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Abstract
Permeability of solutes through membranes, which influences many pharmacokinetic processes 
such as absorption, distribution, and elimination, is governed by factors relating to both 
membrane and solute as well as other factors, such as protein binding. The present project was 
aimed at characterising the influence of structural and physiological factors on tissue cell 
membrane permeability of selected model compounds in rat. Two approaches were adopted. In 
the regional permeability studies, using five established radiolabelled non-eliminated markers 
(erythrocytes, albumin, sucrose, urea, and water), the permeability and exchange in the isolated 
perfused control and cirrhotic livers were characterised. Using carbon tetrachloride and 
phenobarbitone, hepatic cirrhosis was induced experimentally in rats. After injecting into the 
portal vein of markers and model drugs with different properties (diazepam, DZ, diclofenac, 
DCL, and salicylic acid, SAL), using the indicator dilution method, outflow data were collected 
and analysed using moment analysis and the dispersion model (DM). Various parameters, 
including hepatic volumes of distribution (VH), mean transit time (MTT), the relative spreading 
(CV ), dispersion number (DN), efficiency number (Rn), intrinsic clearance (CLml), permeability 
(PS) and membrane permeability (p) were calculated. The maximum frequency outflow 
concentration, f(t)max, and the time at which it occurred, tmaX} were observed parameters. The 
output profiles of markers in cirrhotic livers, compared to control livers, displayed a sharper 
appearance (expressed in larger f(t)max and shorter tmax). The Vh values of markers were reduced 
which was reflected in reduced MTT, The reduction was variable among the markers. While the 
hepatic cellular volume was reduced marginally, the reduction in the sinusoidal and interstitial 
volumes was severe. While the significant increase in the Dn value of markers in cirrhotic livers 
was indicative of changes in the hepatic vascular arrangements in cirrhosis, the increase in the 
CV value indicated that the relative spreading of markers is increased in cirrhotic livers. The 
described changes implied that due to parenchymal and microcirculatory alterations, the blood- 
liver exchange is progressively limited in cirrhosis. These findings, which were confirmed by the 
histological evaluations, were compatible with the literature reports. Data indicated that urea is 
an acceptable alternative to water as total aqueous space marker; in contrast sucrose did not 
appear to be a good alternative to albumin as an extracellular marker For the lipophilic drugs, 
DZ and DCL, while the values of f(t)max , DN, and CV increased significantly in the cirrhotic 
livers, the values of tmax and Vh reduced compared to those observed in the control livers. The 
unaltered values of Rn and CL^u, and the reduced values of PS and p for these two drugs 
suggest that while the hepatic metabolic activity is not changed notably in experimental cirrhosis, 
the permeability of hepatocyte membrane to drugs, as a consequence of reduced diffusion in the 
space of Disse, is reduced substantially. The unaltered CLuU value may be due to the initial 
induction effect of phenobarbitone treatment on the cirrhotic livers. For the relatively hydrophilic 
drug, SA, the data indicated that the permeability of a non-metabolising permeability limited drug 
is reduced in systems with reduced permeability (cirrhosis). In the steady-state (SS) experiments, 
DM provided a better description of the effect of change in protein binding on hepatic extraction 
of DZ than the other models of hepatic elimination, in control and cirrhotic livers, and 
demonstrated that larger DN obtained in cirrhotic livers is caused by increased enzymatic 
heterogeneity. Studies with creatinine, another potentially permeability rate-limiting model 
compound, demonstrated that this compound can traverse cellular membranes and is distributed 
in part and not all of the intracellular space. In vivo experiments indicated that although 
creatinine can enter erythrocytes quickly, its distribution into other tissues is permeability-rate 
limited. Impulse-response and continuous infusion in situ liver perfusion studies demonstrated 
that creatinine is distributed in the total hepatic aqueous space in a permeability rate-limited 
fashion which can be described by the two-compartment dispersion model.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 Permeability
The transport of solutes through membranes is a factor that influences many pharmacokinetic 

processes such as absorption, distribution, and elimination. The difference in ease of penetration 

of solutes is quantitatively expressed in terms of the permeability. Cellular membranes appear to 

be composed of an inner, predominantly lipoidal, matrix covered on each surface by a layer of 

protein . The hydrophobic portions of the lipid molecules are oriented toward the centre of the 

membrane and the outer hydrophilic regions face the surrounding aqueous environment. Narrow 

aqueous-filled channels exist between some cells, and cell membranes contain small aqueous- 

filled pores 16. Each of the interposing cellular membranes and spaces impede drug transport to

varying degrees, and any one of them can rate-limit the overall process. It is this complexity of
329structure that makes quantitative prediction of drug transport difficult

1.1.1 Factors Influencing Permeability

The rate and extent of penetration of substances through tissue membranes is governed by 

factors relating to both the membrane (ie the structure, surface area and thickness of the

membrane) and the substance (ie the size, shape and charge of the molecules, and concentration
23 192 105 289difference in either sides of the membrane) ’ ’ ’ Other important factors are protein

binding and perfusion rate. A major source of variation in permeability is the lipophilicity of the 

molecule, often characterised by its partition between oil and water. Lipid-soluble compounds 

tend to penetrate lipid membranes with ease and thus have high permeability. Polar neutral 

molecules and ionised compounds partition poorly into lipids, and they are either unable to pass 

through membranes or do so with much greater difficulty than do lipophilic molecules. Water- 

soluble materials, however, may move through the narrow channels between cells. Drug 

transport continues toward equilibrium, a condition in which the concentrations of the diffusing 

species are the same in the aqueous phases on both sides of the membrane. Movement of drug 

between regions still continues at equilibrium, but the net flux is zero.

Blood flow: With highly lipid-soluble drugs and drugs that pass freely through the aqueous-filled 

pores, membranes offer no barrier to drug movement and the slowest step controlling the rate of
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movement through the membrane is perfusion, not permeability. As membrane resistance to drug
* • 289increases, the rate limitation moves away from one of perfusion to one of permeability

Ionisation: Most drugs are weak acids or weak bases and exist in solution as an equilibrium 

between unionised and ionised fonns. Only unionised non-polar drug penetrates the membrane, 

and at equilibrium, the concentration of the unionised species is equal on both sides of the 

membrane. The unionised form should be sufficiently lipophilic to traverse membranes. The
105 330fraction unionised is controlled by both the pH and the pKa of the drug ’ . In biological

fluids, some molecules can exist in several chemical fonns, thereby changing their charge. 

Therefore, if the charge is the main detenninant of uptake, many organic compounds should be 

transported by more than one system.

Protein binding: Drug protein binding is reversible and instantaneous. Only unbound drugs are 

thought to be capable of passing through membranes. The rate of movement of drug through a 

membrane is affected by protein binding only if the limitation is in permeability. However, protein 

binding affects distribution of the total concentrations at equilibrium, irrespective of the rate 

limitation 289.

1.1.2 Mechanisms of Transport

Drug transport occurs by several mechanisms. Most lipophilic drugs pass through membranes by 

passive diffusion, the natural tendency for molecules to move down a concentration gradient. 

Movement results from the kinetic energy of the molecules and no work is expended by the

system. Many polar substrates pass the membrane by association with a membrane protein which
289'carries' the drug across the lipid bilayer . Different carrier systems have been described for 

organic t^nions 29°, organic cations and uncharged drugs 289. Two types of specialised transport 

processes have been proposed; passive facilitated diffusion and active transport. Common 

characteristics of both systems are saturability, specificity, and competitive inhibition. Active 

transport is distinguished from facilitated diffusions by the net movement of substance against a 

concentration gradient.

Drugs that are not taken up by the cells via specific transport system, might be slowly 

internalised along with extracellular fluid as has been described for hepatic uptake of sucrose and

14



inulin. In addition to discrete, class-specific membrane transport processes, there are a number of
20systems with a broader spectrum of substrates . In the case of liver, it appears that the hepatic 

cell plasma membrane contains either multiple distinct transport systems for charged compounds, 

with overlapping specifities, or multiple binding proteins which represent the acceptor 

components of a more complex transport machinery.

