ontario, 

Canada) and placed on ice until it was 4° C. Thereafter, the cells were centrifuged 

at 1000 rpm for 5 min at 4° C and the supernatant was aspirated and cells were 

resuspended in the DME media (additive-free) and centrifuged for a 2nd time at 

1000 rpm for 5 min at 4°C. The second centrifugation step was repeated twice. 

After completion of all centrifugation steps, the supernatant was aspirated and the 

cells were added to a Percoll gradient (prepared by adding 6.75 mL of 2X 

phosphate buffer saline (PBS), 8.25 mL of lx PBS and 10 mL of Percoll) and 

again centrifuged at 4000 rpm for 10 min at 4° C. Finally, the supernatant was 

aspirated and cells were resuspended in DME media containing additives and the 

cells were adjusted to 0.5 millions/mL. 
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2.2.3.3 Determining the viability of hepatocytes 

Cell viability was determined by using the trypan blue exclusion method. For this 

purpose, 50 µL of cells were diluted with 150 µL DME media and stained with 

100 µL of 0.2% trypan blue solution. Each time, the cells were counted in 16 

microscopic squares and the viable cells were expressed in million/mL excluding 

the dead cells. Cells were quantitated using a homocytometer. 

 

2.2.3.4 Preparation of primary cultures 

24-well plastic culture plates (VWR International: Mississauga, Ontario, Canada) 

precoated with collagen were used for seeding the cells. After viability 

assessments, the cells were added in an appropriate quantity of DME media 

supplemented with 10% fetal calf serum and antibiotics (penicillin/streptomycin, 

1%). 0.25 million cells were added per well and the plates were incubated for 6 h 

at 37°C in a humidifier with 95% O2 and 5% CO2. After 6 h, media containing the 

dead cells was removed and cells were treated with drug in the presence or 

absence of 5% NL and HL serum in media.  

 

2.2.3.5 Drug solutions  

a. Stock solutions 

1. A 2.5 µg/µL concentration was prepared by dissolving 10 mg AM HCl in 4 mL 

of dimethyl sulfoxide (DMSO) solution. 

 2. A 10 µg/µL concentration was prepared by dissolving 20 mg AM HCl in 2 mL 

of methanol. 
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b. Treatment (working) solutions 

i) AM for use in control and serum pre-incubation treatments: 10 µL of AM (2.5 

µg/µL) in DMSO was dissolved in 50 mL media to provide a final concentration 

of 500 ng/mL 

ii) AM for coincubation with hepatocytes and rat sera: 2.5 µL of AM HCl (10 

µg/µL) in methanol were added to 2.5 mL of NL or HL serum to provide a final 

concentration of 10 µg/mL AM HCl. The mixture was vortex mixed for 30 s and 

incubated in a shaking water bath for 1h at 37oC to facilitate the association of 

AM with serum lipoproteins. The amount of methanol added to the serum did not 

exceed 0.1%. Afterwards the 2.5 mL of NL or HL serum  AM mixture  drug was 

added to 50 mL media so that the final drug and serum concentration in media 

were 500 ng/mL and 5% respectively.  

 

c) Media preparation: 

DME media was supplemented with 10% fetal calf serum, 1% 

penicillin/streptomycin antibiotic, 0.0063 mg/mL insulin, and 1M dexamethasone. 

The pH was adjusted to 7.4 using 1 M HCl or 10 M NaOH. 

 

d. Collection of NL and HL serum  

HL Rats  received  l g/kg P407 (0.13 g/mL in normal saline) ip about 36 h prior to 

the plasma collection[61] .The rats were allowed free access to water and food for 

these 36 h. In the NL group an equivalent volume of normal saline was injected 

on the day of collection of plasma samples. NL and HL blood was collected by 
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cardiac puncture in glass test tubes and kept at 4oC for 30 min. The serum was 

then separated from blood samples by centrifugation for 10 min at 2500g. These 

sera were then stored at -20°C until used 

2.2.3.6 Hepatocytes-AM incubations 
 
All experimental groups were treated with AM (500 ng/mL) for 0-72 h (n=6 wells 

for each time points). In serum treatment groups, cells were pre-incubated or co-

incubated with NL or HL serum. In serum pre-incubation group (n=3 rats), NL 

hepatocytes were preincubated for 24 h at 37oC with media or  5% NL or HL 

serum in media. After 24 h, media containing serum was removed and treatment 

was initiated with drug incubated with media alone. For serum co-incubation 

groups (n=3 NL and n=3 HL rats), the AM serum mixture described above was 

added to the wells containing NL and HL hepatocytes.  In the group containing no 

serum (n=6 NL and n=6 HL rats), AM in media (500 ng/mL) was co-incubated 

with NL or HL hepatocytes. At various time points from 0-72 h after drug 

treatment, experiments were terminated by addition of 0.5 mL 1N NaOH to each 

well and samples collected in Eppendorf tubes and stored at -30oC until analyzed 

for the concentration of AM remaining. 

2.3 Effect of HL on the PK and pharmacodynamic aspects of (±)-
KTZ 
 
2.3.1 Stereospecific HPLC assay for the determination of KTZ 
enantiomers in biological specimens 
 
To test some of the hypotheses regarding KTZ, assays were developed for its 

quantitation. One of these efforts involved development of a stereospecific liquid 
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chromatographic assay for determination of KTZ enantiomers in rat plasma using 

AM as internal standard (IS).  

2.3.1.1 Instrumentation 
 
The HPLC system consisted of a Waters 710B WISP auto-injector, Waters 510 

pump (Waters, Milford, MA, USA), and a HP 1050 UV detector (Hewlett 

Packard, Palo Alto, CA, USA). ). The chromatographic data were collected and 

compiled by use of EZChrom software (Scientific Software, Pleasanton, CA, 

USA). 

 2.3.1.2 Chromatographic separation  

The chromatographic separations of AM IS, and KTZ enantiomers were 

accomplished using a 250mm  4.6mm ChiralPak AD column (Diacel Chemical 

Industries, LTD. NJ, USA) attached to a pre-column holder for PVDF-Cartridges 

4-4 containing Lichrospher 100 Diol 5µm guard column (Merck, KGaA, 

Darmstadt, Germany). The mobile phase used was a 70:20:10 (V/V/V) mixture of 

hexane, absolute ethanol and 2-propanol to which 0.1% diethylamine had been 

added. The mobile phase was pumped isocratically at a flow rate of 1.5 mL/min. 

The UV wavelength was set at 240nm. 

2.3.1.3 Preparation of stock solutions  

A 100 mg/L stock solution of KTZ was prepared by dissolving 10 mg of (±)-KTZ 

in 100 mL methanol. A 100 mg/L stock solution of AM (IS) was prepared by 

dissolving 10 mg of AM HCl in 100 mL methanol. The stock solution of AM was 
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stored in -30ºC while the KTZ solution was kept at 4ºC. All working standard 

solutions were prepared daily by sequential dilution of stock solution in methanol. 

2.3.1.4 Extraction procedures 

a. Rat plasma, blood, buffer and fractions 

AM (0.02 mL) was added to each 0.1 mL plasma sample in a 2 mL polypropylene 

microcentrifuge tube. To this, 0.3 mL of acetonitrile was added to precipitate the 

plasma proteins. Because methanol was present in the standard curve samples, an 

equivalent amount was added to the test samples as well (0.125 mL). The tubes 

were briefly vortex mixed (4 s) at high speed then subsequently centrifuged for 3 

min at ~2500 g. The supernatants were carefully transferred to new glass tubes 

using Pasteur pipettes. Then 0.05 mL of 0.1 M HCl and 1 mL of hexane were 

subsequently added to each tube as a washing step. The tubes were then vortex 

mixed for 30 s and centrifuged at ~2500 g for 3 min. The organic hexane 

supernatant was carefully aspirated and then 0.075 mL of 0.1 M NaOH and 5 mL 

of TBME were added. The tubes were then vortex mixed again for 30 s and 

centrifuged at ~2500 g for 3 min. The organic layer was transferred to new glass 

tubes and evaporated to dryness in vacuo. The residues were reconstituted in 150 

μL mobile phase of which 75-125 μL volumes were injected into the HPLC. For 

the assay of whole blood, buffer, blood-buffer, blood-diluted plasma mixtures, 

LPDP, TRL, LDL, and HDL from the plasma protein binding, blood: plasma ratio 

and plasma lipoprotein fractions determinations, standard curves were prepared 

from similar drug-spiked matrices.  
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b. Liver microsomes 

Denatured microsomal media was used and spiked for standard curve preparation. 

Briefly, to the tubes containing 500 µL of microsomal incubation mixture and 1.5 

mL of acetonitrile, 100 µL of IS in methanol (100 µg/mL AM HCl stock) and 125 

µL methanol were added. The tubes were briefly vortex mixed for 4 s at high 

speed then subsequently centrifuged for 3 min at ~2500 g. The supernatant was 

carefully transferred to new glass tubes. The tubes were rendered acidic using 1M 

HCl and then 2 mL of hexane was added.  The tubes were vortex mixed for 30 s 

and centrifuged for 3 min. The organic supernatant was carefully aspirated, 

followed by the addition of 1M NaOH and 7 mL TBME. The tubes were then 

vortex mixed again for 30 s and centrifuged at ~2500 g for 3 min. The organic 

layer was transferred to new glass tubes and evaporated to dryness in vacuo. The 

residues were reconstituted in 150 μL mobile phase of which 75-125 μL volumes 

were injected into the HPLC. For standard curve construction, drug-free 

microsomal preparations were used and spiked with appropriate amounts of (±)-

KTZ. 

c. Liver homogenates 

Liver homogenates were used and spiked for standard curve preparation. Briefly, 

to the tubes containing 400 µL of liver homogenate and 1.5 mL of acetonitrile, 

100 µL of IS in methanol (100 µg/mL AM stock) and 125 µL methanol was 

added. The tubes were briefly vortex mixed for 4 s at high speed then 

subsequently centrifuged for 3 min at ~2500 g. The supernatant was carefully 
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transferred to new glass tubes. The tubes were rendered acidic using 1M HCl and 

then 2 mL of hexane was added.  The tubes were vortex mixed for 30 s and 

centrifuged for 3 min. The organic supernatant was carefully aspirated, followed 

by the addition of 1M NaOH and 7 mL TBME. The tubes were then vortex mixed 

again for 30 s and centrifuged at ~2500 g for 3 min. The organic layer was 

transferred to new glass tubes and evaporated to dryness in vacuo. The residues 

were reconstituted in 150 μL mobile phase of which 75-125 μL volumes were 

injected into the HPLC. For standard curve construction, drug-free liver 

homogenates were used and spiked with appropriate amounts of (±)-KTZ. 

2.3.1.5 Calibration, accuracy and validation 

Calibration curves were constructed using samples of 0.1 mL rat plasma.  The 

curve ranged from 62.5-5000 ng/mL of each KTZ enantiomer. The ratio of 

measured drug to IS peak height and area was calculated and plotted vs. its 

nominal concentration. Owing to the wide range of concentrations, the calibration 

curve data were weighed by a factor of 1/KTZ enantiomer concentration. All 

standard curves and quality control samples were generated by spiking the drugs 

in the similar matrices as the samples. 

Intraday accuracy and precision of the assay were determined using five sample 

replicates of 62.5, 125, 500 and 2500 ng/mL of each KTZ enantiomer. Rat plasma 

samples were assessed for interday accuracy and precision by repeating the assay 

on three separate days. For each daily run, concentrations were determined by 

comparison with a calibration curve prepared on the day of the analysis. Precision 
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was determined using percentage coefficient of variation (CV %) which was 

calculated as 

% 
100

   
 

and 

% 
%  1 %   2 %   3

3
 

Bias was assessed using mean intra- or interday percentage error of the mean, 

which was calculated as: 

 %    100
   

 
 

and 

 %   
%   1  %   2 %   3

3
 

 

2.3.1.6 Assignment of KTZ enantiomer optical rotation and test 
for racemisation 

 

The order of elution of (+) and (–) enantiomers were determined by collecting 

eluent fractions from repeated injections. There were ~25 injections made into the 

HPLC, with ~180 g racemate per injection. After compiling the eluent fractions 

corresponding to each enantiomer, they were dried in vacuo, reconstituted in 

methanol and the optical rotation determined using a Perkin Elmer 241 
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polarimeter (PerkinElmer Life And Analytical Sciences, Waltham, Massachusetts, 

USA). 

KTZ enantiomer fractions of 10000 ng each were collected. Each enantiomer 

fraction was divided into three aliquots, and then dried in vacuo. The contents of 

the tubes were extracted according to the procedure described above. The samples 

were reconstituted in 150 μL of mobile phase, and 125 µL was injected into the 

HPLC.  

2.3.1.7 Assessment of chromatographic separation 
 
The capacity factor (K’) was calculated by use of the equation K’= (tr- tm) /tm, 

where tr and tm are the retention times of the peak of interest and the non-retained 

peak (solvent front). The separation factor (α) was calculated as =K’J/K’I, where 

component J is the more strongly retained compound. The resolution factor (Rs) 

was calculated as Rs= (tR,J- t R,I ) / 0.5(Wt,J+ W t,I ), where Wt is the width at the 

base of the peak. The symmetry index was determined by first determining the 

peak width at 10% of peak height. The latter part of the width from time of peak 

height onwards was divided by the first part of the width up to the time of peak 

height.  

2.3.1.8 Application of the assay method for measuring KTZ 
enantiomer concentrations in rat plasma in vivo 
 
In order to assess the applicability of this method in vivo, two rats (250-300 g) 

were administered 10 mg/kg ()-KTZ orally.  

Serial blood samples were collected from a previously inserted jugular vein 

cannula at 0.5, 1, 2, 3, 4, 6, 8, 10 and 24 h post KTZ oral dose for the separation 
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of KTZ enantiomers. Plasma was separated by centrifugation of the blood at 2500 

g for 3 min. The samples were kept at -30ºC until assayed using the developed 

HPLC methods. Non-compartmental methods were used to calculate the PK 

parameters. The elimination rate constant (λz) was calculated by subjecting the 

plasma concentrations in the terminal phase to linear regression analysis. The 

AUC0-∞ was calculated using the combined log-linear trapezoidal rule from time 0 

h postdose to the time of the last measured concentration, plus the quotient of the 

last measured concentration divided by λz.   The Cmax and Tmax were 

determined visually. 

 
2.3.2 Nonlinear stereoselective PK of KTZ in rat after 
administration of racemate  
 

All study protocols were approved by the University of Alberta Health Sciences 

Animal Policy and Welfare Committee. Male Sprague–Dawley rats (Charles 

River, Quebec, Canada) with body wt ranging from 250 to 350g were used for 

PK, pharmacodynamic, and tissue distribution studies. All rats were housed in 

temperature controlled rooms with 12 h light per day. The animals were fed a 

standard rodent chow containing 4.5% fat (Lab Diet® 5001, PMI nutrition LLC, 

Brentwood, USA). Free access to food and water was permitted prior to the 

experiments. 

2.3.2.1 Surgical procedures: 

This is described above under 2.2.2.2. 
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2.3.2.2 Dosing and sample collection 

 A total of 27 male Sprague-Dawley rats (Charles River Canada) were included in 

the PK study. Rats were allocated into six groups: one group iv dosed with 10 

mg/kg racemic KTZ (n=7) and five groups orally administered 10, 20, 40, 50 or 

80 mg/kg racemic KTZ (n=3-4 each).  