1.1.3 Transport Properties of Erythrocytes

In order to model the diffusion of organic solutes in blood, it is necessary to have an

understanding of those factors which have an influence, such as plasma-erythrocyte solute

distribution and diffusive transport through the erythrocyte. Blood is a suspension of formed

elements in plasma. The red cells, which comprises 40-45 % by volume in blood, are biconcave

disks, 8.4 pm in diameter and 1 and 2.4 pm thick at their narrowest and widest points,
331respectively. They have a volume of 87 pm3 and a surface area of 163 pm2 . The erythrocyte 

membrane is arranged as a bilayer, comprising of lipid layer (80%) and integral proteins (20%). 

In principle, the lipid domain is pervious to all solutes. In practice, ih)s domain d o es  not 

permit a significant penetration of many hydrophilic and most charged solutes and thus converts 

the pathway into a barrier.

1.2 Physiological Pharmacokinetics

1.2.1 Advantages and Uses

A common aim of any pharmacokinetic model is to describe, quantitate and interpret the time
243course of drugs in the body '. Based on the objective and the degree of approximation, 

pharmacokinetic models range from purely mathematical description or empirical models (eg

sum-of-exponentials function), through conceptual and predictive compartmental models, to
287physiological models . Empirical descriptions of data do not allow correlation between events 

obseived in vivo and physiological parameters. The compartmental approach is not able to 

describe the disposition kinetics of drugs within a specific tissue. Physiologically based 

phamacokinetic (PBPK) modelling has many advantages over these more traditional approaches. 

It is useful in evaluating the effect of physiological (eg protein binding and perfusate flow) 60 and

pathological (eg hepatic diseases) changes 19 on drug disposition, rationalising drug targeting 57,

258defining quantitative structure-pharmacokinetic relationships , and in scaling of
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pharmacokinetic and/or toxicological data between different gender of the same specie or
18 . * 332different species and in risk assessment in toxicology

PBPK models, which "define pharmacokinetic processes in terms of physiologically,

anatomically and biochemically meaningful parameters"240, have now become an important and

241well established branch of Pharmacokinetics . They have been successfully used to describe
120 121 63 64 53the whole body disposition of a wide variety of compounds ’ In order to obtain a

realistic PBPK model, physiological factors such as tissue weights and volumes, regional blood

flows, enzyme activity, membrane permeability, plasma protein and erythrocytes binding, tissue
228binding and partitioning and the architecture of organ microvasculature must be considered

1.2.2 Whole-body PBPK Models

In whole body models, the tissues and organs are anatomically arranged, with
22intercompartmental transport occurring by blood flow . These models are characterised by two 

limiting conditions which can vary between organs within the same model; drug disposition can 

be perfusion-rate limited or permeability-rate limited. In the first instance, one rate equation

describes the distribution in the whole tissue and in the second condition , a rate equation is
285required for each region within the tissue incorporating membrane permeability . To simplify 

the mathematics of the model, several assumption are generally made. The most common ones 

are a) only unbound drug can diffuse into the tissue b) specific organs, such as the liver and

kidney, are the only sites of elimination c) all processes are linear. Elimination is generally
124assumed to be first order; alternatively, Michaelis-Menten kinetics may be incorporated

1.2.3 Regional Pharmacokinetic Studies

Regional pharmacokinetics study the factors affecting drug disposition in specific regions of the

body. A region is defined as "any anatomical area of the body between specified afferent and
289efferent blood vessels" . The main advantage of regional studies is that the relationship

between specific molecular and tissue structures in a given organ can be studied without the
289influence of the rest of the body . One method of studying regional pharmacokinetics is by

vascular isolation and artificial perfusion of the region. When the organ is left in situ, its integrity
289and normal anatomical relationships are maintained . Hence, the system can be probed to
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elucidate the controlling mechanisms on the exchange process. A number of studies have been 

performed in perfused organs including rat liver 60.

1.2.4 Lumping

The full model can often be simplified by lumping pharmacokinetically similar tissues which are 

of no specific interest. Tissues which are generally not lumped are those which act as substantial 

reservoirs for drug distribution (eg adipose, muscle), are involved in excretion or metabolism (eg 

kidney, liver), are sites of drug toxicity (eg bone marrow, brain) or are a compartment of special

interest (eg lung) 18,19. Tissues which are in parallel, display perfusion-limited distribution and no
22elimination and have similar distribution rate constants, may be lumped together

1.2.5 Models of Hepatic Elimination

Many PBPK models of the liver have been developed due to its importance in the elimination of

drugs. Several models presently exist which relate distribution and hepatic extraction of
308eliminated solutes to physiological factors . The most commonly used models of hepatic

193elimination are the ideal-flow models (well-stirred and tube models) , and the stochastic

12 - - 227models (distributed and dispersion models ).

1.2.5.1 Well-stirred and tube models

The well-stirred model assumes that the liver is a single well-stirred homogeneous compartment,
193in which emergent venous unbound drug is in equilibrium with that throughout the liver . The

tube model describes the liver as a set of identical unconnected parallel tubes in which blood
73 74moves with constant and equal velocities ’ . The average unbound drug concentration in

blood within the liver is assumed to be the logarithmic mean of that entering and leaving the
228 229organ. ’ . A major limitation of these models is their inability to describe experimental data

obtained from isolated organ and microsomal systems 73,193,194.

1.2.5.2 Distributed model

The distributed model describes the liver as an array of sinusoids (parallel tubes) each with plug
12flow . The sinusoids can differ with respect to length, blood flow and enzyme activity; it is the 

variance of the statistical distributions which represent these factors that defines organ
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heterogeneity 14 The limitation of distributed model lies in its inability to predict adequately drug 

availability for highly extracted solutes.

1.2.5.3 Axial dispersion model
227The dispersion model of hepatic elimination, proposed by Roberts and Rowland , implies that

the observed spread in solute distribution is dominated by longitudinal or axial dispersion, with
227only a minor contribution from diflusion . This dispersion is characterised by a dimensionless 

parameter., the axial dispersion number, D n, which increases as the extent of spreading

increases. In the liver, dispersion is caused by the branching of sinusoids, together with variations
227 228 229in the velocity and path lengths travelled by elements of blood ’ ’

The dispersion model explains the influence of altering blood flow and protein binding on the 

transient and steady-state elimination of drugs and can accommodate a cellular permeability 

barrier. However, for parameter estimation, bolus administration of a non-eliminated substance 

yields the greatest amount of information on dispersion. Two fonns of the dispersion model have 

been used to analyse impulse-response data. The one-compartmental dispersion model assumes 

that as a substance travels along the liver length, radial movement (by diflusion) into its

distribution space is instantaneous and that dispersion due to the heterogeneity of the organ
223vasculature is the main factor influencing axial spreading . The two-compartmental dispersion

319model considers radial transport to be non-instantaneous ‘ . The major limitation of the 

dispersion model is that the physiological interpretation of DN is problematical 65,66.

1.2.6 Estimation of Equilibrium Distribution Ratio (Kp)

Kp is critical in the development and scaling of PBPK models and can be estimated using in vivo 

and in vitro methods.

In Vivo methods: There are two common methods of estimating Kp in vivo\ from constant rate
42 138infusion to steady state and after bolus administration during the elimination phase ’ . After

infusion to steady state, Kp for non-eliminating organs is calculated from the steady-state tissue 

drug concentration, Ct,ss, and the steady-state arterial concentration, Css l8,J 9,42,26. In the whole

body situation, elimination must occur for steady state to be achieved. However, the above
42relationship can only be applied to those organs where elimination is negligible. Chen&Cross
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also developed an expression to estimate Kp after bolus administration in non-eliminating organs
1 rs c

which Igari extended to an eliminating organ (liver), incorporating Michaelis-Menten 

kinetics. Gallo el a l333 proposed the area method for the estimation of Kp as the ratio of the total 

area under the tissue drug concentration time curve (AUQ) to the total area under the plasma 

concentration time curve (AUCp). A problem common to both estimation after intravenous bolus 

and area method is the definition of the terminal phase; the steady-state method is not subject to 

such difficulties 333.

In vitro methods: In vitro methods, involving equilibrium dialysis have evolved which consider 

tissue and plasma binding and the pH difference across the cell membrane in tissue homogenates

. These methods appear to correlate with in vivo estimates but present problems regarding

335incorporation into PBPK models

Regional studies: In regional or single organ studies, the method of choice for the estimation of 

Kp is infusion to steady state with tissue sampling at the end of the infusion period. A single pass 

system allows stricter control of the inflow conditions and reaches steady state earlier than a 

recirculating system; in the case of an eliminating organ, it also prevents the accumulation of 

metabolites 336.