 The KTZ iv dosing solution was prepared by dissolving powdered racemic 

compound in 9:1 polyethylene glycol 400: propylene glycol (10 mg/mL) [167]  . 

The iv dose was injected over 2 min via the jugular vein cannula, immediately 

followed by injection of approximately 1 mL of sterile normal saline solution over 

the next two min. At the time of first sample withdrawal, the first 0.2 mL volume 

of blood was discarded. For oral dosing, KTZ (44 mg/mL) suspension was 

prepared. The tablets of ()-KTZ were ground to a powder using a mortar and 

pestle, then dispersed in 1% methylcellulose. On the morning of the PK study, the 

rat groups received the desired dose by oral gavage. For both routes of 

administration, food was provided to animals 2 h after the dose administration.  

Serial blood samples (0.15-0.25 mL) were collected at 0.5, 1, 2, 3, 4, 6, 8, 10 and 

24 h postdose for oral dosing and at 0.08, 0.25, 0.75, 1, 1.5, 2, 3, 4, 5, 6, 8 and 10 

h postdose for iv dosing into polypropylene microcentrifuge tubes. Heparin in 

normal saline (100 U/ml) was used to flush the cannula after each collection of 

blood. Plasma was separated by centrifugation of the blood at 2500 g for 3 min. 

The samples were kept at -30°C until assayed for KTZ enantiomers. 
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2.3.2.3 Microsomal incubations 

Microsomal incubations were conducted using rat hepatocytes to understand 

stereospecific aspects of KTZ enantiomer metabolism. 

a. Microsomal preparation 

Four male Sprague-Dawley rats (Charles River Canada, Montreal, QC, Canada) 

were put under mild isoflurane anaesthesia and either their liver were removed 

and washed thoroughly in cold KC1 solution (1.15% W/V in distilled water). The 

liver was cut into pieces and homogenized separately in cold sucrose solution 

(0.25 M in distilled water) by using a homogenizer (5 g of tissues in 25 mL of 

sucrose). After homogenization, liver tissue was centrifuged at 10,000 rpm for 8 

minutes in Optiseal propylene tubes using refrigerated ultracentrifuge (Beckman 

L-80 ultracentrifuge, Beckman instruments, Inc. Palo alto, Ca. USA). Then 

supernatants were transferred to new Optiseal propylene tubes and centrifuged 

again at 14,000 rpm for 10 minutes. Centrifugation continued again by 

transferring supernatants to new Optiseal propylene tubes and adding CaCl22H2O 

dihydrate 1M (10 up/mL supernatant) at 21,500 rpm for 15 more minutes. Then 

the pellets were resuspended in 1.15% KC1 solution and centrifuged at 21,500 

rpm for 15 minutes. The pellets were collected in sucrose 0.25 M solution and 

stored at -80°C [184]. 

b. Assay of microsomal protein 

The Lowry assay method is based on comparing the concentration of an unknown 

protein preparation with serial standard solutions of bovine serum albumin (BSA). 
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In order to assay the concentration of protein in microsomal preparations of liver 

and gut tissues, the following solutions were required: 

Reagent A contained 1mL of CuSO4 1% in distilled water, 1mL of sodium and 

potassium tartarate 2% in distilled water, and 20 mL of Na2CO3 anhydrous 10% 

in 0.5 M NaOH. Reagent B contained 1:10 diluted solution of Folin-phenol 

reagent in distilled water. Working standard solutions of BSA were prepared at 

the concentrations of 500, 400, 300, 200, 100, and 0 µg/mL of BSA in distilled 

water from the stock solution of 500 µg/mL (50 mg/100 H2O). 

 

To a number of clean test tubes containing 10 µL of microsomal preparation and 

240 µL of distilled water (unknown concentration of protein) or 250 µL of each 

standard solution, 250 µL of reagent A were added and the tubes were incubated 

at room temperature for 10 minutes. In the next step and under continuous vortex 

mixing, 750 µL of reagent B was added to each of the test tubes and samples 

incubated at 50 °C for 10 more minutes. At the last step 200µl of each mixture 

were transferred to a well in the ELISA plate and analyzed using an ELISA reader 

at 600 nm [185]. 

c. Total CYP 450 measurement 

Hepatic microsomal CYP content was measured by a difference spectrum for the 

carbon monoxide-reduced form by the method of Omura and Sato [186]. Briefly, 

microsomal preparations were adjusted to 1 mg/mL protein with water, which was 

placed in sample cell. After recording the baseline, carbon monoxide was bubbled 

into the samples for 30-60 s to form the carbon oxide-CYP complex. Then, a few 
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milligrams of solid sodium thiocyanate were added to reduce the carbon 

monoxide-CYP complex. Solid sodium thiocyanate was also added to the 

reference cell. The absorbance of sample cell was scanned from 400 to 500 nm. 

 

CYP content was calculated by the following equation: 

    /    
450 490

91
1000 

d. Microsomal incubation studies: 

Each 0.5 mL of incubate contained 1 mg/mL protein of the pooled liver 

microsomal preparation, 0.5-250 μM (0.27 to 133 mg/L) of (±)-KTZ (dissolved in 

methanol), 1 mM NADPH, and 5 mM magnesium chloride hexahydrate dissolved 

in 0.5 M potassium phosphate buffer (pH=7.4). The volume of methanol added to 

each incubate with the addition of KTZ racemate was 0.8% v/v. The substrate was 

added to the liver microsomal suspensions and the oxidative reactions were 

started upon the addition of NADPH after a 5-min preequilibriation period. All 

incubations were performed in quadruplicate in a 37ºC water bath shaker for 15 

min. Incubation conditions were optimized so that the rate of metabolism was 

linear with respect to incubation time and microsomal protein concentration. All 

microsomal incubations were stopped by the addition of three volumes of 

acetonitrile. The samples were then kept at -30°C until assayed for KTZ 

enantiomers. The rate of metabolism was calculated by measuring the rate of 

reduction in parent drug (substrate depletion). 
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2.3.2. Plasma protein binding    

An erythrocyte vs. buffer or diluted plasma partitioning method was used for the 

determination of in vitro plasma protein binding of KTZ enantiomers in NL and 

HL plasma [187].  Briefly, NL and HL rats were anesthetised and blood was 

collected into heparinized tubes by cardiac puncture.  The blood obtained from 

each rat was equally split between two different tubes. Plasma was separated from 

blood cells by centrifugation of the whole blood at 2500 g for 10 min. After 

removal of the plasma and buffy coat layer, the blood cells were washed with an 

equal volume of isotonic Sorensen’s phosphate buffer (pH=7.4) and recentrifuged 

at 2500 g for 8 min. The washing step was repeated two more times after which 

the volume of erythrocytes in each of the tubes was measured. Either isotonic 

phosphate buffer (pH=7.4) or diluted plasma (1:10 NL and 1:20 HL in isotonic 

phosphate buffer) was then added to the blood cells to provide a hematocrit of 0.3 

(buffer) or 0.4 (diluted plasma). 

Stock solutions of (±)-KTZ (25 and 100 mg/mL) were prepared in methanol and 

added to the buffer-containing and diluted plasma-containing mixtures to allow a 

final concentration of approximately 10 or 40 mg/L of racemate. The volume of 

methanol added to each tube did not exceed 0.05% v/v.  Tubes were incubated for 

1 h in a 37ºC water bath shaker.  

At the conclusion of the incubation, replicates of 5 blood samples (50 L each) 

were set aside for assay with an additional 50 L of water added to each tube 

before freezing. For the remainder of the blood the plasma and buffer were 
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isolated by centrifugation for 10 min at 2500 g. Replicates of 5 samples of 100 L 

from each sample was set aside for assay. All samples were frozen at -30ºC until 

assayed for KTZ enantiomer. 

2.3.2.5 Determination of blood:plasma KTZ enantiomer ratios 

Known amounts of (±)-KTZ in methanol were added to a heparinized tube 

containing freshly obtained rat blood from NL rats to provide a final 

concentration of 18 µg/mL of racemate. The volume of methanol added was 5 

µL/mL of blood.  The tube was placed in a shaking water bath at 37ºC for 1 h. At 

that time, the tube was removed and 100 µl of blood was transferred to 

microcentrifuge tubes (n=5) containing 100 µL of water. The remaining blood 

was centrifuged at 2500g for 10min. A volume of 100 µL of the plasma layer was 

transferred to microcentrifuge tubes (n=5). Samples were kept frozen at -30ºC 

until being assayed for KTZ enantiomer concentrations 

 2.3.3 Distribution of KTZ enantiomers within lipoprotein 
fractions of rat plasma. 
 
2.3.3.1 Treatment of plasma samples 

Pooled rat plasma was added to Beckman Ultraclear™ ultracentrifuge tubes in 

3mL aliquots. A stock of (±)-KTZ (3000 µg/mL) was prepared in methanol. KTZ 

racemate was added such that the final concentration of racemate in plasma was 

3000ng/mL. The final volume of methanol added to each plasma sample was 

known not to affect the plasma lipoprotein-lipid composition [188]. The plasma 
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aliquots were vortex mixed for 30s then incubated at 37ºC for 60 min prior to 

separation of lipoprotein fractions.  

2.3.3.2 Separation of lipoprotein components 

NaBr density solutions (1.006δ, 1.063 δ and 1.21 δ) were prepared by dissolving 

appropriate amounts of sodium chloride, sodium bromide and sodium hydroxide 

in water. The solutions were cooled to 4ºC prior to preparation of the gradient. 

Three mL of the cooled, treated plasma samples, adjusted to a density of 

approximately 1.25 δ  with sodium bromide, was added to an ultracentrifuge tube 

(Beckman Coulter: Fullerton, CA). Density solutions were carefully layered on 

top of the plasma in the order 1.21 δ, 1.063 δ then 1.006 δ. The tubes were 

balanced and placed into individual titanium buckets and capped. The buckets 

were loaded on a SW 41 Ti swinging bucket rotor (Beckman Coulter) and 

centrifuged at 40,000 rpm at 15ºC for 18 h in a Beckman L8-80M Ultracentrifuge 

(Beckman Coulter) or a Beckman LE-80 Ultracentrifuge (Beckman Coulter). 

Upon completion, the tubes were removed and four distinct regions were 

observed and labelled. The layers correspond to the TG-rich lipoproteins (TRL) 

comprised of very low density lipoproteins and any CM present, LDL, HDL and 

the LPDP. These layers were removed using a Pasteur pipette and added to 

disposable glass test tubes and the volumes measured and recorded [189, 190]  

3.3.4 The effect of increased lipoprotein levels on the 
stereoselective PK of (±)-KTZ in rat 
 

All study protocols were approved by the University of Alberta Health Sciences 

Animal Policy and Welfare Committee. Male Sprague–Dawley rats (Charles 
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River, Quebec, Canada) with body wt ranging from 250 to 350 g were used for 

PK, pharmacodynamic, and  tissue distribution studies. All rats were housed in 

temperature controlled rooms with 12 h light per day. The animals were fed a 

standard rodent chow containing 4.5% fat (Lab Diet® 5001, PMI nutrition LLC, 

Brentwood, USA). Free access to food and water was permitted prior to the 

experiments. 

2.3.4.1 Induction of HL 

This is described under 2.2.2.1  

2.3.4.2 Surgical procedures 

This is described under 2.2.2.2 

2.3.4.3 Dosing and sample collection 

 A total of 64 male Sprague-Dawley rats (Charles River Canada) were included in 

the PK study. Rats were allocated into either NL or HL groups.  Racemic KTZ 

was administered as 10 mg/kg iv (n = 8 each) or 40 mg/kg orally (n=24 each).  

The KTZ iv dosing solution was prepared by dissolving powdered racemic 

compound in 9:1 polyethylene glycol 400: propylene glycol (10 mg/mL)[167]. 

The i.v. dose was injected over 2 min via the jugular vein cannula, immediately 

followed by injection of sterile normal saline solution. At the time of first sample 

withdrawal, the first 0.2 mL volume of blood was discarded. For oral dosing, ()-

KTZ (50 mg/mL) suspension was prepared. The tablets of ()-KTZ were ground 

to a powder using a mortar and pestle, and then dispersed in 1% methylcellulose. 

On the morning of the PK study, the rat groups received the desired dose by oral 
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gavage. For both routes of administration, food was provided to animals 2 h after 

the dose administration.  

Serial blood samples (0.15-0.25 mL) were collected at 0.08, 0.25, 0.75, 1, 1.5, 2, 

4, 6 and 8 h post iv dosing into polypropylene microcentrifuge tubes. Heparin in 

normal saline was used to flush the cannula after each collection of blood. After 

the oral dosing, rats ( n=6 for each group at each time point) were anaesthetized 

and exsanguinated by withdrawal of blood through cardiac puncture  at 0.5, 1, 1.5, 

3, 6 h post dose. Plasma was separated by centrifugation of the blood at 2500 g 

for 3 min. Liver specimens were collected at the same time. The samples were 

kept at -30°C until assayed for KTZ enantiomers. 

2.3.4.4 Determination of blood:plasma KTZ enantiomer ratio 

Known amounts of (±)-KTZ in methanol were added to a heparinized tube 

containing freshly obtained rat blood from HL rats to provide a final 

concentration of 18 µg/mL of racemate. The volume of methanol added was 5 

µL/mL of blood.  The tube was placed in a shaking water bath at 37ºC for 1 h. At 

that time, the tube was removed and 100 µL of blood was transferred to 

microcentrifuge tubes (n=5) containing 100 µL of water. The remaining blood 

was centrifuged at 2500g for 10min. A volume of 100 µL of the plasma layer was 

transferred to microcentrifuge tubes (n=5). Samples were kept frozen at -30ºC 

until being assayed for KTZ enantiomer concentrations 
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2.3.5 Simultaneous determination of MDZ and KTZ in plasma 
 
An HPLC assay has been developed for simultaneous determination of MDZ and 

KTZ racemate in rat and human plasma using diazepam as IS. 

2.3.5.1 Instrumentation 

The HPLC system consisted of a Waters 710B WISP auto-injector, Waters 510 

pump (Waters, Milford, MA, USA), and a HP 1050 UV detector (Hewlett 

Packard, Palo Alto, CA, USA). ). The chromatographic data were collected and 

compiled by use of EZChrom software (Scientific Software, Pleasanton, CA, 

USA). 

2.3.5.2 Chromatographic separation: 

The chromatographic separation of MDZ, KTZ and diazepam (IS) was 

accomplished using a Symmetry C18 analytical column, 3.5 µm particle size, 150 

mm×4.6 mm (Waters, MA, USA) attached to a C18 2 cm × 4.0 mm, 5 µm particle 

size guard column (Supelco, PA, USA). The mobile phase used was a 45:55 

(V/V) mixture of acetonitrile: 15 mM KH2PO4. The mobile phase was pumped 

isocratically at 1 mL/min. The UV wavelength was set at 220 nm.  

2.3.5.3 Preparation of stock solutions  

A 100 mg/L stock solution of KTZ was prepared by dissolving 10 mg of (±)-KTZ 

in 100 mL methanol. A 100 mg/L stock solution of MDZ was prepared by 

dilution of 2 mL of (5 mg/mL) MDZ to 100 mL with methanol. A 40 mg/L stock 

solution of diazepam was prepared by dilution of 2 mL of (5 mg/mL) diazepam to 
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250 mL with methanol. All stock solutions were kept at 4ºC. All working standard 

solutions were prepared daily by sequential dilution of stock solution in methanol. 

 

2.3.5.4 Extraction procedures 

Diazepam (0.05 mL) was added to each 0.1 or 0.5 mL rat or human plasma 

sample, respectively in a glass test tube. To this, 0.2 mL of 0.1 N NaOH and 4 and 

5 mL of diethyl ether were added, respectively. Because methanol was present in 

the standard curve samples, an equivalent amount was added to the test samples 

as well (0.2 mL). The tubes were vortex mixed (1 min) at high speed then 

subsequently centrifuged for 5 min at ~2500 g. The tubes were then covered and 

put into the -30 ºC freezer for 5-7 min. The organic layer was transferred to new 

glass tubes and evaporated to dryness in vacuo. The residues were reconstituted in 

200 μL mobile phase of which 75-125 μL volumes were injected into the HPLC. 

 

2.3.5.5 Calibration, accuracy and validation 

Calibration curves were constructed using samples of 0.1 mL rat plasma or 0.5 

mL human plasma. The standard curve ranged from 25 to 25000 and 5 to 10000 

ng/mL of KTZ racemate and MDZ in rat and human plasma, respectively. The 

ratio of measured drug to IS peak height and area was calculated and plotted vs. 

its nominal concentration. Owing to the wide range of concentrations, the 

calibration curve data were weighed by a factor of 1/KTZ racemic and 1/(MDZ)2. 

All standard curves and quality control samples were generated by spiking the 

drugs in the similar matrices as the samples. 
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Intraday accuracy and precision of the assay were determined as described above 

see 2.3.1.5) using five sample replicates of 62.5, 125, 500 and 2500 ng/mL of 

each KTZ enantiomer, 25, 100, 1000 and 10000 ng/mL of both KTZ racemate and 

MDZ in rat plasma and 5, 10, 100, 200 and 10000 ng/mL of both KTZ racemate 

and MDZ in human plasma. Human plasma was assessed for intraday validation 

only, but all rat plasma samples were assessed for interday accuracy and 

precision, by repeating the assay on three separate days. For each daily run, 

concentrations were determined by comparison with a calibration curve prepared 

on the day of the analysis.  

2.3.5.6 Assessment of chromatographic separation:  

This is described in 2.3.1.7 

2.3.5.7 Application of assay method for measuring KTZ and MDZ 
concentrations in rat plasma in vivo  
 
In order to assess the applicability of this method in vivo, two rats (250-300 g) 

were administered 40 mg/kg KTZ orally followed by 5 mg/kg MDZ iv after 1.5 h 

of oral dosing.  

Serial blood samples were collected at 0.75h before and 0.083, 0.33, 0.67, 1, 1.5, 

2, 3, 4, and 8 h post i.v. MDZ dose for the simultaneous determination of KTZ 

and MDZ. Plasma was separated by centrifugation of the blood at 2500 g for 3 

min. The samples were kept at -30ºC until assayed using the developed HPLC 

methods. Non-compartmental methods were used to calculate the PK parameters. 

The elimination rate constant (λz) was calculated by subjecting the plasma 
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concentrations in the terminal phase to linear regression analysis. The t½ was 

calculated by dividing 0.693 by λz. The AUC0-∞ was calculated using the 

combined log-linear trapezoidal rule from time 0 h postdose to the time of the last 

measured concentration, plus the quotient of the last measured concentration 

divided by λz. The concentration at time 0 h after i.v. dosing was estimated by 

back extrapolation of the log-linear regression line using the first three measured 

plasma concentrations to time 0. The CL was calculated as the quotient of dose to 

AUC0-∞. The Cmax and Tmax were determined visually. 

 

2.3.6 Effect of HL on KTZ-MDZ drug-drug interaction in rat 

 

All study protocols were approved by the University of Alberta Health Sciences 

Animal Policy and Welfare Committee. Male Sprague–Dawley rats (Charles 

River, Quebec, Canada) with body wt ranging from 250 to 350g were used for 

PK, pharmacodynamic, and  tissue distribution studies. All rats were housed in 

temperature controlled rooms with 12 h light per day. The animals were fed a 

standard rodent chow containing 4.5% fat (Lab Diet® 5001, PMI nutrition LLC, 

Brentwood, USA). Free access to food and water was permitted prior to the 

experiments. 

2.3.6.1 Induction of HL: 

As described in 2.2.2.1  
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2.3.6.2 Surgical procedures: 

As described in 2.2.2.2  

2.3.6.3 Dosing and sample collection 

A total of 23 male Sprague-Dawley rats (Charles River Canada) were included in 

the PK drug interaction study. The rats were allocated into four groups, stratified 

by lipoprotein status and MDZ and KTZ dosage. The protocol included either 

single iv dose 5mg/kg MDZ treated rats or rats given 40 mg/kg oral KTZ followed 

by iv 5mg/kg MDZ, one and half hour later. For each of the groups there was a 

matching NL and HL group. Each group included 4-6 rats.  

For oral KTZ dosing, KTZ (44 mg/mL) suspension was prepared. The tablets of 

()-KTZ were ground to a powder using a mortar and pestle, and then dispersed 

in 1% methylcellulose. For iv dosing, MDZ injectable solution (5 mg/mL) was 

used. On the morning of the PK study, NL and HL rat groups received the desired 

dose of either KTZ suspension in methyl cellulose or methyl cellulose only by 

oral gavage. One and a half hours later, the MDZ dose was injected over 1 min 

via the jugular vein cannula, immediately followed by injection of sterile normal 

saline solution. At the time of first sample withdrawal after iv dosing, the first 0.2 

mL volume of blood was discarded.  

Serial blood samples (0.15-0.25 mL) were collected at 0.75 h before and 0.08, 

0.33, 0.67, 1, 1.5, 2, 3, 4 and 8h post iv dose into polypropylene microcentrifuge 

tubes. Heparin in normal saline (25 U/mL) was used to flush the cannula after 

each collection of blood. Plasma was separated by centrifugation of the blood at 
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2500 g for 3 min. The samples were kept at -30°C until assayed for KTZ and 

MDZ concentrations. 

2.3.6.4 Determination of plasma protein binding of MDZ  

The fu of MDZ was measured in NL and HL conditions in the presence and 

absence of KTZ using ultrafiltration (Centrifree®, Amicon, Beverly, MA, USA). 

Briefly, NL and HL rat plasma were inoculated with MDZ injectable solution 

with and without methanolic stock solutions of (±)-KTZ (10 mg/mL) to allow a 

final concentration of approximately 10 and 27 mg/L, respectively. The volume of 

methanol added to each tube did not exceed 0.05% v/v. Tubes were incubated for 

1 h in a 37ºC water bath shaker. A volume of 1 mL of each tube was transferred to 

a Centrifree® apparatus (n=4), and the device was then placed in a fixed angle 

centrifuge rotor and spun at 2000 g for 10 min at 37 ºC. Samples were then 

analyzed for MDZ concentrations. 

 2.4 Data analysis: 

2.4.1 PK analysis: 

Noncompartmental methods were used to calculate the PKparameters. The 

elimination rate constant (λz) was calculated by subjecting the plasma 

concentrations in the terminal phase to linear regression analysis. The t½ was 

calculated by dividing 0.693 by λz. The AUC0-∞ was calculated using the 

combined log-linear trapezoidal rule from time 0 h postdose to the time of the last 

measured concentration, plus the quotient of the last measured concentration 

divided by λz. The concentration at time 0 h after iv dosing was estimated by back 
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extrapolation of the log-linear regression line using the first three measured 

plasma concentrations to time 0. The CL was calculated as the quotient of dose to 

AUC0-∞ and the steady state volume of distribution (Vdss) as CL×AUMC/AUC, 

where AUMC is the area under the first moment plasma concentration vs. time 

curve, from time of dosing to infinity. The mean residence time (MRT) was 

determined as the quotient of AUMC to AUC. The oral F was calculated as 

follows: 

F
mean AUC oral
mean AUC 

Dose 
Dose oral

 

 The mean blood CL of (+) and (-)-KTZ were estimated by dividing the respective 

mean plasma CL by the corresponding blood to plasma ratio. E was estimated, 

assuming negligible extrahepatic CL, by taking the quotient of blood CL divided 

by average hepatic blood flow of 55.2 mL/min/kg [191]. The gastrointestinal 

availability (fg) was calculated as F= fg×(1-E), where E is the E. The 

accumulation factors for AM in plasma were determined as the quotient of the last 

measured concentration to that 12 h after the first dose. For orally dosed rats the 

Cmax and Tmax were determined by visual examination of the data.  

2.4.2 Calculation of fu 

2.4.2.1 KTZ enantiomer determination 

The calculation of the plasma unbound fraction (fu) for KTZ enantiomers in NL 

and HL plasma was determined using a series of equations outlined by 
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Schuhmacher et al [187].  The erythrocyte concentration of enantiomer in the 

erythrocyte–diluted plasma was determined by the following equation: 

CE
CB Cp 1 HCT

HCT
 

Where CB is the concentration of enantiomer in the blood cell–diluted plasma 

suspension, Cp is the concentration of enantiomer in the diluted plasma, and HCT 

is the hematocrit in the erythrocyte–diluted plasma sample. To estimate the 

erythrocyte concentration of enantiomer in the erythrocyte–buffer samples (CE*), 

the concentration of enantiomer in the blood cell–buffer suspension was 

substituted for CB, and the buffer concentration of enantiomer was substituted for 

Cp. The fu of enantiomers was determined by 

fu
α · Pp/Pb

1
Pp
Pb · 1 α

 

Where α is the plasma-dilution factor. The partition coefficients for 

erythrocyte:diluted plasma (Pp) or buffer (Pb) are represented by the  quotients 

CE/Cp and CE*/Cbuffer, respectively. 

2.4.2.2 MDZ determination 

The calculation of the MDZ fu in NL and HL plasma with or without KTZ was 

determined by dividing the MDZ concentration in the filtrate by that in the 

original solution.  
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2.4.3 Liver concentrations: 

In determining KTZ liver distribution, because of the destructive study design, 

AUC could not be determined for individual rats in each group. For this purpose 

the Bailer method was used [192]. 

2.4.4 Lipoprotein fractionation 

The partitioning of KTZ enantiomers was calculated using the measured 

concentrations in the fraction aliquots multiplied by the volumes obtained at the 

time of separation. The percentage recovered was determined by comparing the 

total mass recovered from all fractions to the total mass added to the plasma at the 

onset of the ultracentrifugation.  

2.4.5 Hepatocytes 

The AM remaining after exposure to the cells was expressed as percent 

remaining. The area under the percent AM remaining to be eliminated vs. time 

curve (ARE) was calculated using the linear trapezoidal rule. 

2.5 Statistical analysis 

2.5.1 PK studies 

All compiled data were reported as mean±SD, unless otherwise indicated.  

Statistical analysis was performed using one or two way analysis of variance 

(ANOVA), Student’s paired or unpaired t-tests as appropriate. The level of 

significance was set at p=0.05. Data analysis was performed using Microsoft 

Excel 2007, SPSS 16.0 and Sigma Plot 11. Bonferroni adjustment was applied as 
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necessary in cases where multiple comparisons were made using t-tests, with p 

=0.05/number of comparisons being made. 

2.5.2 Liver concentrations 

AUC0–6 h for (+) and (-)- KTZ  in liver were determined. The SD of partial AUC 

was estimated to assess significance of differences. In this test, α was 0.05, the 

critical value of Z (Zcrit) for the 2–sided test after Bonferroni adjustment was 

2.87, and the observed value for Z (Zobs) was calculated as previously described 

[192]. The Kp were calculated for AUC and for postdistributive phase samples 

2.5.3 Lipoprotein fraction distribution studies 

All compiled data were expressed as means ± SD of percentage unless otherwise 

indicated. Duncan’s post hoc test was used to assess the significance of 

differences within lipoprotein fractions of each group. Student’s paired or 

unpaired t-tests were used for statistical comparison between NL and HL groups 

and between enantiomers within each group. The level of significance was set at 

p<0.05 for all comparisons. 

2.5.4  Microsomal studies 

Compiled data are expressed as mean±SD unless otherwise indicated. One way 

ANOVA, Duncan's Multiple Range post hoc test and Student paired or unpaired t-

tests were used as appropriate to assess the significance of differences between 

groups. Microsoft Excel 2007 (Microsoft, Redmond WA) or SPSS version 12 

(SPSS Inc., Chicago, IL) were used in statistical analysis of data. The level of 

significance was set at p<0.05. 
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2.5.5 Hepatocytes 

Compiled data are expressed as mean±SD.  ARE was determined for all groups. 

The SD of partial ARE was estimated to assess significance of differences. In this 

test, α was 0.05, the critical value of Z (Zcrit) for the 2–sided test after Bonferroni 

adjustment was 2.82, and the observed value for Z (Zobs) was calculated as 

previously described [192]. 
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3. Results 
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3.1 Effect of HL on PK and pharmacodynamic aspects of AM 
 
3.1.1 Effect of HL on electrocardiographic changes associated 
with AM 
 
As expected [193], P407 caused increases in both TG and total CHOL levels in 

rat plasma. Compared to NL rats, the HL rats showed considerable increases of 

13.7- and 33.8-fold in the total CHOL and TG levels, respectively, by the end of 

the study.  

The HL condition by itself had no effect on QT, QTc, PR or RR intervals in 

saline-control rats (Table 5). The increase in RR, PR and QTc intervals from 

baseline, respectively, was -0.42 ± 8.75%, 1.13 ± 5.64% and 0.95 ± 1.47% in NL 

saline-control rats vs 2.29 ± 3.15%, 2.34 ± 3.29% and 4.36 ± 5.74% in HL. AM 

was found to prolong QT, QTc, PR and RR intervals in both NL and HL rats 

(Table 5). In general there were longer QT and QTc intervals in HL than in NL 

rats and in all dose groups significant differences were apparent after the last dose 

(Table 5; Figure 7). The QTc interval prolongation after the last dose compared to 

baseline in HL versus NL rats were 19.9 ± 8.5% versus 8.8 ± 6.3% for 25 

mg/kg/d, 23.9 ± 7.1% versus 9.2 ± 3.3% for 50 mg/kg/d, and 86.8 ± 18.2% versus 

51.3 ± 22.0% for the 100mg/kg/d treated rats. Similarly, after the last dose all 

AM-treated HL rats showed significant (p<0.05) prolongations in PR interval 

compared to equivalently treated NL rats (Table 5); the increases in PR interval 

compared to baseline for the HL and NL rats were 12.4 ± 3.9% versus 5.54 ± 

3.9% after 25 mg/kg/d, 14.5 ± 9.0% versus 5.80 ± 3.3% after 50 mg/kg/d, and 

23.1 ± 4.2% versus 18.6 ± 4.1% after 100 mg/kg/d. Significant (P<0.01) linear 
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correlations of moderate strength were present between the percent increase in 

QTc and PR intervals in both NL (r2=0.381) and HL (r2=0.346) rats. In evaluating 

the RR interval the data showed that, compared to baseline, similar magnitudes of 

prolongation were present in both the NL and HL rats. The 50 mg/kg/d treated HL 

rats differed in that there was a significantly higher increase in RR interval than in 

NL rats (Table 5).   