Methods not involving tissue sampling have also been developed. Schary and Rowland 336 

determined the Kp, when uptake was perfusion rate-limited, in perfused rat liver using the 

O texpression: Kp = —  1/2?ss where ti/2 Ss is the half-life for approach to steady state, Q is the 
0.693. VH

perfusate flow rate and Vh the volume of distribution of the liver. Williams and Rivier309 

estimated the volume of distribution in pig skin flaps from the ratio of total radioactivity in the 

tissue to mean venous concentration at the end of infusion period.
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1.3 The liver
The overall pharmacokinetic behaviour of many drugs is influenced by the liver. When the drug 

disposition kinetics is studied in the context of hepatic insufficiency, a knowledge of the physical 

and functional properties of the liver is essential.

1.3.1 General Organisation

The liver is the largest internal organ of the body, weighing approximately 2% body weight 

(1300 g) in adult man and 4% (10 g) in a 250 g rat. The liver has a dual blood supply: a) the 

hepatic artery (20-25%) carrying oxygenated blood at high pressure and in a pulsatile stream to

the liver, and b) the portal vein (75-80%) carrying blood which is relatively desaturated of
337oxygen at low pressure and in a steady stream to the liver . Venous blood emerging from the 

liver enters the hepatic veins which join the inferior vena cava.

1.3.1.1 Hepatic acinus

Histologically, the liver is a continuous mass of parenchymal cells, tunnelled by vessels (Figure

1.1). It has a lobular structure. The microcirculatory and microfunctional unit of the liver is the
211acinus , a small parenchymal mass, irregular in size and shape, but mostly berry-like (Figure

1.2). The vascular axis (the portal triad) consists of a terminal portal venule and hepatic arteriole 

and a bile duct. The periphery of the acinus is formed by terminal branches of the hepatic vein, 

that drain acinar blood (Figure 1.3). Arterioles and portal venules join somewhere in the acinus. 

Between the portal triad and hepatic venule, sinusoids are radiating 99.

1.3.1.2 Hepatic sinusoids

The sinusoids are organised into a dense network with extensive anastomoses (Figures 1.1-1.3). 

The length of a sinusoid varies between 200-500 n  m and each is lined by 10-30 hepatocytes.

Portal venules end directly in the sinusoids but hepatic arterioles join sinusoids through various
313 314pathways . Sinusoidal flow is regulated only by variations in arterial inflow . Sinusoids are

not passive channels but represent a very sophisticated network which controls hepatocellular

function. Sinusoids contain several types of cells. Endothelial cells, which form the barrier of the
313sinusoids, are fenestrated . Red blood cells are confined to the inner axial core by the
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epithelium, but blood constituents are in direct contact with the plasma membrane of hepatocytes
313through the space of Disse (Figure 1.4) '

1.3.1.3 Space of Disse

This is the space between the hepatocyte cell plates and the sinusoidal wall (Figure 1.4). The 

dimensions and constituents of the space of Disse are essential in hepatic uptake. The thickness 

of space of Disse is about 1-2 ju m. It is filled with microvilli of hepatocytes and contains the 

major components of the extracellular matrix such as collagen and glycosaminoglycans. 

Glycosaminoglycans form a hydrated gel with pores which filter molecules according to their size 

and charge. Comparison of the pore size for the hepatic interstitium (pore radii of 0.02-0.03 

// m) U, with the size of albumin (0.004-0.008 /u m), water (1.2 x 10-4 {i m), urea (2.3 x 10-4

78// m) and sucrose (4.8 x 10-4 // m) indicates that these solutes may distribute freely into the 

space of Disse, but the free diffusion of larger molecules may be limited.

1.3.1.4 Hepatocytes

Hepatocytes are organised into unicellular plates in contact with two sinusoids. Hepatocytes are

irregular having a mean diameter of 25 ju m and occupying a volume of lx l (f, jli nT. 145. They

313are covered with microvilli which increase their surface area by six-fold . The hepatocyte 

plasma membrane is a bilayer of 7 x 10-3 ju m thick.

1.3.2 Heterogeneity in Liver Structure and Function

Apart from the intracellular heterogeneity, three additional levels of hepatic compartmentalisation 

exist. Firstly the liver consists of several cell types including various sinusoidal cells. Secondly 

there are different spaces within the liver; vascular, interstitial, cellular, bile canalicular, and

special arterial space. The third is the existence of three zones within each acinus. Zone 1 or the
313periportal cells, zone 3 or the perivenous cells and the intermediary zone 2 . Many structural

differences exist between the zones.
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Figure 1.1 A three-dimentional view of liver structure (from reference ).

next page
Figure 1.2 Diagram illustrating the concept of liver substance being 
composed of acini. So that the relation of acini to classic lobules can be 
visualised. In the acini to the upper right o f centre, the three zones are 
indicated in strippling. The shape of the one just below centre is indicated 
by the layout of the trabculae that have been drawn in (from reference '>)

Figure 1.3 Diagram illustrating how blood from branches of the portal 
vein and hepatic artery flows into the sinusoids that lie between trabculae 
and empty into a central vein.

Figure 1.4 Diagram illustrating the relationship between hepatocytes and 
sinusoids. The numerous microvilli on the sinusoidal surface of 
hepatocytes extend right across the space of Disse to reach the endothelial 
cell.
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1.4 Hepatic Cirrhosis

1.4.1 Definition

The hepatic cirrhosis is the end stage of many hepatic diseases and presents a similar 

pathophysiological and clinical picture irrespective of aetiology. The response of the liver to 

persistent pathological stimulus is repeated cell damage, progressive rearrangement of tissue

structure in the form of nodules, formation of fibrous tissue, and massive hemodynamic
u ,. 32,318,4alterations

1.4.2 Altered Drug Disposition in Cirrhosis

Cirrhosis influences various determinants of drug disposition simultaneously. Despite extensive 

clinical reports, the mechanism involved in these changes are still poorly understood 16 There is

a wide variation between the effect of cirrhosis on different drugs. There are also many reports
307on changes that occur in pharmacodynamic response (ie receptor sensitivity)

1.4.2.1 Pharmacokinetic principles

Any assessment of changes in drug disposition caused by hepatic disease requires quantitation

according to pharmacokinetic principles. Hepatic drug disposition depends on the relationship

between several biological factors such as blood flow, metabolising activity, and binding. This
317 239relationship is best described by the concept of clearance

1.4.2.2 Hepatic clearance
243Hepatic clearance (CLh) is a quantitative measure of the liver's ability to eliminate a drug . It is 

the product of hepatic blood flow (Qh) and hepatic extraction ratio (EH):

C L h — Q h - E h ( 1 1 )

The changes in clearance and extraction ratio may be mediated by the change in the following 

determinants:

a) Perfusion: For a drug of high extraction ratio, elimination is perfusion rate-limited, ie changes 

in blood flow produce corresponding changes in clearance. In contrast, elimination of a drug 

with a low extraction ratio is rate-limited by the speed of other processes influencing EH such as
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metabolism, hepatic uptake, diffusion, dissociation of drug from proteins. In this case, the hepatic
241extraction ratio varies inversely with blood flow when clearance is constant

b) Binding within Blood: For a drug with a high E h, the rate of elimination depends on the total 

blood concentration and neither the extraction ratio nor the clearance is affected materially by
241 * *changes in binding . For a drug with a low EH, clearance is sensitive to change in plasma 

protein binding and depends on the unbound concentration, Cu, (except, if binding is dissociation 

rate-limited). No matter if metabolism or distribution into the hepatocyte is the rate-limiting step, 

the concentration that determines elimination is always Cu:

CLh = CLu. / u (1.2)

where CLu, the unbound clearance, is a measure of hepatocellular activity or permeability and / u 

is the unbound fraction. Protein binding can limit extraction if binding is high enough.

c) Enzyme activity: The measure of enzyme activity is intrinsic clearance (CL[nl) which indicates 

the ability of the liver cells to irreversibly remove drug in the absence of other physiological 

constraints. According to the well-stirred model

_r Q.CLmt.fUb
CLb = Q.E = — --------- -—  (1.3)

Q + CLto.fttb

where /ub is fraction unbound within blood.