The DEA concentrations were consistently lower than those of AM in plasma and 

heart, in both NL and HL rats (Table 5). Significant (P<0.001) and strong linear 

correlations were found between DEA and AM present in both NL and HL rats 

plasma (r2= 0.794 and 0.950, respectively) and heart (r2= 0.913 for both NL and 

HL).  In line with previous single dose studies [86, 97], throughout the study all 

AM treated HL rats had substantially higher AM plasma concentrations than 

equivalently treated NL rats (Table 5). In comparison, DEA plasma 

concentrations of AM-treated HL rats were only significantly (p<0.05) different 

from the equivalently treated NL rat groups 12 h after the last dose (Table 5). At 

the end of the study heart AM concentrations were significantly higher (>1.7 fold) 

in AM-treated HL rat groups than likewise treated NL rat groups (p<0.05; Figure 

8). The heart concentrations of DEA in all groups showed a trend (>1.3 fold) 

towards increases in HL rats compared to NL rats, although the values were 

variable and statistical differences were only detected between the 100 mg/kg/d 

AM treated HL and NL rats (Table 5). A disproportionate increase in AM plasma 

and heart concentrations was noted 12 h after the last dose in NL and HL rat  
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Figure 7: Percent change in QTc interval (mean ±SD) in normolipidemic (NL) 
and hyperlipidemic (HL) rats after iv doses of 0, 25, 50 and 100 mg/kg/d 
amiodarone HCl on Days 1, 3 and 6 of the study. *Significant difference between 
HL and NL rats (p<0.05). 

 



 
 

 
 T

ab
le

 5
: 

T
he

 E
C

G
 p

ar
am

et
er

s,
 A

M
 a

nd
 D

E
A

 c
on

ce
nt

ra
ti

on
s 

in
 p

la
sm

a 
an

d 
he

ar
t, 

an
d 

C
H

O
L

 a
nd

 T
G

 c
on

te
nt

 o
f 

N
L

 a
nd

 H
L

 s
al

in
e 

co
nt

ro
l a

nd
 A

M
-t

re
at

ed
 r

at
s 

12
 h

 a
ft

er
 th

e 
la

st
 d

os
e 

 

82



   

83 
 

 

Figure 8: Amiodarone plasma and heart concentrations (μg/mL) in 
normolipidemic (NL) and hyperlipidemic (HL) rats 12 h after the last amiodarone 
HCl doses of 25, 50 or 100 mg/kg/d. * Significant difference between NL and HL 
rats, p<0.05. 

 

groups upon increasing the daily dose from 50 mg/kg/d to 100 mg/kg/d. Thus a 

two fold increase in the dose resulted in > 4 fold increase in AM plasma and heart 

trough concentrations in both NL and HL rats (Figure 8; Table 5). The same dose 

dependent nonlinear pattern was demonstrated in the effect (Table 5). 

For the NL rats the accumulation factor for mean plasma concentrations, 

respectively, were 1.96 ± 0.58, 1.59 ± 0.155 and 4.87 ± 1.60 for the 25, 50 and 
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100 mg/kg/d doses. The corresponding accumulation factors for HL rats were 

8.08 ± 11.9, 15.0 ± 17.6 and 27.5 ± 38.4, respectively. In terms of ranking, the 

accumulation factor of the highest dose of NL rats was significantly higher than 

that of the lower doses in NL rats. There were no differences noted between 

accumulation factors of the HL rats. 

There was a strong correlation noted between AM plasma concentrations and 

change in QTc interval, in both NL and HL rat groups (Figure 9). However, there 

was a large differential in the slope (~10-fold higher for NL) between the NL and 

HL animals. Similarly, there was a strong linear correlation between AM heart 

concentrations and change in QTc, although here the slopes were similar (Figure 

9).  

The relationships between total AM heart uptake and total AM plasma 

concentration for both NL and HL rat groups yielded strong correlations although 

with different slopes (NL=9.6; HL=1.3,  Figure 10). These slope values closely 

matched those of the Kp of the heart previously observed for AM when given as 

single doses to NL (8.7) and HL (2.1)[97]. Strong positive and significant linear 

correlations were noted in the QT interval, plasma AM and heart AM 

concentrations vs. the plasma CHOL:TG ratios  (Figure 11), for both NL and HL 

rats. The slopes of the relationships, however, were much higher for the HL rats. 
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Figure 9: The correlation between % increase in QTc interval in normolipidemic 
(NL) and hyperlipidemic (HL) rats and amiodarone (AM) plasma or heart 
concentrations of all drug-treated rats at the time of heart collection. Open circles, 
closed triangles and open squares represent 100, 50 and 25 mg/kg/d AM dose 
groups, respectively. 
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Figure 11: The correlation between plasma total cholesterol (CHOL) to 
triglyceride (TG) ratio with plasma amiodarone concentration, heart amiodarone 
concentration, and QT interval in normolipidemic (NL) and hyperlipidemic (HL) 
rats. Open circles, closed triangles and open squares represent 100, 50 and 25 
mg/kg/d AM dose groups, respectively. 
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3.1.2 Effect of HL on AM metabolism by hepatocytes  

 

3.1.2.1. Amount remaining vs. time plots 

a. AM metabolism by hepatocytes from NL and HL rats, in the 
absence of rat sera. 
 
Within 24 h of exposure of AM to hepatocytes, the rate of decline of drug  from 

NL rat hepatocytes appeared to exceed that from HL rat hepatocytes.  After 24 h, 

this difference dissipated (Figure 12).  The area under the % AM recovering time 

curve from time 0 to 24 h was indeed significantly lower in hepatocytes from NL 

than HL rats (Figure 12). 

 

Figure 12: Amiodarone metabolism represented as % AM remaining vs. time 
curve. 500 mg/mL AM was exposed in regular cell media in the presence of 
hepatocytes from NL (open squares) and HL rats (closed circle) in the absence of 
serum. *Significant difference between NL and HL (p<0.05)  
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b. AM metabolism in hepatocytes from NL and HL rats, in the 
presence and absence of rat sera. 

 

In NL hepatocytes, control cells incubated with media and drug alone showed a 

decline of ~ 98% of initial AM concentration by 72 h post-incubation. The 

coincubation with 5% NL rat serum with the AM caused the decrease in AM to be 

less dramatic (~86%). Coincubation of 5% HL serum led to a significant 

attenuation of AM disappearance compared to both NL serum co-incubations and 

control groups, with a total decline of only ~30% being realized (Figure 13).  

The experiment was also conducted in hepatocytes from HL rats. A similar trend 

was observed to that of NL hepatocytes. The control HL cells showed a decline in 

AM by ~99% within 72 h. NL serum coincubation caused AM to decline to only 

~83%. HL serum coincubation significantly inhibited AM metabolism compared 

to both NL serum coincubation and control group with a total decline of ~25% of 

the initial AM concentration (Figure 14).  
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Figure 13: Amiodarone metabolism by NL hepatocytes (NLH) treated with media 
alone (open square) or co-incubated with 500 mg/mL AM within NL (closed 
circle) or HL (open triangle) serum (5%). 

 

 

Figure 14: Amiodarone metabolism by HL hepatocytes (HLH) treated with media 
alone (open square) or co-incubated with 500 mg/mL AM within NL (closed 
circle) or HL (open triangle) serum (5%). 
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c. AM metabolism in hepatocytes from NL rats when 
preincubated rather than coincubated with cell media or rat 
serum (5%). 
 
Hepatocytes from NL rats were preincubated with media only, or NL or HL 

serum (Figure 15). There was little difference in the amount remaining vs. time 

relationship between the cells preincubated with NL serum and media. However, 

HL serum pre-treatment resulted in a noticeable decrease in the apparent rate of 

AM metabolism. By 72 h the decline of AM in HL serum pretreated cells was 

only ~60% of the initial AM concentration compared to ~95% for the NL pre-

treated and media only pretreated hepatocytes (Figure 15). 

  

 

Figure 15: Amiodarone (500 mg/mL) metabolism by NL hepatocytes treated with 
media alone (open square), or preincubated with 5% NL (closed circle) or HL 
(open triangle) serum. 

 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70

%
 A

M
 r

e
m

a
in

in
g

Time (h)

control

NL Serum

HL Serum



   

92 
 

Compared to media alone, no significant difference was observed in the release of 

the lactate dehydrogenase (LDH) for up to 72 h in the presence or absence of NL 

or HL serum, indicating hepatocyte viability throughout the study. 

 

3.1.2.2. Comparisons of the area under the percent AM remaining 
to be eliminated (ARE) vs. time curves 
 
a. Influence of hepatocytes from HL or NL cells on AM 
metabolism in the absence of rat serum 
 

There was no significant difference in the ARE of AM between the NL and HL 

hepatocytes over the time period from 0-72 h (Table 6). In comparing the partial 

ARE from 0-24, however, the ARE in the hepatocytes from HL rats (1630±39.3 

%h) was significantly higher than that of the NL rat hepatocytes (1409±57.2 

%h). 

 

b. Comparison of the effect of sera treatments on the 
hepatocellular metabolism of AM.  
 

These data are presented in Table 6. When incubated with DME media only, there 

were no significant differences in AM ARE between any of the groups (mean 

ARE 2000 to 2341 %h). These could be considered to be the baseline or control 

values for each of the experimental groups. 

 

The coincubation of NL serum led to a significant increase in the ARE in the NL 

hepatocytes compared to the incubations in the absence of the serum. A similar 
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increase was noted in the HL hepatocytes coincubated with NL serum, although 

this was not a significant change.  

 

The addition of HL sera, whether it be as pre- or co-incubations, led to significant 

increases in the ARE in each of the groups compared to media only incubations. 

In addition, the coincubation with HL serum led to significantly higher ARE 

compared to the same type of cells coincubated with NL serum. Although both 

preincubated and coincubated NL hepatocytes had higher ARE when exposed to 

HL serum, the effect was significantly greater for the coincubated (6288 %h) 

than the preincubated (4552 %h) cells.    

 

Table 6: Summary of the percent amount of drug remaining to be eliminated 
(ARE, %·h) from 0-72 h after exposure of cells to AM. 

Hepatocytes 
DME media 

only 
NL serum HL serum 

NL-co1 2045±109 3080±133* 6288±126*† 

HL-co2 2341±79.7 3402±388 6149±154*† 

NL-pre3 2000±114 2317±321 4552±243*†‡ 

1Hepatocytes from NL rats coincubated with AM in media or with 5% NL or HL sera. 
2Hepatocytes from HL rats coincubated with AM in media or with 5% NL or HL sera. 
3Hepatocytes from NL rats preincubated for 24 h with media or with 5% NL or HL sera. After 24 
h the media was replaced with fresh rat sera-free media and drug was added. 
*Significant difference from control group (p<0.006) 
† Significant difference from NL serum (p<0.006) 
‡Significant difference from the NL hepatocytes coincubated with HL serum (p<0.006) 
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3.2 Effect of HL on PK and pharmacodynamics aspects of KTZ 

 

3.2.1 Development of an HPLC assay for the determination of 
KTZ enantiomers in rat plasma 

 

a. Chromatography: 

The IS and KTZ enantiomers eluted chromatographically at approximately 3.8, 

11.9 and 15.6 min, respectively (Figure 16). From the polarimetry assessment, the 

dextro (+) enantiomer was found to be eluting first. KTZ enantiomer peaks 

showed baseline resolution and were symmetrical in appearance with no 

interferences from endogenous substances in plasma. The assay showed no 

observable racemization. The total analytical run time was 18 min.  

The column capacity factors (K’) for IS, (+)- and (-)- KTZ were calculated to be 

0.3, 3.1, and 4.4 respectively. The column separation factor (α) and resolution 

factor for the KTZ enantiomers were calculated to be 1.4 and 2.3, respectively. 

The average extraction recoveries in plasma of (+)-KTZ were 89.0 and 81.3% for 

the 250 and 1000 ng/mL concentrations, respectively. For the (-) enantiomer, 

extraction efficiencies were 83.7 and 79.8%, respectively, at concentrations of 

250 and 1000 ng/mL. Highly linear relationships were noted between the 

analyte/IS peak height or area ratios and rat plasma enantiomer concentrations 

ranging from 62.5 to 5000 ng/mL. The mean r2 for the three standard curves were 

0.999 for each enantiomer (Figure 17).  
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Figure 16: Chromatograms of A. blank rat plasma sample, B. rat plasma 
spiked with 2500 ng/mL of (±)-KTZ, C. rat plasma obtained after 2h of 
10mg/kg  KTZ racemate dose. Abbreviation: IS internal standard. 

 

 

 

 

Figure 17: A representative standard curve of KTZ enantiomers in rat 
plasma (From 62.5-5000 ng/mL) 
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b. Assay validation: 

The validation data showed the assay to be sensitive, accurate and precise, with 

the intraday and interday assessment CV% less than or equal to 19% and 10%, 

respectively for both enantiomers (Table 7). The mean interday error in rat plasma 

was less than 4% for both enantiomers. Since both CV% of interday and intraday 

assessment and interday mean error yielded values less that 20% at the lowest 

concentration tested, the lower limit of quantitation (LLQ) based on 100 L of rat 

plasma was found to be 62.5 ng/mL for each enantiomer. 

 

c. Applicability of the assay: 

In the rats dosed with ()-KTZ orally, the concentrations of (+) enantiomer were 

much higher than those of (-)-KTZ (Figure 18). The Cmax of the (+) enantiomer 

was 5246 and 1389 ng/mL for the 2 rats while those of the (-) enantiomer were 

2424 and 614 ng/mL, respectively. The Tmax for both enantiomers were similar, 

occurring at ~1h post dose in both rats. The KTZ enantiomer concentrations 

occurring after 4 h post dosing below the LLQ of 62.5 ng/mL, thus limiting the 

AUC calculation from 0 to 4 h postdose. The AUC0-4 h for KTZ enantiomer 

concentrations in the 2 rats studied were 10596 and 2346 for the (+)-KTZ and 

4404 and 945 ng.h/mL for the (-) KTZ.  
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Figure 18: Plasma KTZ enantiomer concentrations versus time curves from 2 rats 
given an oral dose of 10mg/kg KTZ racemate. (+) KTZ enantiomer represented 
by closed diamonds and (-) KTZ enantiomer represented by open circles. 

 

3.2.2 Determination of nonlinear stereoselective PK of KTZ in rat 
after administration of racemate 

 

In general, after iv doses of 10 mg/kg (±)-KTZ, the plasma concentrations 
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approximately 40 min (Figure 19, Table 8). However, in examining the individual 
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in the latter concentration time points (Figure 19c). In all rats, the differences 

between enantiomers were significant with respect to AUC0-∞, CL and Vdss with 

overall mean (+):(-) KTZ ratios of 2.05, 0.47 and 0.56, respectively (Table 8).  

As for iv doses, in all rats given oral doses (+)-KTZ plasma concentrations were 

significantly higher than (-)-KTZ with overall mean (+):(-) AUC0-∞ and Cmax 

ratio of 2.36 and 2.19, respectively (Figure 20 and Table 8). For all of the doses, 

the median Tmax was very similar between the two enantiomers. However, there 

seemed to be a trend towards longer Tmax with higher dose levels. There were no 

significant differences between enantiomers within doses for the t½, although the 

slope of log plasma concentration vs time for both enantiomers seemed to become 

shallower (ANOVA p<0.05) as the dose increased (Table 8). Due to dose and 

perhaps a longer t½, the KTZ enantiomers were detected for a longer duration of 

time at higher than lower doses (Figure 20). In all rats an AUC of at least 4 h was 

obtained, so the AUC0-4h are displayed in Table 8 for comparison with AUC0-. In 

conjunction with the iv data, the F for the 10 mg/kg oral dose group were 

calculated to be 31.1% and 28.7% for the (+)- and (-)-KTZ, respectively. 