1.4.2.3 The influence of cirrhosis on hepatic clearance

The influence of hemodynamic alterations 97,306 and parenchymal injuries 67 in cirrhosis, 

depending upon the severity of the injury, varies among the different drugs. Generally, the

contribution of altered flow to change m CLH will be most significant for high Eh drugs and the
161contribution of parenchymal damage will be most pronounced for low Eh drugs

a) Flow-limited hepatic elimination: The examples of drugs in this category are propranolol and 

lidocaine. Of the pathological changes in cirrhosis, circulatory change (change in Qh, relative

contribution of portal and arterial flows, shunting, and capillarisation) are expected to influence
24their elimination to a greater extent

25



b) Capacity-limited hepatic elim ination: T he hepatic clearance o f  low -bound  drugs in cirrhosis is

unaffected by changes in protein binding or Q but is affected by loss o f  cell mass, reduction in the

24
level or activity o f  enzym es per cell, and sinusoidal capillarisation . The overall hepatic 

clearance o f  extensively-bound drugs is lo w  and depends on the extent o f  protein binding as w ell 

as the intrinsic clearance o f  the drug. Restricted access to  the space o f  D isse  and the hepatocyte

surface for albumin during cirrhosis should not affect the uptake o f  th ese drugs. This is because

161 39
in any case uptake is limited to  the unbound fraction 5 .

1.4.3 Experimental Cirrhosis

M edical literature abounds in reports on experimental cirrhosis 28’107d 37,204,267 gjnce

1 "76 113
w hen the first report on experimental hepatic dam age w as published ’ , m ore than 30  agent

w hich belong to  different chem ical and biological categories, have been used  in the induction o f

272 48 176cirrhosis * ’ . U sin g  different animal species, regimens, and routes o f  administration, only a

107
few  o f  these agents have m et satisfactorily the rigid criteria for cirrhosis . The oldest and m ost 

w idely used agent is carbon tetrachloride (CC14) 107,160,70

1.4.3.1 CC14-induced cirrhosis

The original technique o f  using multiple doses, usually tw ice-w eek ly  o f  CC14, given either 

subcutaneously or by inhalation over a period o f  several m onths in the rat w as unpredictable and

resulted in lo w  yield o f  severe cirrhosis and high rate o f  death. This technique w as m odified and

208
standardised by Proctor et al and n ow  has becom e the routine m ethod o f  induction o f  

cirrhosis for biological studies 119,2 76 ,106,252 ,129,48 ,4  ^  these studies are based on acceptance o f  

CC14~induced cirrhosis o f  the liver as an adequate experimental m odel o f  cirrhosis in man.

1.4.3.2 Experimental versus human cirrhosis

Several excellent review s have been published that exam ine the available evidence on the

276 259similarity o f  the CC14-induced m odel o f  cirrhosis with ethanol-induced human cirrhosis 

The large body o f  available data is often variant or discrepant. This is because, as in human 

cirrhosis, according to  the degree o f  hepatic dam age and stage o f  the illness, varying histological 

and functional changes are observed. It is therefore useful, albeit difficult, to  correlate the degree 

o f  structural dam age to  the extent o f  functional changes. D esp ite  the few  differences in the
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mechanism of induction of cirrhosis between ethanol and CC14, the resultant histological and 

functional alterations in both clinical and experimental cirrhosis are the same 276’259,208,209.

1.5 Model Substances

1.5.1 Creatinine

Creatinine is an electrically neutral water soluble compound, with an imidazole ring (Figure 1.5) 

264 It is a normal metabolite with a relatively low molecular weight (MW 113.1). It is considered 

to be relatively inert, although it has been shown that the microflora from the gastrointestinal 

tract of rats can metabolise creatinine in vitro. A change in the plasma level of creatinine at a

stable rate of glomerular filtration is reflected in a parallel change of concentration in the filtrate
298 29. Creatinine passes freely from the plasma into the glomerular filtrate and although it is

thought that it is neither reabsorbed nor secreted in the tubules, there is evidence for some renal

tubular reabsorption and secretion, as well as non-renal routes of elimination 95. Creatinine is

115considered to bind negligibly with plasma proteins . The renal clearance and serum 

concentration of creatinine is routinely used to monitor the renal function and dosage regimens 

adjustment in patients with renal insufficiency 47 The volume of distribution of creatinine is of 

interest in connection with its wide spread use for measurements of the renal plasma flow, 

tubular transport capacity and glomerular filtration rate 94

1.5.2 Diazepam

Diazepam is highly lipophilic (Figure 1.5) and exhibits a low aqueous solubility of 50 jj. g/inl and

220a pKa of 3.4 . It is extensively protein bound in plasma, and has a volume of distribution of

220approximately 1 litre/kg of body weight . The transfer characteristics of diazepam across the

128GI mucosa are consistent with good absorbability (permeability) . Hepatic metabolism is the
128predominant route of elimination of diazepam . It is thought to be controlled by two separate

131 132isozymes of cytochrome P-450 . family ’ . Diazepam pharmacokinetic studies, in vivo
128and in vitro, in man and in rats are indicative of a pronounced variability in its disposition

220which depends on gender, age and exposure to other xenobiotics , The pharmacokinetics of 

diazepam in humans are known to be altered in hepatic disease 61. When cirrhosis develops, its 

volume of distribution and plasma half-life increases while plasma clearance and absorption of
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61the drug after oral administration is diminished . The effect of hepatic diseases on diazepam 

disposition kinetics is controversial. While some workers believe that the hepatic damage caused 

by CC14 in rats does not affect the clearance or elimination kinetics of diazepam but it affects the 

distribution kinetics of the drug 61, others have shown that more than one step in the metabolic
131 132chain of DZ is impaired ’ . Diazepam in common with antipyrine and theophyline, has been

used as a probe drug to study how various environmental factors influence drug oxidation and 

thereby modulate drug effects.

1.5.3 Diclofenac
"rtiis dfiAQ ujhiCK is

Widely used for the treatment of rheumatoid arthritis, osteoarthritis, or analgesia, is a weak acid
292and highly bound to albumin (>99%), which limits its distribution into the extracellular space 

It undergoes extensive metabolism via acyl glucuronidation and aromatic hydroxylation followed 

by conjugation. In human liver microsomes, diclofenac is ring hydroxylated by CYP2C9 149. In 

the rat, 4-hydroxydiclofenac and 5-hydrocydiclofenac are metabolites excreted in the urine
274whereas acyl glucuronide of unchanged diclofenac is the main metabolite in bile . However,

the resulting acyl glucuronides are unstable and may lead to formation of covalently bound
135adducts to hepatocellular proteins ‘ .

1.5.4 Salicylic Acid

Salicylic acid is a small relatively polar molecule displaying low permeability across the
121 325hepatocyte membrane and it binds to cellular constituents of liver cells . It is metabolised in

man and animals to salicyluric acid (SU; glycine conjugate), SPG, salicyl acyl glucuronide,

gentisic acid and gentusuric acid. In the rat the main metabolite is the glycin conjugate. Available
179data suggest that SU and possibly SPG can be reversibly transformed back to salicylic acid

121 2G1Nevertheless, more recent reports support the idea that salicylic acid is not metabolised, 

or minimally metabolised by the liver during single pass (ie 20 min after infusion, the percentage 

of metabolites in the perfusate was only -4%  147), Salicylic acid has been employed for the 

determination of transport process mechanisms through various systems including RBCs and cell 

line. Studies suggest two parallel processes responsible for transfer of salicylic acid through the
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erythrocyte membrane-one involving band 3 anion transport protein and the other involving

171passive diffusion o f  unionised molecule

Figure 1.5 Diagram representing the chemical structure o f the studied drugs
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1.6 Aims and Objectives of the Project

1.6.1 Aim of the Project

The present project is aimed at characterising the influence of structural and physiological factors 

on the permeability of selected model compounds in rat.

With regard to the regional permeability studies, hepatic cirrhosis was chosen as a suitable model 

as it has been shown that due to parenchymal damage and microcirculatory alterations, the 

blood-liver exchange is progressively limited 119. Many studies have been carried out in the past 

to evaluate the relative importance of these alterations on drug elimination 119,32,306,307 but only 

few studies have been performed so far to investigate the cirrhosis of the liver in view of 

permeability limitations 119 Application of the indicator dilution technique in the isolated 

perfused liver allows us to effectively approach this issue 60 We aimed to cho°se model 

compounds with high lipophilicity or high hydrophilicity to evaluate the role of structure on 

distribution. With regard to the whole-body pharmacokinetic studies, rat was chosen as this 

animal has proved very suitable for such studies.

Another aim of the project was to test the applicability of the axial dispersion model to the 

conditions of altered permeability in experimental cirrhosis. The development of this model not

only represents a promising conceptual advance in modelling, it has extended our ability to
228 229quantify hepatic drug elimination and distribution as well * . However, much experimental

work is still required to validate this model. This project has been undertaken with such a view.

1.6.2 Specific Objectives

1.6.2.1 Studies on physiological factors

The specific objectives of each study are listed below.

Study 1. Permeability-limited distribution. To characterise the permeability of substances in 

system with reduced permeability (hepatic cirrhosis). The distribution of five established 

radiolabelled non-eliminated reference markers is examined in the isolated perfused rat liver using 

the indicator dilution technique. Comparative studies are carried out in cirrhotic livers as well as 

non-cirrhotic (control) livers.
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Study 2. Permeability-limited uptake. To investigate the dispersion of solutes with different 

distribution properties in system with reduced permeability in comparison to that of reference 

markers. Three model drugs, diazepam, diclofenac, and salicylic acid are used in an impulse- 

response mode.

Study 3. Steady-state extraction. To evaluate the influence of altered protein binding on steady- 

state hepatic extraction of a drug with high intrinsic clearance. The test compound is diazepam.

1.6.2.2 Studies on Physicochemical properties

Study 4. Permeability-limited uptake. To evaluate the relationship between physicochemical 

properties and hepatic dispersion of drugs with different membrane permeability. Diazepam 

(logP=2.8), diclofenac (logP=4.4), and salicylic acid (logP=2.2) are used.

Study 5. Constant-rate infusion. To assess the hepatic distribution and pharmacokinetic 

parameters of a test substance, whose disposition properties in impulse-response mode is difficult 

to establish, using conditions after stopping a constant-rate infusion. Creatinine is used as a test 

substance.

Study 6. The whole-body distribution. To evaluate the distribution kinetics of a test compound in 

the major tissues of body (in vivo experiment) in comparison to an extracellular marker 

(sucrose). Creatinine is used as test substance.

1.6.3 Plan of the Project

Animal experiments: In regional pharmacokinetic studies, the isolated perfused rat liver 

preparation in single-pass mode is used. For studies in hepatic cirrhosis, each batch of rats is 

divided into three groups. The first group is treated with hepatotoxin and the second and third 

groups serve as normal and phenobarbitone-treated controls. In the whole-body (in vivo) 

pharmacokinetic studies, the carotid artery and jugular vein of normal rats were cannulated for 

the administration and sampling of substances. To minimise variability and the number of animals 

required, a multicomponent mixtures of substances is examined in each preparation.

31



Chemical assay: In the steady-state experiment, diazepam is assayed by HPLC, using 

modifications of a standard procedure 60. In all other studies, radiolabelled substances are 

assayed by radiochemical analysis.

Induction of cirrhosis: An established animal model of hepatic cirrhosis is induced in rat using 

oral administration of phenobarbitone and carbon tetrachloride. This model is thought to 

resemble human cirrhosis.

Labelling of erythrocytes: In order to use erythrocytes as vascular markers in the indicator 

dilution technique, they are radiolabelled using5’chromium.

Protein binding: The degree of protein binding of diazepam in the perfusion medium is 

determined by equilibrium dialysis 60. Preliminary experiments are performed to confirm the 

equilibrium time, the stability of diazepam during analysis and the linearity of diazepam binding.

The magnitudes of non-specific binding and volume shift are also estimated. The degree of
120binding of diclofenac is determined by ultracentrifugation

Data analysis: Estimates of the pharmacokinetic parameters are obtained by fitting the

appropriate equation associated with the dispersion model to the experimental data using the
321non-linear least squares regression programme MULTI-FILT version 3.4 ' and SIPHAR 3.3

(Simed, France). The statistical moment analysis is also used (MOMENT program;
277Tanigawara,1992 ) in comparison with the dispersion model. All data are reported as 

mean±standard deviation

Liver evaluation: Histological evaluation is used to verify the state of control and treated livers. 

The degree of shunting in the isolated perfused livers is assessed using radiolabelled 

microspheres.
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CHAPTER TWO: THEORETICAL

2.1 Data Analysis
In this project, two different approaches were exploited for the analysis of hepatic outflow data;

318a) Non-narametric method; this method, using statistical moment analysis , emphasises the

general behavioural rather than detailed structural or mechanistic properties of the system.
228 229bt Mechanistic approach; here, application of the axial dispersion model ’ aims to

characterise the behaviour of the system and express it in terms of physiologically meaningful 

parameters.

2.1.1 Statistical Moment Analysis

For many flow systems, such as liver, usually the only quantities that can be measured are the 

concentrations of solute in the inflow and outflow of the system. It would be desirable then to 

describe the transit of drug from inflow to outflow using some general methods that do not 

depend on the knowledge of the structure of the system. Statistical moment theory views drug

disposition as a statistical process, with the transit time distribution (TTD) occurring due to the
273 103 127 226 164spread in transit times of molecules on pass through the system ’ ’ ’ ’ . The outflow

profile can then be expressed in terms of its moments.
j»oO

S, =  f t ' . C . d t  ( i = 0 ,  1 ,2 ,  ...m) (2.1)Jo

The TTD is most often characterised by the first three moments;
j* oo

A U C = S o = |C . < #  (2.2)

I* co
c t.C .dt

MTT = —  = ^ - (2.3)
So AUC

r00 nc v, t ,C,dt
VTT = ------( —  f  = ^ -------------- MTT2 (2.4)

So So AUC

where AUC, MTT and VTT are area under the outflow frequency versus time curve, mean 

transit time and variance of transit times, respectively. AUC reflects the recovery of the drug in 

the outflow and hence the hepatic extraction. MTT is the average time taken by a solute 

molecule to traverse the system; it is an indication of the size of the system and the interaction
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between the system and drug. These moments are linked to physiological parameters via 

perfusion flow (Q) using the following equations 226,228,164:

F = ^ . q  (2.5)
Dose

when F=l, Dose = Q . AUC (2.6)

V = MTT . Q (2.7)

where F and V are the fractional recovery and the apparent volume of distribution for non­

eliminated solute. Equations 2.5 and 2.7 are structure-free in the sense that they do not depend 

on the physical nature of the system or organ being investigated 226.

VTT is a measure of spreading or dispersion of drug in the liver. By taking into the account the 

size of the system, the nonnalised variance, CV2, gives the relative dispersion of solute within the 

liver.

VTTCV2= —----   (2.8)
M TT2

2 10 CV is a more useful parameter than VTT because it is a) independent of flow , b)

dimensionless, and c) much less affected by extrapolation errors 302.

For an eliminating solute, although MTT, VTT, V and CV2 are obtainable from the outflow data 

using moment analysis, as they are influenced by elimination, further evaluation can only be made
242by applying a parametric model to account for the effect of the hepatic elimination 

Furthermore, as global descriptors, parameters estimated from moment analysis are concerned 

with steady-state properties such as the extent of distribution (Vd) and elimination (E, CL), 

rather than kinetic aspects of the disposition processes. Therefore, a detailed analysis of the 

transient kinetics cannot be achieved without recourse to a model.

2.1.1.1 Calculation of moments

The moments of the outflow profile can be calculated by numerical integration using trapezoidal
318approximation . These numerical methods replace the integrals by finite sums and so introduce

an error of approximation. Since the outflow concentration is usually only measured up to a
318finite time, one has to be aware of the cut-off errors introduced by truncation of data . Usually, 

it is necessary to extrapolate these calculated moments to time infinity. However, extrapolation 

beyond the last data point may be a source of large and unpredictable errors, particularly in
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estimating higher moments. It is therefore not surprising that the zeroth and first moments are 

the most frequently used ones in Pharmacokinetics.