The correlation between Cmax or AUC0-∞ and dose showed a disproportional 

increase in plasma levels with escalating dose (Figure 21, Table 8). Three phases 

seemed to be present in the Cmax vs. dose relationship, and two phases in the 

AUC0-∞ vs. dose profile.  For both Cmax and AUC0-∞, with the initial increases in 

dose the measures of plasma concentrations increased in an approximately linear 

fashion. Above these dose levels the nature of the relationship appeared to  
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Figure 19: Plasma concentration vs. time plots of KTZ enantiomers after 
administration of 10 mg/kg of the racemate as iv doses. a.) mean±SD of all 7 rats, 
b.) an individual rat displaying monoexponential decline, c.) an individual rat 
displaying apparent nonlinearity in decline. 
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Figure 20: Mean (± S.D.) plasma concentration vs. time curves of ketoconazole 
enantiomers after oral racemic doses of 10, 20, 40, 50, or 80 mg/kg (n=3-4 rats 
per dose group). 

 

change. From 20 to 40 mg/kg the 2-fold increase in dose resulted in 3.6 and 5.9 

fold increases of  the (+)-KTZ  Cmax and AUC0-∞ and 3.7 and 5.5 fold increases 

for the equivalent (-)-KTZ, respectively. Above these dose levels, the mean 

AUC0-∞ appeared to increase linearly with a different slope than lower doses. In 
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contrast to AUC, the Cmax between 40 and 80 mg/kg doses tended to reach a 

plateau. For the dose-normalized AUC, a significant difference was noted 

between dose groups (p<0.05, ANOVA). 

 

Figure 21: Relationship between the racemic ketoconazole oral doses and 
enantiomer a.) Cmax, and b.) AUC. 

 

Unlike the plasma concentrations, there was no evidence of stereoselectivity in 

the metabolism by hepatic microsomes. There were virtually superimposable 

velocities of disappearance of enantiomers observed along the concentration 
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ranges tested (Figure 22). Because this experiment was designed to examine only 

stereoselective metabolism using replicate samples of the same pooled 

microsomes, kinetic constants of metabolism are not reported. 

 

Figure 22: Mean rates of disappearance of ketoconazole enantiomers vs. 
enantiomer concentration in the presence of rat liver microsomes. Incubations 
were run over 15 min after being spiked with the racemate (n=2 to 4 per 
concentration). 
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rats were 0.97%±0.29% and 0.92%±0.30% respectively. In comparison the (-)-

KTZ fu were found to be 2.38%±0.65% and 2.32%±0.88%. For both enantiomers 

at the higher concentrations of 40 g/mL, the unbound fraction were significantly 

higher compared to the lower concentration tested (10 g/mL). Stereoselectivity 

was similar however for both concentrations, where the mean ratios of (-):(+) 

unbound enantiomer were 2.9 and 2.5 for the 10 and 40 µg/mL concentrations of  

racemate, respectively.  

The mean blood:plasma ratios of (+)-and (-)-KTZ were 0.61±0.039 and 

0.64±0.065, respectively. This indicated minimal blood cell partitioning for KTZ 

enantiomers and its restriction to plasma within the blood matrix. The blood CL 

was calculated by dividing the plasma CL by the blood:plasma ratios, yielding 

mean blood CL of  0.976 and 1.97 L/h/kg for the (+)-and (-)-KTZ enantiomers, 

respectively. Using the reported mean hepatic blood flow in rat [191] and 

assuming that the majority of the CLof KTZ enantiomers is attributed to the liver, 

the E was estimated to be 0.30 and 0.60 for the (+)-and (-) enantiomers, 

respectively. The fg was calculated to be 0.44 and 0.72 for the (+) and (-) 

enantiomers respectively.  

3.2.3 Influence of HL on in vitro distribution of KTZ enantiomers 
in rat plasma 
 
As expected, HL caused significant increases in plasma TG and CHOL levels of 

30.6 and 25.2-fold, respectively in P407 treated rat (Table 9). The total recovery 

from the spiked (±)-KTZ (3000 ng/mL) was about 80% in rat (Table 10). The 

presence of HL did not significantly affect the recovery of the KTZ enantiomers. 
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Table 9: The mean ±SD cholesterol and triglyceride present in rat plasma 

 
Total cholesterol 

(mmol/L) 

TriglycerideTG 

(mmol/L) 

NL 1.55±0.10 2.08±0.15 

HL 40.9±0.36* 62.2±4.89* 

* P<0.05 compared to NL 

 

After incubation with racemate, it was noted that KTZ enantiomers were most 

associated with LPDP in NL and HL plasma (Table 10). In NL rat plasma the 

LPDP fraction accounted for >98% of the (±)-KTZ recovered. In NL plasma 

negligible amounts of (±)-KTZ were measured in LDL and TRL lipoprotein 

fractions. In the HDL fraction KTZ concentrations were too low to measure 

(Figure 23). HL caused about 20% of the (±)-KTZ to migrate to each of the 

lipoprotein fractions, mostly to TRL followed by LDL and HDL (Figure 23).  

Upon comparing KTZ enantiomers, both behaved similarly in NL rat plasma with 

greater than 98% of the recovered drug associated within the LPDP fraction. The 

levels within the HDL fraction were too low to measure for both enantiomers. On 

the other hand in HL plasma the (-)-KTZ enantiomer showed significant 1.2-fold 

lower LPDP and 1.5-fold higher TRL association levels than that of (+)-KTZ 

(Figure 24; Table 10).  
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Figure 23: Association of (±)-KTZ (sum of the enantiomers) with lipoprotein 
fractions incubated with NL and HL rat plasma, expressed as percentage of total 
recovered drug.* denotes p<0.05 between HL and NL  
 

 

 

Figure 24: Association of (+)- and (-)KTZ with lipoprotein fractions incubated 
with NL and HL rat plasma, expressed as percentage of total recovered drug.       
* denotes p<0.05 between HL and NL.  
† denotes p<0.05 difference between (+) and (-) enantiomers  
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3.2.4 The effect of HL on the PK of KTZ enantiomers in rat. 

 

After iv administration of 10 mg/kg of (±)-KTZ, the plasma concentrations for 

both HL and NL rats declined monoexponentially for both enantiomers, with 

similar mean t½ of ~ 40 min for NL and ~ 50 min for HL rats (Figure 25, Table 

11). HL rats showed equivalent plasma concentrations, CL and AUC0-∞ to NL rats 

for both enantiomers (Figure 25 ). However, the Vdss of both enantiomers were 

significantly higher in HL rats (Table 11). Similar to what was previously 

reported for NL rats, (+)-KTZ showed significantly higher plasma concentrations 

than its antipode in HL states. Stereoselectivity in PK was altered in HL. The (+): 

(-) KTZ ratios of plasma AUC0-∞ were significantly lower in HL (2.11±0.20 NL 

vs. 1.66±0.11 HL), but significantly higher in HL for both CL (0.48±0.044 NL vs. 

0.60±0.048 HL) and Vdss (0.56±0.045 NL vs. 0.68±0.083 HL). 

Similar to iv, after oral doses there was no significant difference in the plasma 

AUC0-6h, for either enantiomer between NL and HL animals (Figure 26). In NL 

rats the plasma and liver concentrations attained Cmax at about 3 h, for each 

enantiomer. The Tmax was reached earlier in the HL state, at 1.5 and 0.5 h 

postdose in plasma and liver, respectively compared to NL state. Liver 

concentrations were generally higher than equivalent plasma concentrations for 

both enantiomers in NL and HL rats (Figure 26, Table 12). In the liver, there were 

higher concentrations present at 1.5 and 3 h after dosing for both enantiomers in 

the NL rats, although before and after this time period there were no differences 

between the NL and HL animals (Figure 26). The differences between NL and HL 
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in KTZ liver concentrations were most prominent at 1.5 and 3 h after oral doses, 

for both enantiomers (Figure 26). The (-)-KTZ liver Kp in HL rats at each time 

point were significantly lower than those of NL rats. In contrast (+)-KTZ liver Kp 

showed no significant difference between NL and HL rats (Figure 27).  

  

 

Figure 25: Mean (± S.D.) plasma concentrations vs. time plots of KTZ 
enantiomers in normal and hyperlipidemic rats after iv administration of 
10 mg/kg of racemate. 

 

The uptake of KTZ enantiomers by blood cells was minimal in NL, and in HL 

similarly low (blood to plasma ratio was 0.73 for each enantiomer). Therefore the 

mean enantiomer blood CL were calculated by dividing the respective mean 

plasma CL by the corresponding blood:plasma ratios in NL plasma. This yielded 

blood CL in NL rats of 1.0 and 2.1 L/h/kg for the (+) and (-)-KTZ, respectively. 
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Figure 26: Mean (± S.D.) plasma and liver concentrations vs. time curves of KTZ 
enantiomers in normal and hyperlipidemic rats after oral administration of 40 
mg/kg of racemate. * Significant difference between NL and HL (p<0.05) 

 

The corresponding values in HL rats were 1.01 and 1.70 L/h/kg, respectively. 

Using the reported mean hepatic blood flow rate in rat [191] and assuming that 

the majority of  KTZ enantiomers CL is through liver, the extraction ratio (E) was 

estimated for (+) and (-)-KTZ to be 0.3 and 0.62 in NL and 0.31 and 0.52 in HL 

rats, respectively. It was not possible to calculate the bioavailability of the 

enantiomers, since different dose levels were administered for oral and iv 

regimens, and it was shown previously that the drug demonstrates a nonlinear 

relationship between dose and AUC.  
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3.2.5 Development of an HPLC assay for the simultaneous 
determination of MDZ and KTZ in rat plasma 

a. Chromatography 

The MDZ, KTZ and IS eluted chromatographically at approximately 6.4, 7.5 and 

9.1 min, respectively in rat plasma (Figure 28) and at approximately 7.2, 8.5 and 

10.2 min, respectively in human plasma (Figure 29). All analyte peaks were 

symmetrical in appearance with baseline resolution with no interferences from 

endogenous substances in plasma. The total analytical run time was ~10 min. The 

column separation factor (α) and resolution factor for MDZ and KTZ were 

calculated to be 1.2 and 2, respectively. The column capacity factors (K´) for 

MDZ, KTZ and IS were calculated to be 3.6, 4.3 and 5.5, respectively. The 

symmetry indexes were 1.2, 1.1 and 1.0 for the MDZ, KTZ and diazepam, 

respectively. 

 

Figure 28: Chromatograms of A. blank rat plasma sample, B. rat plasma spiked 
with 1000 ng/mL of KTZ and MDZ, and C. rat plasma obtained after 1h of i.v. 
MDZ administration (1.5h of KTZ administration). 
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Figure 29: Chromatograms of A. blank human plasma sample, B. human plasma 
spiked with 100 ng/mL of KTZ and MDZ. 

 

The recoveries of KTZ and MDZ and diazepam from plasma were complete 

(100%) in rat and human plasma. Highly linear relationships were noted between 

the peak height or area ratios of analyte/IS ranging from 25-25000 and 5 to 10000 

ng/mL of rat and human plasma, respectively. The r2 for human plasma was 0.999 

and 0.9984 for MDZ and KTZ, respectively. The mean r2 for the three standard 

curves in rat plasma were ≥0.999 for each drug (Figure 30).  

b. Assay validation 

The validation data showed the assay to be sensitive, accurate and precise, with 

the intraday and interday CV% less than or equal to 5.8 and 3.4%, respectively, 

for MDZ and KTZ (Table 13 and Table 14). The mean interday error in rat 

plasma was  
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Figure 30: A representative standard curve of midazolam and ketoconazole assay 
in rat plasma (From 25-10000 ng/mL) 

 

less than 13% for both drugs. The intraday CV% and % error of the mean were 

less than 13% for both drugs in human plasma (Table 13 and Table 14).   

Since both CV% of interday and intraday assessment and interday mean error 

yielded values less that 20% at the lowest concentration tested, the lower limit of 

quantitation (LLQ) based on 100 μL of rat plasma was found to be 25 ng/mL, and 

based on 500 μL of human plasma, 5 ng/mL for both analytes. 

c. Applicability of the assay 

In rats dosed with 40 mg/kg KTZ orally followed 1.5 h later by 5 mg/kg MDZ 

i.v., KTZ plasma concentrations were higher than those of MDZ at all time points 

(Figure 31). The assay managed to measure both KTZ and MDZ concentrations 

up to 8 h post MDZ administration. Table 15 shows some PK parameters for both 

drugs. 
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Table 15: Plasma pharmacokinetic parameters of midazolam and ketoconazole 
after co-administration in individual rats 

 

Rat 1 Rat 2 

KTZ MDZ KTZ MDZ 

AUC0-∞ (mg·h/L) 97.7 2.96 105 2.89 

t½ (h) 1.40 3.43 0.83 4.46 

CL (L/h/kg) - 1.69 - 1.73 

Vdss  (L/kg) - 2.66 - 4.53 

Cmax  (mg/L) 18.8 - 26.5 - 

Tmax (h) 2.1 - 2.6 - 
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Figure 31: Plasma KTZ and MDZ concentration vs. time curve taken from 2 rats 
given 40 mg/kg KTZ orally followed 1.5 h later by 5 mg/kg MDZ i.v. 
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3.2.6 Effect of HL on KTZ-MDZ drug-drug interaction in rat 

 

3.2.6.1 MDZ kinetics 

In general, after iv doses of 5 mg/kg MDZ, the plasma concentrations declined 

multiexponentially (Table 16; Figure 32). In all rats MDZ was extensively 

(>98%) bound to plasma proteins. 

a. Effect of KTZ on the kinetics of MDZ 

Following the 40 mg/kg dose of (±)-KTZ, in the NL rats the CL of MDZ 

decreased by ~28% and the corresponding AUC0-∞ increased by ~ 34%. Despite 

the difference, however, there was no significant difference between no KTZ and 

KTZ groups. KTZ also had no significant effect on Vd or on t½ in the NL rats 

(Table 16). 

In the HL rats KTZ group, there were some significant changes noted in the 

kinetics of MDZ. Significant increases in the AUC (>2.2-fold) and lowering of 

the CL (56% decline) were observed. As for NL rats, no change in Vd or in t½ 

was noted. Hence, HL was found to accentuate the inhibitory effect of KTZ on 

MDZ kinetics. 

b. Effect of HL on the kinetics of MDZ 

In rats free of KTZ, HL was associated with a significant increase in the estimated 

C0h, and decrease in Vc and fu. In the presence of KTZ, however, HL caused 

significant changes in all parameters except for t½. Significant increases were 
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observed in the AUC and C0h, and decreases in CL (31%), Vc (41%) , Vdss 

(48%) and fu (43%). 

 

Figure 32: Plasma MDZ concentration-time profile in control normo (closed 
diamond) and hyeperlipidemic (opened circle) rats and  after 40 mg/kg (±)-KTZ 
oral pre-treatment in normo (open square) and hyperlipidemic (closed triangle) 
rats. 