2.1.1.2 Correction of catheter distortion

On calculating the moments of a solute, it is important to consider the effect of the non-hep atic
949region on its TTD . The correction for MTT is

MTTh= MTT - MTTnh (2.9)

where MTTh and MTTnh are the mean transit times in the liver and non-hepatic region,

respectively. The effect of catheter distortion can also be accommodated by numerical
242deconvolution when model equations are used

2.1.2 Axial Dispersion Model

2.1.2.1 Transient considerations

The frequency outflow of a solute injected into the single-pass isolated perfused liver can be 

described by a series of differential equations which can be solved using Laplace Transfonn 

operations.

One-compartment dispersion model: When the radial transfer of drug between the blood and the 

hepatic spaces into which it distributes is instantaneous (ie the liver behaves as a single cylinder

with flow-limited distribution), the hepatic transfer function for the solute during a single pass
228can be adequately described using the one-compartment dispersion model , expressed by 

1 - V l  + 4DN .(RN + V H.S /Q )
ff(s)H = exp

2D N
(2-10)

where Dn is the hepatic dispersion number, a measure of relative axial spreading of a solute in 

the liver. The efficiency number, RN, is defined as 

_ CLj^ .p
Rn —

Q
(2 .11)

where /ub is the unbound fraction of the solute in perfusate, and p is given by 

PS
PS + CL

(2.12)
int

where PS is the permeability-surface area product of hepatocyte membrane to the solute (with 

units of volume per time). Vh is the apparent volume of distribution of drug within the liver,

35



VH = V b+ ^ - P - V= 
fi l e

(2 .13)

where /u c is the unbound fraction of the solute in the cell, Vb is the volume of the central 

compartment (which physiologically represents the combined volumes of the vascular and Disse 

spaces in the liver) and Vc is the aqueous volume of the cellular space. If the drug is not 

eliminated (Rn=0), Equation 2.10 reduces to

r( s )H = exp
1 — yj 1 + 4D ^ . VH. s / Q

2D N
(2.14)

Two-compartment dispersion model: In the case where a permeability barrier exists within the 

liver, such that radial distribution of a solute into hepatic tissue is not instantaneous, the hepatic

transfer function is described by the two-compartment dispersion model 61,321

W(s)n = exp

i -  s + k l 2 ^12*^21
s+ k2i + k"23-

2D N
(2.15)

The transfer rate constants, ki2 and k2i, represent the influx and efflux first-order rate constants 

across the hepatic cellular membrane, respectively, and k23 is the first-order rate constant for 

elimination of drug from the peripheral compartment (which is assumed to represent the cellular 

space). The influx, efflux and elimination rate constants can be further defined by the following 

physiological equivalents 

_ > b - P Sk12

k2i =

V23 :

Vb

,/uc-PS
Vc

/u c ■ CLjnt

vb

(2.16)

(2.17)

(2.18)

For a non-eliminated solute (k23=0), Equation., can be reduced further.

1 - J l  +

IV(s)n = exp

4DN Vb
Q

s + k i 2  - k 1 2 k21 
s + k 2 i  J

2 ° N
(2 .19)

36



The transfer function of the frequency outflow curve obtained from the experimental system 

without the liver can be described using a rearranged version of Equation 2.14 63’242

W(s)nh = exp — —------ ---------------- — — (2.20)
2D N,NH

where D n,nh and M T T nh are the dispersion number and mean transit time of the solute in the 

non-hepatic perfusion system.

2.1.2.2 Steady-state considerations

The availability or fractional recovery (F) of a drug across the liver at steady state is given by the
228 229ratio of hepatic outflow to inflow concentrations. In terms of the axial dispersion model ’ ,

for closed boundary conditions, F is given by

4a

(a + 1) .exp 

where a is defined as

a -  1
2Dn

( a ~ l )  .exp
(a + 1)
2D N

(2 .21)

a — yj 1 + 4Dn . Rjsj (2.22)

As Dn approaches infinity (extensive axial dispersion), Equation 2.21 becomes

F =
1

1 + R
(2.23)

N

which is the expression for the well-stirred model. In contrast, as Dn approaches zero (negligible 

axial dispersion), Equation 2.21 reduces to

F = exp (-Rn) (2.24)

which is the expression for undistributed parallel-tube model.

2.1.3 Statistical Analysis

All data are presented as mean+standard deviation. Analysis of variance (ANOVA) followed by 

intergroup comparisons was used to test:

a) in impulse-response experiment: the effect of treatment on the different parameters studied. 

When a significant F was obtained, a student t test was employed.

b) in steady-state experiment: the effect of fraction unbound on availability.
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2.2 The Theory of Indicator Dilution Technique (IDT)

The indicator dilution technique provides a model independent method of comparing the 

behaviour of a test substrate against a reference substance in a given organ t54’316,H9’164 This 

behaviour may be expressed in a variety of terms including capillary permeability, metabolic 

uptake, rates of movement, or volume of distribution. The central idea in the multiple indicator 

dilution technique (MIDT) is the simultaneous introduction of both a diffusible (tissue 

permeating) solute and a group of reference markers (including diffusible and non-diffusible 

tracers) at the inflow to an organ and to deduce from their relationship between the outflow 

profiles of diffusible and non-diffusible tracers what kind of events have occurred within the 

organ. By achieving this, a set of outflow indicator dilution profiles are generated allowing an 

assessment of the compound under study, in the same physiological condition.

In the past, direct analysis of tissue has been used to define the composition of tissue in terms of
83accessible volumes of distribution for various substances and tissue compartments . By 

choosing appropriate marker, the IDT technique may similarly be used to estimate the 

intravascular (IV), extracellular (EC) and intracellular (IC) spaces within a tissue. Generally, 

radiolabelled markers are used as the concentration required is so low that it does not interfere 

with any concentration dependent process. However, technical difficulties arise in terms of the 

selection of non-eliminated markers for use in conjunction with the labelled substrate. For 

example, use of a tritiated substrate renders the concomitant use of tritiated water highly 

undesirable. Alternatively, 14C-labelled substrate would exclude the concomitant use of 14C- 

sucrose. The presence of two or more markers with the same radioisotope would necessitate 

tedious separation procedure for quantitation of the radiolabelled species in large numbers of 

samples of small volumes which in turn produce some errors. More often, the choice of a label 

for the test substrate is dictated by its ease of acquisition and cost. These facts have led to the 

application of single indicator dilution technique (SIDT) which requires the injection of the 

markers sequentially. The present study has been designed from this point of view.
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CHAPTER THREE:

3.1 Materials

Acetonitrile

14C-Albumin

Carbon tetrachloride

51Chroinium

14C-Diazepam

14C-Diclofenac

Chloroform

Dichlorodimethylsilane

Evans blue

Halothane (Fluothane)

Heparin sodium

HSA (human serum albumin)

Hydrochloric acid (cone)

Hydrogen peroxide

Hypnonn

Fentanyl citrate 

Fluanisone 

Medazolam 

Methanol 

57Co-Microspheres 

Pentobarbitone (Sagatal) 

Perchloric acid 

Phenobarbitone 

Propan-2-ol 

14C-Salicylic acid 

Scintillation fluid 

14C-Sucrose 

14C-Urea 

3H-Water

MATERIALS AND GENERAL METHODS

HPLC grade 

5 pCi/65 pi

374mCi/mg

lmCi/ml

150pCi/ml

99%

1000&5000U/ml 

20% w/v

30%w/v

0.315mg/ml 

lOmg/ml 

10mg/5 ml 

HPLC grade 

9.2mCi/g 

60mg/ml 

60%

50pCi/ml

Hisafe'2

O.lmCi/ml

125pCi/ml

lOOmCi/ml

BDH Chemical Ltd

Sigma Chemicals 

BDH Chemical Ltd 

ICN Biomedical Inc 

ICN Biomedical Ltd 

ICN Biomedical Ltd 

BDH Chemical Ltd 

Aldrich Chem Ltd 

Sigma Chemicals 

Zeneca Ltd

CP pharmaceuticals Ltd 

Pharmacia, Sweden 

Fisons Chemicals 

BDH Chemical Ltd 

Janssen Animal Health

Roche Company Ltd 

BDH Chemicals Ltd 

NENT r ac, Germany. 