 

3.2.6.2. KTZ kinetics 

KTZ displayed higher plasma concentrations than that those of MDZ at all time 

points in both NL and HL rats (Figure 33). There were no significant differences 

in the PK parameters of (±)-KTZ between NL and HL rats (Figure 33; Table 17).  
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4. Discussion 
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4.1 Effect of HL on PK and pharmacodynamic aspects of AM 
 
4.1.1 Effect of HL on electrocardiographic changes associated 
with AM 
 
The HL state is a precursor to cardiovascular disease, and as such is likely to be 

present in patients receiving AM. To induce HL here, P407 was used; its ip 

administration is known to cause a profound but reversible rise in circulating 

lipoprotein, particularly those of the very low density category [194]. Although 

lipoprotein concentrations are greatly increased, it does so with no apparent 

toxicity, and additionally, P407 provides one of the few rodent models of HL in 

which, with long term administration, atherosclerosis can be induced [44]. It has 

been shown to increase the plasma concentrations of several drugs including AM 

after single doses [86, 87, 97, 144], due to increased plasma lipoprotein binding 

and reduction in metabolism. In the rat AM has a moderate E, and as such a 

decrease in the fu should be expected to cause either no change or a decrease in 

the tissue uptake of the drug. However, as was recently reported, in some tissues 

HL caused increases in AM concentrations, and notably, one of these tissues was 

the heart [97]. This was confirmed here in the present repeated dose study in 

which heart AM concentrations were higher in HL rats and where ECG changes 

were in line with the higher tissue concentrations (Table 5; Figure 8). 

AM has been classified as a Vaughan-Williams class III antiarrhythmic agent. 

Such activity results in increases in atrial and ventricular refractoriness. It also 

depresses automaticity of the sinoatrial node, resulting in slowing of the heart 

rate.  The drug also slows conduction and increases refractoriness of the AV node 
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[134].  These effects can be visualized by prolongation in the QTc, RR and PR 

intervals of the ECG. Some strong linear correlations were observed between AM 

heart concentrations and QTc interval prolongation in both NL and HL rats, with 

very similar slopes indicating similar effects at the level of the heart (Figure 9). 

However, although the relationship between AM total (bound+unbound) plasma 

concentrations and QTc interval prolongation was linear in both groups, the slope 

in NL rats was 10-fold higher than HL, suggesting heterogeneity in the heart 

uptake of the drug between the two groups (Figure 10). Since it is commonly 

believed that only the unbound drug is capable of traversing the cell membrane 

and exerting pharmacological activity, and since the drug had the same 

concentration vs. effect relationship at the level of the heart (Figure 9), the slopes 

of unbound concentration vs. heart uptake should match. It was possible to 

estimate the unbound AM plasma concentrations by multiplying previously 

obtained estimates of the fu in NL (0.0853%) and HL (0.00345%) plasma by the 

total drug (bound+unbound) concentrations [86, 97]. In doing so it was clear that 

there was a difference in NL and HL slopes of unbound plasma AM 

concentrations and heart uptake, indicating that an additional factor besides fu 

was involved in controlling uptake of AM into the heart (Figure 10).  

It had been previously suggested that the cause of the increased heart 

concentrations of AM in HL rats was at least in part due to the influence of VLDL 

receptor mediated uptake of drug [97].  There are nine members of the LDL 

receptor family which comprise cell surface receptors that transport a number of 

lipoproteins, and lipoprotein encapsulated drug, into cells through endocytosis 
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[20].  The VLDL-R, which are a member of the LDL-R family, are abundantly 

expressed in fatty acid-active tissues (heart, muscle, adipose) and macrophages 

[27]. Unlike LDL-R, intracellular lipoproteins do not down regulate VLDL-R 

expression [21, 27]. It has been reported that in HL plasma, there is a substantial 

shift of drug and metabolite mostly from the lipoprotein-deficient plasma 

fractions to the CM and VLDL fractions, [61] which is in line with the high level 

of VLDL-R  expression in heart. 

The positive correlations (Figure 11) noted between the total CHOL:TG ratio and 

the QT interval and AM plasma and heart concentrations at first glance would 

appear to contradict the involvement of VLDL-R in the heart uptake of AM, 

because after CM they possess the lowest CHOL:TG ratio. It must be recognized, 

however, that it is not VLDL itself that is taken up by cells through the actions of 

VLDL-mediated endocytosis, but rather VLDL remnants, also called IDL [28]. 

The IDL particles are the product of the action of lipoprotein lipase, which 

facilitates the loss of TG from the VLDL particles. Further loss of TG from IDL 

particles causes them to become LDL particles. The VLDL-R also possess 

lipolytic activity and further aid in the transformation of VLDL to IDL [27]. 

Therefore the correlations observed between total CHOL:TG ratio versus QT 

interval and heart concentrations are still consistent with the uptake of AM into 

VLDL. In plasma, although the AM shift to VLDL is apparently greater than that 

to LDL fractions in HL plasma, the AM association with LDL is virtually 

identical in NL and HL plasma [61]. This suggests that the affinity of AM to 

LDL, with its higher CHOL:TG ratio, is greater than to VLDL. Therefore in 
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plasma which contains higher CHOL:TG ratios, more AM might be anticipated to 

be present in the LDL particles, which in turn might lead to a lower AM plasma 

fu and increased total (bound+unbound) AM concentrations in plasma, as was 

seen in these HL rats (Figure 11, upper panel).  

It was apparent that the total CHOL:TG ratio was similar between the 25 and 50 

mg/kg/d doses but higher with the  100 mg/kg/d  dose (Figure 11). This pattern 

was similar for each of the NL and HL rats, suggesting that AM by itself may be 

affecting the lipid profile  It was previously reported that AM could significantly 

increase the CHOL and PL levels without altering the TG levels in rat, an increase 

that was thought to be dose dependant [195, 196]. Similar observations were 

made in human where long-term AM therapy resulted in a 17% increase in total 

CHOL [197]. 

The time of ECG parameters in saline-control rats came in accordance with those 

previously published  (Tables 5 and 9) [181]. As anticipated, AM treatment 

resulted in PR, RR and QTc interval prolongations in both NL and HL rats. 

However, HL treated rats showed significantly more prominent PR and QTc 

prolongation than equivalently treated NL rats. This was not attributed to the HL 

condition as there was essentially no difference in ECG parameters between NL 

and HL AM-untreated rats (Table 5;  Figure 7). Although there was only slight 

difference between RR interval prolongation among HL and NL AM treated rats, 

QT was still corrected for heart rate and QTc was calculated using both Bazett’s 

[182]  and Fridericia's [181] formulas for comparison. Whichever measure of QT 
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was used, the prolongation from baseline was essentially the same and yielded the 

same comparative statistical results, be it for NL or HL rats.  

Examples of the effect of HL on the nature of the concentration vs. effect 

relationships have been reported for other drugs.  For example a 31% decrease in 

nifedipine fu and a significantly lower area under the unbound plasma 

concentration time curve was observed in P407 HL-treated rats compared to NL 

rats. Despite the lower area under the unbound concentration vs. time curve, a 

trend towards higher nifedipine-related reduction in mean arterial pressure was 

observed in HL [3]. Similarly, the nephrotoxicities of both CYA and amphotericin 

B, each of which are bound to lipoproteins, were enhanced by HL [106, 190]. In 

P407 HL rats given repeated doses of CYA, microscopic examination of stained 

kidney slices suggested more severe tubular and glomerular changes in HL rat 

kidneys than in NL ones [106]. In contrast, prostaglandin E1 and phenylephrine 

showed a reduced effect on the blood pressure of atherosclerotic-HL rabbits 

[198], although it should be noted that the extent of LDL association of 

prostaglandin is weak and limited [199, 200], and information regarding the 

binding of phenylephrine to lipoproteins is sparse.  

Some nonlinearity in the dose vs. concentration data was apparent. The increase 

in AM plasma and heart concentrations was relatively linear between the 25 to 50 

mg/kg/d dose levels (Figure 8). However, a greater than linear increase was 

apparent upon increasing the dose from 50 to 100 mg/kg/d. Such non linear 

behaviour in AM concentrations with escalating dose has been previously 

reported within these dose ranges after single iv doses [201]. The apparent 
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nonlinearity was accompanied by a similar pattern in the relationships between 

dose and ECG interval prolongation.  

4.1.2 Effect of HL on AM metabolism using rat hepatocytes 

Primary cultured hepatocytes are useful tools for investigations of drug 

metabolism, induction of drug metabolizing enzymes, and screening of cytotoxic 

and genotoxic compounds [202]. The present study determined the effect of 

serum lipoproteins on the hepatocellular metabolism of AM. It was previously 

reported that AM conversion to DEA was significantly decreased in HL liver 

microsomes [97]. This was explained by the observation that HL was associated 

with a down-regulation of microsomal CYP2C11 and CYP3A1/2, each of which 

was involved in the metabolism of the drug [97, 204].  

In hepatocytes, similar results were obtained whereby AM declined more 

efficiently in control cells from NL rats vs. those from HL ones in the first 24 h 

after exposure of AM to the cells (Figure 14). However, the overall ARE 0-72h did 

not significantly differ between the NL and HL cells (Table 10). This may 

perhaps be explained by the CYP450 regaining its activity in the HL cells over 

time.  

In the preincubation groups, where hepatocytes harvested from NL rats were 

treated with media only, or serum from NL or HL rats, a similar pattern was 

observed. Here the pretreatment with HL serum for 24 h caused a reduction in 

apparent metabolism of AM (Table 6; Figure 15). This is consistent with a 
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hypothesized reduction in CYP expression as a result of contact of lipoproteins 

with the hepatocytes. 

With coincubation of serum and AM, two additional influences could possibly 

affect the metabolism of AM. The first is plasma protein binding, whereby 

lipoproteins in the media could potentially lead to less free drug being available 

for metabolism; over a 24 h incubation period a downregulation of CYP3A and 

2C11 could also contribute to a reduction in metabolism of the drug. On the other 

hand, hepatocytes possess LDL-R. The presence of lipoproteins could lead to 

more LDL-bound drug, which might be more efficiently sequestered by the 

hepatocytes and lead to an increase in metabolism. This may be tempered 

however by the fact that AM has a high affinity for VLDL [61], and liver has 

much more LDL-Rthan VLDL-R [22, 27]. 

Coincubation of hepatocytes is associated with a number of contributory factors 

for consideration. AM is a highly lipophilic compound (log P=9) and is known to 

possess extensive binding to NL and HL rats plasma that is increased further by 

HL [86]. On the other hand in HL AM predominantly shifts in its binding to the 

VLDL, and to a lesser extent, the LDL fraction [57]. Liver does not express 

VLDL-R but is rich in the LDL-R.  It is known that in HL, there is a 

downregulation of LDL-R expression in hepatocytes (unpublished data from our 

laboratory, [202]). 

The coincubation results showed that the presence of serum caused a decrease in 

metabolizing efficiency of the drug. The AM ARE of NL and HL coincubation 
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groups were 1.32- and 1.38-fold higher, respectively than the corresponding 

preincubation groups (Table 6). This could be explained by a decrease in fu 

afforded by the plasma proteins within the serum. Because NL and HL serum did 

not differ, this suggests that the enhanced association of drug with VLDL and 

LDL fractions was not sufficient to increase the uptake of the drug into 

hepatocytes and increase the metabolism the drug. 

AM is a class III antiarrhythmic drug that is known for its hepatotoxicity at 

concentrations of 7.2 µM or higher [203]. At subtoxic AM concentrations such as 

those chosen in this study (500 ng/mL) there was no significant change in LDH 

release in hepatocytes treated with AM dissolved in DMSO compared to DMSO 

alone for up to 96 h post AM incubation [203]. The DMSO or methanol used to 

dissolve the drug in this study did not exceed 0.1%. Finally, HL and NL serum 

caused no significant changes in LDH release up to 72 h compared to media 

alone. 

4.2 Effect of HL on PK and pharmacodynamics aspects of KTZ 

 
4.2.1 Development of an HPLC assay for the determination of 
KTZ enantiomers in rat plasma 
 
KTZ is a lipophilic drug (log P=4.4) and HL could potentially affect its PK. 

However, although it is chiral, there was no assay in the literature to quantitate its 

enantiomers. The described assay was capable of quantifying the enantiomers of 

KTZ in a biological specimen, rat plasma. The assay was sensitive and specific, 

affording baseline resolution of the enantiomers. For an analytical run of 20 
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samples, it took approximately 90 min to prepare the samples for injection into 

the HPLC. To our knowledge, this is the first stereospecific assay for KTZ in 

plasma. However, it is not the first method reported for separation of the KTZ 

enantiomers. The first HPLC separation utilized ChiralPak AS and ChiralCel OD 

columns with combinations of hexanes and alcohols with octanoic acid [203]. 

Although a chromatogram was not presented, the authors reported a baseline 

separation of KTZ enantiomers, albeit with a very long analysis time (~50 min). 

Similarly, Bernal et al reported that KTZ enantiomers were strongly retained 

(over 60 min) on both ChiralPak AD and Chiracel OD columns, using either 

hexane:ethanol or hexane:2-propanol as mobile phase [204]. Both authors 

reported better or similar resolution and a shorter analytical run (~7 min) upon 

using SFC [203, 204]. It was concluded by one group that SFC was the only 

technique that can provide appropriate enantiomeric separation for KTZ [204]. 

However, our HPLC method provided sensitive and precise means of measuring 

KTZ enantiomers with sufficient resolution and sensitivity for application in 

biological specimens. Although the analytical run time was somewhat longer than 

determined by SFC [204, 205], it was still entirely acceptable for an HPLC 

method (~18 min; Figure 16). 

The current method provided resolution parameters that were quite comparable 

and in some ways superior to those calculated from or reported in previously for 

SFC using similar chiral columns. Thienpont et al reported an α of 1.3 and a 

resolution factor of 0.83. From the chromatograms presented by Bernal et al, an α 

of 1.6 and resolution factor of >2 were calculated [203, 205]. In both cases our 
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values of α and resolution factor were equivalent or superior. Both of the SFC 

methods were separation technique optimization and were not tested for 

quantification; neither standard curves nor validation data were reported. 

A capillary electrophoresis technique has been reported which was capable of 

measuring KTZ enantiomers in pharmaceutical formulations and had superior 

separation qualities of a 3 min elution time and resolution factor > 2. However, 

the stated lower limit of detection was 250 ng/mL for each enantiomer and there 

was no mention of extraction from biological fluids, limiting its application to 

drug solutions only [206]. 

Several non stereospecific analytical methods for the determination of KTZ in 

biological specimens have been reported. Using HPLC the non stereospecific 

LLQ of KTZ ranged from 62.5 ng/mL using fluorescence detection, to 100 ng/mL 

using UV detection, based on 100 μL of human plasma [207, 208].  In canine 

plasma, a LLQ of 15 ng/mL was reported using HPLC and UV detection based on 

100 μL plasma [209]. In rat plasma the LLQ ranged from 2 ng/mL using LC/MS 

to more than 200 ng/mL using UV detection based on 100 μL and 1 mL plasma, 

respectively [210, 211]. Thus our reported LLQ (62.5 ng/mL for each enantiomer) 

is within the ranges reported using HPLC and UV detection in biological 

specimens. 