RMB Animal Health 

BDH Chemicals Ltd 

BDH Chemicals Ltd 

Fisons Chemicals 

Fisons Chemicals 

Fisons Chemicals 

SigmaChemicals 

Sigma Chemicals 

ICN,Biomedical Ltd
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All other chemicals, mentioned in the methods and analytical assays, were obtained from either 

Sigma Chemicals or BDH.

3.2 Equipment

3.2.1 General Equipment

Balance

Centrifuge

Micro Centaur 

Mistral 3000i 

Beckman 50Ti 

Dialysis Membrane 

Dianorm®

Dispensing pipettes (10ul-5ml)

Filter

various sizes & specifications 

Gas Cylinders95%02:5%C02; N2; C 02 

LKB Liquid Scintillation Counter 

Micropipette (50-5000pl)

Microscope (standard 35mm cassette film)

Mixer Rotator

pH-meter (digital, CD620)

Scintillation vials (8ml plastic, 20ml glass) 

Shaking Water Bath (STATUS 100)

UV/Vis Spectrophotometer (Ultrospec II)

Vortex Mixer

WhirliMixer®

3.2.2 HPLC Equipment

Pump (Kontron® LC420)

Guard C olumn (NewGuard® RP18,15x3.2mm, 15 pm) 

Column (Spheri-15® RP-18,100x4.6 mm, 15pm) 

UV Detector (Jasco® 100-IV)
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S alter-A&D Ltd

MSE Scientific Instruments

Scientific Instrument Centre Ltd 

Diachema AG, Switzerland 

Eppendorf Multipette 

Millipore Corp

BOC Ltd, UK 

Wallac Ltd

volac, Boehringer Mannheim 

BDH

Stuart Scientific Equipments 

Fisons Scientific Equipments 

Wallac Ltd

The Northern Media Supply Ltd 

LKB, Sweden.

Northern Media Supply Ltd 

Fisons Scientific Equipment

Kontron Instrument Ltd 

Brownlee Lab,USA 

HPLC Technology Ltd 

Japan Spectroscopic Co Ltd,Japan.



Integrator (HP3392A) Hewlett Packard Co

3.2.3 Perfusion Equipment

Cabinet

Cannulae (Medicut® 14&16GA)

Carousel

Fraction Collector (Redifrac®)

Injection Port (Venisystem ®)

Oxygen Meter (Jenway® portable) 

Peristaltic Pump

pH/Temperature meter (Jenway® portable) 

Syringe (Microliter® 50,100pl)

Water Bath

3.2.4 Surgical Equipment

Dissecting Set

Hypodermic Needles (12g, 16g,20g)

Syringe Driver (MS 16A)

Metabolic Cages

Microcentrifuge Tubes (polystyrene, l-5ml) 

Plastic Syringes (1-10 ml)

Polyethylene Tubing (PE 10,50,90) 

Surgical Table (with heating block)

Timer (digital, 59min,59sec,99/100sec)

Pharmacy Workshop,Manchester Univ 

Sherwood Medical

Pharmacy Workshop,Manchester Univ 

Pharmacia 

Abbott Ireland Ltd 

Fisons Scientific Equipment 

Watson-Harlow Ltd 

Fisons Scientific Equipment 

Hamilton Company,US A 

Northern Media Supply Ltd

Arnold Horwell Ltd 

Gillete Surgical Ltd 

Graseby Medical Ltd 

Lab Care Precision Ltd 

Alltech

Becton Dickinson Co 

Caly Adams,US A.

CF Palmer Ltd 

BETA Company
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3.3 METHODS
In this chapter, only those methods which have general application are discussed. There are 

several other more specific methods which are located in the pertinent sections.

3.3.1 Induction of Cirrhosis

Drug disposition studies in the context of hepatic deficiency requires application of numerous 

methods and techniques which are often impossible to perform on human livers. These studies,

therefore, are best accomplished on experimental models in laboratory animals. To this end, a rat
208 209model of experimental cirrhosis introduced by Proctor and Chatamra ’ , which closely

107resembles human cirrhosis , was adopted for our studies.

3.3.1.1 Methods

3.3.1.1.1 Animals

Rat was chosen as experimental animal model throughout the project. Male Sprag-Dawly rats, 

weighing 145-155 g (six week old), obtained from the animal unit, Faculty of Medicine, 

University of Manchester were used. They were allowed free access to food (stock pellet diet) 

and water and housed in groups of 3 in temperature-controlled (22+1 °C) rooms under a 12-hr 

light/dark cycle (8.00-20.00). Rats, in each batch, were randomised into three groups. The first 

group was used for induction of cirrhosis. The rats in the second group served as phenobarbitone 

controls and the third group served as normal controls.

3.3.1.1.2 Weighing

Accurate daily weighing of the rats was carried out at the same time (9.00 h) each day using an 

electronic balance and the weight recorded when the rat remained motionless. The weight 

changes were measured with an accuracy of ±0.1 g in the 100-800 g range.

3.3.1.1.3 Phenobarbitone

Sodium phenobarbitone was added every day to the fresh drinking water (35 mg/dl). This 

solution was the only source of drinking water available to the rats.
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3.3.1.1.4 CC14 dosing scheme

After 10 days on phenobarbitone, when the rats were about 200-250 grams in weight, the first 

intragastric dose of CC14 was given. The CC14, mixed in com oil (as vehicle), was given by 

gavage after anaesthesia (2 min exposure to halothane/oxygen). The amount of CC14 

administered had to be increased each week. In order to keep the volume of oil administered 

low, different concentrations of CC14 in com oil were prepared. A maximum volume of 2 ml was 

given to each rat. Rats were not starved before receiving the dose of CC14.

The cannula for the intragastric intubation was made from a fine intravenous catheter (Portex®; 

5FG; od 1.65 mm) cut to 12 cm long, with the end fused into a bullet-nosed shape with a side

hole. The dose was given at the same time of day (9.00 h) once a week (on Mondays). The initial
208 209dose used was based on that proposed by Proctor et at. ’ together with an introductory 

experiment that we did. A batch of twelve rats was divided into three groups of four rats. A 

single dose of CC14 was given to each group. The doses were 0.04, 0.08, 0.16 and 0.32 ml 

CC14, respectively. The initial dose was defined as half the dose at which death began to occur 

which. It was 0.08 ml CC14. Several months later, when additional rats were started on the CC14 

treatment, the initial dose was increased to 0.12 ml CC14.

Subsequent weekly doses of CC14 were adjusted depending on body weight responses to 

previous doses. Each subsequent dose was calibrated based on the response of the previous dose 

to maintain a critical level of damage, as reflected by the daily body weight fluctuation of each 

individual rat. The intended change was a weight loss of 6-9% 2-3 days after each CC14 

administration and a weight gain on the 7th day. A total weight loss of approximately 25% was 

intended in the CC14-treated animals compared to controls.

In rats achieving the intended weight changes, weekly doses of CC14 were increased by 1.5-, 2-, 

3-, 4-, etc., times the initial dose (standard scheme). In rats with a weight loss of less than 

approximately 6% on days 2-3 after CC14 administration, the dose was increased by twice the 

initial dose. In rats with a weight loss of 6-9%, the dose was increased by 1.5-times the initial 

dose. If the body weight loss was more than 9%, the dose was maintained when there was a 

clear weight gain on the 7th day. Doses were reduced by the initial dose if the body weight was
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just regained or increased a little on the 7th day. Doses were reduced by half the initial dose if the 

body weight was not regained.

After some time, a clinical impression of the animals' condition also helped to determine the 

adjustment of dosage. The doses of CC14 ranged from 0.04 to 0.96 ml. The duration of 

treatment varied between 12-16 weeks. A minimal delay of 7 days after the last dose of CC14 

and phenobarbitone administration was allowed before in situ perfuion studies were carried out. 

The cirrhotic rats, therefore, at the time of in situ perfusion were approximately 6-7 months old.