In working up the method, we found that there was a need to incorporate a hexane 

wash step to remove an interfering peak from plasma which eluted at the initial 

part of the (+)-KTZ peak. Hexane was an excellent solvent for this purpose, as it 
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caused virtually no extraction of KTZ enantiomers from the acetonitrile/aqueous 

phase. There was some loss of IS, but it did not have any adverse effects on 

linearity or validation parameters. We noticed that there was some noise in the 

baseline underlying the AM peak, but due to the excess of AM added, it similarly 

did not adversely affect KTZ enantiomer validation parameters. The optical 

rotation testing showed that (+)-KTZ is eluted first. This is in accordance with a 

reported preparative method for separation of KTZ enantiomers using the same 

HPLC column but different mobile phase [173, 212].  

In vitro studies applying KTZ enantiomers to cytochrome P4503A4 using 

testosterone and methadone as substrates suggested stereoselective inhibition, 

wherein the (-)-KTZ enantiomer showed ~2 fold more inhibitory potency [173]. 

In our report based on Cmax and AUC, we found that the plasma concentrations 

of (+)-KTZ were 2.1-2.4 fold higher than those of the (-)-KTZ, indicating a high 

level of stereoselectivity in KTZ PK in vivo after single oral doses. The Tmax of 

the two enantiomers were similar indicating similar rates of absorption (Figure 

17).  

()-KTZ plasma concentrations are reported to be much lower than in tissues 

[210]. A previous report could not determine any measurable KTZ racemate 

plasma levels after 6 h of an iv administration of 5 mg/kg ()-KTZ using 

nonstereospecific HPLC  assay with 100 ng/mL LLQ based on 200 μL plasma 

[166]. Our method could quantify KTZ enantiomer concentrations for 4 h 

postdose using an oral dose of 10 mg/kg ()-KTZ (Figure 17). It is of note that 

()-KTZ is associated with nonlinear CL [167, 168], and therefore with repeated 
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dosing it is likely that the time duration over which our assay could measure the 

drug would be longer than 4 h. 

4.2.2 Determination of nonlinear stereoselective PK of KTZ in rat 
after administration of racemate 
 
Although KTZ has been in clinical use for many years and is extensively used as 

a presumed inhibitor of CYP3A isoenzymes [213-215], it has been similarly 

widely overlooked that it is chiral and administered as the racemate of the two cis-

isomers. Thus far the only stereoselective kinetic data that we know of in the 

literature is based on two rats which were used to illustrate applicability of the 

assay method. Similar to those rats, all rats, regardless of route of administration 

and dose, showed a high level of stereoselectivity in the plasma concentrations 

(Figure 19 and Figure 20; Table 8). 

As reported for the sum of the two enantiomers, after iv administration a one 

compartment model was found to best conform to the data of each individual 

enantiomer [166, 167]. Each enantiomer had a Vdss reflective of a drug with 

substantial distribution to tissues.  In addition, assuming that (±)-KTZ is mostly 

eliminated by the liver, the enantiomers had an estimated extraction ratio placing 

them in the low to moderate range. However, in each of these primary PK indices, 

marked stereoselectivity was noted. The CL and Vdss of (-) enantiomer were 

significantly higher than that of antipode. It is known that ()-KTZ is strongly 

bound to rat plasma proteins over the concentration range 0.1 to 10 mg/L [167], 

and mostly metabolized [166, 168-170]. The cause of such enantioselectivity 

hence can be at the level of protein binding and/or hepatic metabolism. In the 
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plasma protein binding experiment it was observed that the fu of the (-) 

enantiomer was higher than that of antipode. Although there was no evidence of 

stereoselective microsomal hepatic metabolism (Figure 22), in context with the 

PK data this must be viewed with some caution as it is not a cellular system, and 

is devoid of functional transport proteins. Nevertheless, the level of 

stereoselectivity in (-):(+) fu at 10 and 40 g/mL racemate (2.5-2.7) was in line 

(1.8-2.1) with that in the Vdss and CL. Our findings for the enantiomer fu, 

blood:plasma ratio and moderate E came in agreement with previously reported 

data for the sum of both enantiomers [167]. The degree of stereoselectivity in CL 

and Vdss was similar leading to essentially the same mean t½ for each 

enantiomer. 

After oral doses the KTZ enantiomers showed similar Tmax values suggesting 

nonstereoselectivity in absorption rate (Table 8). The Cmax and AUC0-∞ values 

for the enantiomers were consistent with the stereoselectivity observed in the iv 

dosed rats. The absolute F calculated for the two KTZ enantiomers after 10 mg/kg  

(±)-KTZ orally coincided with the racemate values reported by Remmel et al. 

with oral and iv doses of 5 mg/kg [166]. However, both of the estimates of F, 

especially for the (+) enantiomer, were lower than expected based on the values 

calculated from the iv data which assume complete hepatic elimination of drug 

[166, 170]. This suggests that a combination of other factors, including possibly 

incomplete absorption of parent drug, intestinal presystemic metabolism and 

perhaps transport of the enantiomers, occur.  
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The mean t½ values reported for both KTZ enantiomers in this study were within 

the range of those reported previously for the sum of both enantiomers after 

racemic doses [166-168, 170]. In some of the rats given iv doses here, there was 

evidence of a greater slope of decline in the latter part of the concentration vs. 

time curves (Figure 19c). Such a profile is consistent with a saturable elimination 

process. Similar results were reported by SjÖberg et al  for the racemate [168]. 

This was also reflected in the oral dose ranging study. Upon increasing the dose 

above 20 mg/kg, the dose vs. Cmax and AUC0-∞ slopes of the two enantiomers 

tended to increase to a level higher than that at the dose range below 20 mg/kg. It 

is known that KTZ undergoes several metabolic biotransformations, including 

oxidation, scission and degradation of the imidazole ring, scission and 

degradation of the piperazine and dioxolane rings and oxidative O-dealkylation 

[169, 170]. Therefore, the initial change in slope at about 20 mg/kg can be 

explained by saturation of one or more of these metabolic pathways. The plateau 

in Cmax with the highest oral dose levels seems to be due to saturable, nonlinear, 

plasma protein binding of KTZ enantiomers. Confirmation of saturation of this 

process was provided by the increases in the fu of both enantiomers between 10 

and 40 g/mL of racemate.  

The mean F of the enantiomers were virtually identical. This was of interest 

because based on the iv dosing and assuming that most of the CL of KTZ occurs 

in the liver, it was suggested that the drug undergoes stereoselective hepatic 

extraction, and that the (-) enantiomer shows a moderate hepatic E. Hence, 

stereoselectivity in bioavailability would have been expected if the absorption of 
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the drug was passive and little extrahepatic metabolism occurred. Calculation of 

the fg, however, indicated that there was stereoselectivity in the fraction of the 

drug available from the intestinal tract, which was opposite in direction to that 

imparted by the liver. This suggests possible stereoselectivity in extrahepatic 

mechanisms, such as intestinal metabolism or transport protein activity. It has 

been shown that stereoselectivity in metabolism may be opposite between CYP 

isoenzymes. One recent example of this was seen in rat for CYP3A1 and 2C11, 

where the direction of stereoselectivity for formation of desbutylhalofantrine 

enantiomer from HF was reversed [216], Given that KTZ can inhibit a number of 

CYP enzymes [127], it is possible that the drug is metabolized by CYP enzymes 

other than the 3A isoforms. Also although most reports have used KTZ only as a 

probe for inhibition of  Pgp, it has been shown to be an effective substrate for 

efflux at the level of the blood-brain barrier [217]. Further studies are required to 

definitively explain this issue.  

 

The clinical use of (±)-KTZ has been more recently overshadowed by other azole 

antifungals due to its high incidence of drug-drug interactions and reported 

hepatotoxicity [218, 219]. Nevertheless, in drug development it is still frequently 

used as a probe to study the possibility of drug interactions due to its presumed, 

but not necessarily specific [127, 150, 220], ability to inhibit CYP3A isoforms. It 

is known that the enantiomers differ in their ability to bind to CYP isoforms, and 

that the (-) enantiomer is more potent against some strains of fungi [173]. 
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Whether the enantiomers differ in their ability to cause toxicities remains to be 

determined. 

4.2.3 Influence of HL on in vitro distribution of KTZ enantiomers 
in rat and human plasma 

 

The pharmacological activity of a drug is governed by its PK and 

pharmacodynamics. Within this framework, the clinical relevance of protein 

binding has been frequently discussed [221, 222]. It was generally assumed that 

only free drug is capable of traversing biological barriers and interacting with 

receptors. Thus unbound drug plasma concentrations have been usually used in 

most PK, effect or toxicity correlations [223]. In that context albumin and α1-acid 

glycoprotein (AAG) were considered the most significant plasma proteins having 

preferential affinities for acidic and basic drugs, respectively [224]. However, 

recently this prevailing perception has been challenged, where cellular uptake, 

pharmacological activity and toxicity have been shown to be also affected by 

plasma lipoproteins binding [106, 225]. 

KTZ is a broad spectrum antifungal that is extensively (~97-99%) bound to 

plasma proteins [167]. It is a weak basic drug that binds mainly to albumin but 

does not bind to AAG in in vitro human serum [226]. In NL plasma, KTZ binds to 

the LPDP fraction with a negligible amount binding to the lipoprotein fraction 

(Figure 23). In the presence of HL rat serum ~ 20% of the total drug  was shifted 

to the lipoprotein fractions mainly to TRL followed by LDL and HDL fractions 

(Figure 23). The KTZ shift from LPDP to the TRL fractions in rat exhibited some 
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stereoselectivity with the (-) enantiomer associating more with the TRL fraction 

than the (+) enantiomer.  

Knowing that the (-) enantiomer has more antifungal  potency and CYP inhibitory 

action [173], and that there is stereoselective PK, these observations  could 

translate into PK and/or pharmacodynamic changes in HL . 

4.2.4 The effect of HL on the PK of KTZ enantiomers in rat. 

 

HL can affect the PK, metabolism and pharmacodynamics of a number of 

lipophilic drugs [17, 86]. This may occur through an alteration in the pattern of 

drug binding to plasma proteins due to a shift of lipophilic drug from lipoprotein 

deficient fractions to the more TG rich (VLDL and CM) and LDL [61, 102]. This 

is expected to result in a lower fu in plasma with lower Vdss and CL (for drugs 

such as KTZ with low to moderate E) [86, 94].  On the other hand, lipoprotein-

bound drugs may potentially experience a greater uptake by tissues through 

lipoprotein receptor-mediated mechanisms [97, 102, 106]. Because KTZ is 

lipophilic and its enantiomers possess low to moderate E, with extensive binding 

to plasma proteins, its PK were expected to be altered by HL. Such an effect of 

HL on KTZ PK was more into question after the shifting of KTZ from the LPDP 

fraction to lipoproteins VLDL and LDL. However, our study results indicated that 

the CL of the enantiomers was unchanged by HL. On the other hand, there was an 

increase in the Vdss of both enantiomers. The increase in Vdss may be suggestive 

of lipoprotein-receptor mediated uptake of the lipoprotein-bound drug to tissues 

after iv doses.  
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The uptake of KTZ enantiomers by liver was assessed after oral dosing, in which 

drug uptake by the organ is expected to be higher than after iv dosing due to first 

pass uptake. At all time points, KTZ liver concentrations were consistently higher 

than their corresponding plasma concentrations in both NL and HL, for both 

enantiomers (Figure 25). This is in accordance with previously published 

nonstereoselective data showing higher KTZ liver to plasma concentrations 

following oral administration of 150 mg/kg [210]. At some, but not all, time 

points after dosing, there were some significantly higher liver concentrations 

noted for the KTZ enantiomers in NL rats, with trends in AUC leaning in the 

same direction. Based on the Kp values, it was apparent that HL had a more 

profound effect on decreasing the liver uptake of the (-) enantiomer (Figure 27; 

Table 12). This may suggest a higher affinity of the (-) enantiomer for binding to 

lipoproteins than its antipode, which may have led to the change in the 

stereoselectivity ratios of AUC, CL and Vdss.  

 

Based on the increase in Vdss in HL, a lipoprotein receptor uptake of KTZ 

enantiomer bound fractions would be expected to increase the liver concentrations 

in HL.  However, the two enantiomers showed lower liver concentrations at 1.5 

and 3 h after dosing Figure 26), and a trend towards lower liver AUC0-6 in HL rats 

(Table 12). It is known that liver is rich in LDL-R and that HL can down-regulate 

those receptors, which could conceivably have led to the finding, but only if in 

NL the drug were extensively bound to lipoproteins. It is possible that the lower 
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hepatic uptake in HL during the absorption phase may be attributable to a lower 

fu, the effect of which might outweigh any increase in lipoprotein receptor 

mediated uptake. We attempted to examine the plasma protein binding of the 

enantiomers in HL plasma using the erythrocyte binding technique. 

Unfortunately, unlike our experience with NL plasma, the technique led to 

inconsistent measures of fu in the HL plasma, preventing us from estimating the 

plasma fu of the enantiomers in HL. The use of ultrafiltration was found not to be 

feasible as KTZ was found to extensively bind to the filtration devices 

(Centrifree®, Amicon, Beverly, MA, USA). Preincubating the Centrifree 

ultrafiltration devices with 5% Triton for 12 h overcame the extensive binding of 

the KTZ enantiomers to the filter.  Unfortunately, though, the use of Triton 

interfered with our detection method for KTZ enantiomers and prevented 

measurement of the fu in the HL plasma. 

The induction of HL using P407 in rodents was first described by Johnston and 

coworkers [52, 227]. The polymer exerts its action through inhibiting plasma 

lipoprotein lipase and probably CHOL 7α-hydroxylase [52]. This model of HL is 

attractive due to its rapid onset, low toxicity, reversibility and ability to induce 

atherosclerosis in rodents with repeated doses [44]. On the other hand, it causes 

an increase in lipoprotein levels which is considerably higher than clinically 

experienced by humans, and as such the findings of changes in PK such as those 

reported here should be considered exploratory rather than definitive in nature. 

This study demonstrates the effect of elevated lipid levels on the PK and liver 

uptake of KTZ enantiomers. HL was found to increase Vdss of KTZ enantiomers, 
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to affect their stereoselectivity and to decrease the liver uptake of the more potent 

(-)-enantiomer and the liver concentrations of both enantiomers. KTZ drug 

interactions are attributed to its specific tissue binding to hepatic microsomal 

enzymes  [228]. The drug is also potentially hepatotoxic, and can cause zone 3 

necrosis hepatitis [229, 230].  Both of these factors have led to a limitation in its 

use as an antifungal drug. Whether a change in KTZ liver uptake caused by HL 

would affect the toxicity and/or its ability to modify drug-drug interactions 

remains to be determined. 

4.2.5 Development of an HPLC assay for the simultaneous 
determination of MDZ and KTZ in plasma 
 
HL resulted in shifting the KTZ enantiomers to plasma lipoprotein fractions and 

decreased the liver uptake of KTZ which may potentially result in affecting KTZ 

drug interaction potency. MDZ is often used as a probe for CYP3A inhibition 

studies. This encouraged us to develop an assay to simultaneously quantitate both 

drugs to decrease the blood sampling from rat and facilitate the PK study.  

The described assay was capable of the simultaneous quantitation of KTZ and 

MDZ in plasma. It is simple, rapid, sensitive and efficient for PK studies 

involving both drugs with fewer numbers of blood samples taken from rats. The 

extraction solvents used by most of the HPLC reports for MDZ include using 

either diethyl ether [231, 232], ethyl acetate [233], n-hexane [234] or diethyl 

ether/methylene chloride [235]. while those used for KTZ extraction include the 

addition of just acetonitrile for protein precipitation [236], TBME and diethyl 

ether [237]. The combination of ACN: phosphate with different concentrations 
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and proportions were previously used for the determination of each drug alone 

[234, 238]. For the current method we found diethyl ether to be an ideal extraction 

solvent, and ACN:15 mM KH2PO4  (45:55, v/v) as a suitable mobile phase.  

For the extraction procedures, this report used diazepam as an IS, and was based 

on the  procedures described by  Jurica et al. and Carrillo et al. for MDZ, with 

minor modifications [231, 232]. The rat and human plasma volumes required in 

our assay, however, were only 100 and 500 µL compared to 450 µL by Jurica et 

al. and 1 mL by Carrillo et al., respectively. This lower volume permits the use of 

serial blood sampling in studies involving a small animal species, the rat. The 

total samples preparation time was decreased by about 40 min.  Additionally an 

improved  lower limit of quantitation for MDZ (25 and 5 ng/mL based on 100 and 

500 µL rat and human plasma, respectively) was achieved compared to 50 ng/mL 

based on 450 µL rat plasma [231] and 40 ng/mL based on 1 mL human plasma 

[232]. We must recognize however, that the other two assays were not focused on 

quantitation of MDZ and KTZ, but rather determination of MDZ and its 

hydroxylated metabolites. 

The chromatographic run time reported for MDZ determination for other 

comparable assay methods range from 7.5 to 25 min [232, 239]. For KTZ run-

times have ranged from 10 to over 20 min [209, 240]. Thus our analytical run 

time compares well to the reported ranges of the other methods. The sensitivity of 

our method represented in the LLQ of 25 and 5 ng/mL in rat and human plasma, 

respectively, compares favourably to that reported for both medications using 

HPLC systems [241-243]. It is demonstrated to be of use  in the study of MDZ 
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and KTZ disposition in rat for up to 8 h after i.v. MDZ; this is similar to the 

available LCMS and LC-MS/MS methods [244, 245]. The published LC-MS/MS 

method for the simultaneous determination of MDZ and KTZ, although more 

sensitive with lower LLQ, did not state the volume of plasma assayed nor the IS 

used in the assay[244]. The LC/MS method described by Ogasawara et al., on the 

other hand, used a similar volume of 100 µL plasma (from monkeys), and a 

commercially available IS (reserpine) [245].  

One limitation of the described method is that it is non-stereoselective and 

measures the sum of the (+) and (-) KTZ enantiomer concentrations. This is 

potentially relevant because stereoselectivity in its PK and pharmacodynamics has 

been demonstrated [173]. In rats, the (+)-KTZ plasma concentrations were 2.5 

fold higher than (-)-KTZ. In addition that (-)-KTZ displayed ~2 fold more 

inhibitory potency upon applying the enantiomers to human CYP3A4 supersomes 

using testosterone and methadone as substrates [173]. Despite this limitation, the 

assay is still of use because of the very low number of assays that can 

simultaneously measure both KTZ and MDZ. In cases where it is desired to 

determine knowledge of plasma concentrations  of KTZ enantiomers, use of a 

separate stereoselective assay is needed. To date there is only one HPLC assay 

reported for stereospecific measurement of KTZ enantiomers. The assay was well 

suited for a PK study involving the interaction of (±)-KTZ and MDZ. The MDZ 

Cl in the presence of KTZ was found to be 28.5 and 28.9 mL/min/kg for the two 

rats, which is quite similar to a previously reported value of 29.8 mL/min/kg in 

presence of 20 mg/kg KTZ [244].  The AUC0-∞ of  KTZ after 40 mg/kg oral 
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dosing for the two rats was quite close to the values obtained (~80 mgh/L) after 

the summation of the two  KTZ enantiomers  and in absence of MDZ (Table 15).  

Because doses of the drugs are typically lower in human than animal studies, in 

human subjects there is a need for greater assay sensitivity [241, 246, 247]. 

Furthermore, larger blood volumes can be drawn from humans than rats. 

Consequently a larger plasma volume of 500 µL plasma was used for human 

samples. As in rat, the extraction efficiency remained high (~100%) in the human 

plasma. Because in the human plasma there were some later eluting peaks at 12 

and 13 min, an extended run time of 19 min was needed. As the validation data 

showed (Tables 13 and 14) the described method is potentially useful in 

examining human PK interactions involving MDZ and KTZ.  

4.2.6 Effect of HL on KTZ-MDZ drug-drug interaction in rat 

P407-induced HL in rat was shown to shift both enantiomers ~20% from the 

LPDP to the CHOL and TG-rich fractions. However, only Vdss was increased in 

HL rats after iv dosing. It was also noticed that liver uptake of the more potent (-)-

KTZ enantiomer was decreased after oral dosing. This may have indicated a 

possible increased lipoprotein-mediated transport of the drug to extrahepatic 

tissues. Because there appeared to be a change in hepatic uptake of the (-)-KTZ 

enantiomer, there was a possibility that HL would affect the inhibitory potency 

and drug-drug interaction pattern of KTZ. After the development of the 

simultaneous assay for the determination of KTZ and MDZ in plasma, it became 

more feasible to devise a PK study to assess the effect of HL on the KTZ drug 
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interaction potency using MDZ as a probe and the rat as an animal model. The 

time points which showed maximum significant difference between NL and HL 

KTZ liver concentrations and uptake were 1.5 and 3h po (Figure 26 and Figure 

27). Thus in the current study the CYP3A probe was administered 1.5h after KTZ 

pre-treatment. 

 

CYP3A constitutes the most abundant subfamily in human liver and intestine 

[220, 248, 249]. It facilitates the biotransformation of approximately half of all 

currently used drugs [250] and its phenotyping has been reported as CYP3A4, 

CYP3A5, CYP3A7 and CYP3A43 isoenzymes in man [251] and CYP3A1 and 

CYP3A2 in rat [252]. These isoforms have similar amino acid sequences and 

different catalytic activity. Most of in vivo drug metabolism research relies on the 

total activity of CYP3A involving CYP3A4/5 in man and CYP3A2 in rat because 

they have similar substrate specificity [253]. Since most PK drug interactions 

occur when two drugs share a common CL pathway involving a drug 

metabolizing enzyme or transporter, the CYP3A family is frequently implicated 

in drug-drug interactions [244]. CYP3A-mediated inhibition of drug metabolism 

has been associated with some severe adverse effects prompting the withdrawal of 

some drugs from the market [254]. Consequently as part of safety assessment in 

drug development it is necessary to perform clinical drug interaction studies with 

CYP3A4 in mind [255].   

KTZ, a broad spectrum azole antifungal used for systemic and local infections, is 

widely used as a prototypical inhibitor of CYP3A for such studies [255]. It is 
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commercially available as a racemic (1:1) mixture of enantiomers of the cis 

configuration. Stereoselective inhibition of CYP enzymes has been suggested, 

where the (-)-KTZ enantiomer displayed ~2 fold more inhibitory potency upon 

applying the enantiomers to human CYP3A4 supersomes using testosterone and 

methadone as substrates [173]. A recent study has also reported stereoselective 

PK and protein binding of KTZ enantiomers.  

Midazolam is a short acting benzodiazepine which undergoes extensive hepatic 

and gastrointestinal pre-systemic extraction [241]. Its CL and F are primarily 

governed by CYP3A, and consequently, it is often used as a probe for measuring 

CYP3A activity [256]. Since MDZ is not a Pgp substrate,  any interaction 

between midazolam and KTZ can be essentially attributed to effects on CYP3A 

[244, 257].  

In NL rats, it was found that oral administration of KTZ caused a modest non-

significant decrease in MDZ CL, and no effect on t½. Using the reported MDZ 

blood to plasma ratio of 1 [258] and hepatic blood flow of 13.8 mL/min in a 250 g 

rat [191], the hepatic extraction of MDZ is that of a moderately-high extraction 

ratio (0.66) in NL rats. Given this, it might not be entirely surprising that the 

change in CL for NL rats was relatively insensitive to the coadministration of 

KTZ.  

In the KTZ untreated group, HL resulted in a 61% decrease in MDZ fu; however 

this affected neither the CL nor the AUC of the drug compared to NL control rats 

(Table 16; Figure 32). The fact that there was a change in MDZ fu and Vdss in 
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HL, however, suggested strongly that the drug has the ability to bind to 

lipoproteins, something that has not been reported previously.  

Based on our findings above that there was lower hepatic uptake of (-)-KTZ 

enantiomer in HL, we anticipated that there would be an attenuated inhibitory 

response of MDZ to KTZ coadministration in the HL rats. In contrast, in KTZ 

treated rats, HL accentuated the KTZ-MDZ drug interaction as evidenced by 31% 

decrease in MDZ CL compared to NL rats (Figure 32 and Table 16). This 

contradictory finding could be attributed to the fact that in HL two factors could 

have worked to lower the CL of MDZ. This includes the decrease in fu of MDZ, 

which was not anticipated as MDZ was not shown previously to bind to 

lipoproteins. In addition, in HL it had been shown that CYP3A could be down-

regulated.   

Most reported studies of the drug interactions between KTZ and MDZ have been 

able to follow the MDZ profile in vivo for only 2 or 4 h due to lack of a sensitive 

analytical assay which may mask the real terminal phase of the drug and affect 

some other PK parameters [259, 260]. The only other paper reporting this drug 

interaction up to 8 h had only data of 2 rats, and statistical analysis could not be 

reported [244]. 

KTZ exhibited higher plasma concentrations than MDZ at all time points (Figure 

33). HL did not affect the CL, AUC, Cmax or Tmax of (±)-KTZ after oral 

administration (Table 17). This comes in accordance with the previously reported 

behaviour of each enantiomer in NL and HL state after oral and iv dosing. MDZ 
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did not affect KTZ PK parameters. The AUC and Cmax of the sum of KTZ 

enantiomers matched well to the values that were reported in Tables 8 and 17.    
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5. Conclusion 
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HL results in an increase in the plasma lipoproteins and can affect the PK, 

pharmacodynamics and toxicity of lipoprotein-bound medications. AM and KTZ 

are lipophilic compounds of log P 9 and 4.3 respectively. It had been shown that 

AM could bind to lipoproteins, and it was possible that the same was true for 

KTZ. Therefore, this formed the rationale for the studies completed and presented 

as part of this thesis. 

 HL was already known to increase AM AUC, decrease its CL and Vd, and  

increase its heart uptake in the P407 rat HL model after a single AM dose [86, 

97]. Our repeat dose study [see section 3.1.1] found that HL similarly increased 

AM plasma concentrations and heart concentrations but also caused an increased 

ECG potency. The increase in heart concentration was greater than could be 

accounted for based on the estimate of unbound drug concentrations in plasma. 

We believe that VLDL-R mediated uptake of the VLDL-bound AM had 

contributed to the higher than expected heart concentrations.  

Despite the increase in AM liver uptake in HL, its overall CL was lower [97]. In 

liver microsomal preparations, HL was shown to downregulate CYP3A1/2 and 

CYP2C11. It was found that HL caused reduced AM metabolism in rat 

hepatocytes. The presence of serum lipoproteins with AM decreased metabolism 

further, possibly by decreasing the fraction of drug available for entry into the 

hepatocytes due to an increase in serum protein binding. 

KTZ is a chiral lipophilic drug. In our studies, we have developed the first 

separation and determination of KTZ enantiomers in biological specimens. The 
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method was sensitive and specific, with a lower limit of quantitation of            

62.5 ng/mL. This proved sufficient for use in PK studies involving rats. 

Utilizing this method to explore the PK of each enantiomer, we have reported the 

stereoselective PK of KTZ enantiomers in rat plasma. Stereoselectivity in plasma 

concentrations of KTZ enantiomers can be attributed to enantioselectivity in 

plasma protein binding, although other unknown mechanisms as transporters 

enantioselectivity and tissue uptake maybe involved as well. In agreement with 

previous reports for (±)-KTZ, both KTZ enantiomers showed nonlinearity with 

increasing racemic doses in rat, presumably due to a combination of saturation of 

some metabolic pathways and plasma protein binding. 

Based on the lipophilicity of KTZ, we decided to explore the effect of HL on its 

in vitro distribution towards plasma lipoproteins. We found that the P407 induced 

HL rat model resulted in a shift of ~20% KTZ from LPDP to lipoprotein rich 

fractions. It was mainly towards VLDL and LDL fractions. The (-) enantiomer 

was found to be more significantly influenced than antipode by HL. Knowing that 

the (-) enantiomer has more antifungal  potency and CYP inhibitory action [173], 

and that there is stereoselective PK, these observations could translate into PK 

and/or pharmacodynamic changes in HL . 

The previous results have encouraged us to study the effect of elevated lipid 

levels on the PK and liver uptake of KTZ enantiomers. In these studies HL was 

found to increase Vdss of KTZ enantiomers, to affect their stereoselectivity and to 

decrease the liver uptake of the more potent (-)-enantiomer and the liver 
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concentrations of both enantiomers. KTZ drug interactions are attributed to its 

specific tissue binding to hepatic microsomal enzymes  [228]. Also, the drug is 

potentially hepatotoxic, and can cause zone 3 necrosis hepatitis [229, 230].  Both 

of these factors have led to a limitation in its use as an antifungal drug. Whether a 

change in KTZ liver uptake caused by HL would affect the toxicity remains to be 

determined.  

Based on the pharmacokinetic and hepatic uptake findings it was decided to go 

further and to explore the effect of HL and the decreased KTZ liver uptake on  

KTZ drug-drug interactions. MDZ was chosen for such interaction due to its 

known use as a CYP3A probe. We initially sought to use two assays to measure 

both KTZ and MDZ, but fortuitously developed a method that could 

simultaneously determine both drugs. Using this method we conducted our drug-

drug interaction study in NL and HL rats, where we have found that HL resulted 

in a more pronounced KTZ inhibition of MDZ CL. This was partially due to the 

involvement of an additive CL inhibitory factor through the decrease of MDZ fu 

and to the possible CYP inhibitory activity imparted by the HL state.  

In conclusion, HL was shown to have a various effects on the pharmacokinetics 

and pharmacodynamics of AM and KTZ. Given the prevalence of HL in many 

societies, the findings could be of relevance in explaining unexplained dose 

versus effect outcomes in HL patients receiving such lipoprotein-bound drugs. 
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6. Future direction 

HL was found to affect not only the pharmacokinetics of AM but also its 

pharmacodynamics. We have shown that in heart, AM uptake is dependent on 

other factors in addition to the fu. Further studies are required to explore the 

mechanisms behind the increased heart uptake despite the lower fu. Specific 

experiments to determine the exact role of VLDL-R and their regulations in HL 

should be performed. 

Further our hepatocyte studies focused on the effects of lipoproteins on the 

metabolism of AM. A worthy objective of future study would be to examine AM 

uptake by these cells, as a consequence of the involvement of LDL-R receptors .   

HL was also evident to decrease the fu of MDZ, pointing out the possibility of 

MDZ-lipoprotein binding. Further studies can be explored to determine whether 

or not MDZ bind to lipoproteins and if so to which fraction. 

Finally, since HL was shown to potentiate the KTZ-MDZ drug-drug interaction, 

determining the effect of HL on the antifungal activity of both enantiomers could 

be also studied.    
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