The second group of rats only received phenobarbitone in drinking water and vehicle without 

CC14. The third group of rats received no treatment. The second and third groups of rats served 

as weight matched control rats, ie when their body weight reached the mean value of that for 

cirrhotic rats they were used for liver perfusion experiment (~ 4 months old). This permitted a 

basis for comparison of data between the two groups of controls and cirrhotic rats. A few 

normal rats, however, were kept alive to serve as age-matched controls. This allowed 

comparison of the overall growth pattern between the two groups. CC14-treatment was 

performed on a total of 9 batches of 12 rats. Each batch had a nonnal control and a 

phenobarbitone-treated (PT) control group each containing 4 rats. Suitable animals were 

selected from each group and used in the isolated liver perfusion experiments.

3.3.1.1.5 Measurement of pressure

Perfusion pressure in perfused liver preparation was measured using a purpose built mercury 

manometer. The zero reference for each flow rate was established while inflow and outflow

cannulae were connected together (without the liver). The intrahepatic resistance was calculated
295using the following equation

P mmHg
R (mmHg/ml/min/g liver weight) = — —— — — —— — - —  (3.1)

Q m l!  m in/g.liver.weight

3.3.1.1.6 Prediction of cirrhosis

In the final weeks of treatment, most of the rats developed some degree of transient ascites. 

When the ascites persisted it was assumed that cirrhosis had developed 209 and the treatment was 

stopped. Bleeding from the nose, which is a sign of esophageal varices and occurs in parallel 

with the development of portal hypertension and onset of cirrhosis also occurred. Plasma levels
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of albumin were measured in most cirrhotic and control rats at the end of the treatment. No other 

invasive test was performed to verify the status of the treated livers.

The cirrhotic rats as well as rats in the control groups were used for single-pass and steady-state 

experiments. The in situ perfused rat liver studies was 'blindly' accomplished on the treated livers. 

After the conclusion of each experiment, histology evaluation was obtained in all cases on biopsy 

specimens fixed for light and electron microscopy examination. Only results from rats showing 

histologic cirrhosis were used in the data analysis.

3.3.1.1.7 Ultrastructural Examination

Histology provides important information about morphological changes. Anatomical changes are 

usually indicative of functional alterations and information so obtained are often subsequently 

used in the interpretation of data. This approach was made in the present project and histologic 

evaluation was extensively performed with the collaboration of a pathologist. Below are the 

practical procedures adopted.

Preparation o f the liver. At the end of each in situ experiment, while the liver was still being
188perfused with the perfusate, the medium was switched to the following fixative solution

Formaldehyde 4% v/v

Sodium phosphate 0.65% w/v

Sodium-acid phosphate 0.4% w/v

Distilled water to 100%

The liver was perfused with the above medium for 5 min, removed and two 1 cm2 samples (for 

light and electron microscopy) from the large lobe were cut and stored in phosphate buffer (pH 

7.4) solution.

Light microscopy: The first sample was embedded in paraffin. 5-/on slices were prepared from 

paraffin-embedded blocks and stained with haematoxylin and eosine for light microscopy. The 

area selected for analysis was remote from the portal triads and scarred areas in livers. In 

cirrhotic livers, because of the differences that occur depending on whether the sample is at the 

middle or at the edge of a 'regeneration' nodule or whether it is close to a portal tract or terminal
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hepatic vein, an attempt was made to minimise the sampling problem by analysing similar sites at 

the centre of nodules in each specimen.

The evaluation began with a review of all tissue present on the light microscopic section at a 

relatively low magnification in order to assess the adequacy of the specimen and to identify any 

major abnormalities. This was followed by a systematic evaluation of the overall condition of the 

hepatic architecture and connective tissue, the presence and distribution of nodules and the type 

and the severity of necrosis. Some areas from micronodules were randomly selected and pictures 

were taken.

Electron microscopy: The second sample from the same pefused liver was postfixed in osmium 

tetroxide, dehydrated with alcohol, and embedded in Epon 812. Regenerative areas of 

parenchymal tissue were randomly selected by phase-contrast light microscopy. Thin sections of 

these areas were stained with lead citrate and uranyl acetate for electron microscopy and 3 5-mm 

pictures were taken with an Hitachi H300.

3.3.1.2 Results

3.3.1.2.1 The yield of cirrhosis

The CC14-phenobarbitone treatment procedure produced cirrhosis in 81% of (72 out of 89 rats) 

surviving animals with a mortality of 17.6% (19 out of 108 rats). The result of CC14-treatment 

for each of 9 batches of rats and the number of surviving and dead animals are presented in Table 

3.1.1.

3.3.1.2.2 Gross observations

It was found that when sustained ascites occurred, under the calibrated conditions, it was 

associated with micronodular cirrhosis. On opening the abdomen, several abdominal organs were 

observed to be involved. The liver was tan or orange-yellow with fine to gross nodularity (Figure 

3.3.3); small and large lobes were involved to the same extent. Both the consistency and fragility 

of the liver were increased. Increased mesenteric fat lobulation and lymph node hyperplasia 

frequently occurred. Splenomegaly, testicular atrophy, and alopecia were also observed in most 

cirrhotic (CR) rats.
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3.3.1.2.3 Histologic observations

From every 12 rats in the cirrhotic group, eight rats had a complete picture of micronodular

cirrhosis (Table 3.3.2). The remaining four rats showed varying degree of fibrosis, steatosis and
188hepatic damage which were considered as early stages of fully developed cirrhosis

By gross and microscopic examination, the control livers revealed no pathologic alteration. In 

general the size of hepatocytes was normal and normal architecture of lobules was preserved 

(Figure 3.3.3). The hepatic sinusoids were relatively narrow and were lined by cells with long, 

thin, attenuated processes (Figure 3.3.4). The sinusoidal lining cells frequently overlapped but 

did not exhibit tight intercellular connections. In some areas there were gaps between contiguous 

segments of the lining cells and no continuous barrier was interposed between the sinusoidal 

lumens and the parenchymal cells. Thin microvilli extending from the hepatic paranchymal cells 

and occasionally collagen bands were present in the narrow spaces of Disse.

CC14-treated livers showed a completely different picture from normal livers. The livers 

appeared grossly micronodular and icteric. By microscopic examination they revealed complete 

distortion of lobules and appearance of nodules (Figure 3.3.3). Hepatic cells often exhibited 

distorted, sometimes swollen, or blunted microvilli. In some areas the paranchymal microvilli 

were reduced in number (Figure 3.3.4). Signs of cell infiltration were frequently present. In some 

areas, fenestrations were rarely observed. In some instances, the vessels appeared contracted so 

that the lumens were collapsed, whereas in other vessels the lumen was patent. While many of 

the sinusoids remained normal, many were slightly widened or narrowed. In severely cirrhotic 

livers, sinusoids occasionally were lined by somewhat thickened and continuous cells. In some 

specimens the space of Disse was widened in part because of retraction of altered hepatocytes 

and in part as a result of an increase in the amount of material in the space. In other samples, the 

space of Disse was normal.

3.3.1.2.4 Physiological analysis

In most cirrhotic rats the portal vein showed signs of inflation and hypertension. Perfusion 

pressure and estimated intrahepatic resistance were significantly elevated in cirrhotic livers. 

Perfusion pressure, corrected for background value (mean±SD), was 8±4, and 7±4 and 26+14 

mmHg/liver in nonnal, PT, and CR rats, respectively. The calculated intrahepatic resistance was
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21+10, 4+1 and 4± 1 mmHg/mJ/min/g in the three groups respectively. Measurement of plasma 

albumin revealed that cirrhotic rats had lower levels of plasma albumin compared to control rats 

(3.9+0.4, 3.8+0.4 and 2.5+0.8 g/dl, respectively). Measurement of fraction unbound of diazepam 

to albumin in serum obtained from normal and cirrhotic rats showed that binding ability of 

plasma albumin decreased in cirrhotic animals (/u=0.32±0.05 in cirrhotics compared to 

/u=0.1+0.02 in normals).

A slight difference was observed between gross liver weight of normal (23.2+3.5), PT 

(23.5+2.5) and CR rats (27.2+4.3), which just reached statistical significance. The value of liver 

weight to body weight ratio was significantly larger in PT and CR rats compared to normals. 

Body weight was significantly lower in CR rats (88% of control value) at the time of cessation of 

treatment (436, 440 and 387 g in CR, PT and normal rats). Body weight in all three groups 

continue to increase afterwards. At the time of the liver perfusion experiment there was still a 

noticeable difference in the mean value of body weight between normal and cirrhotic groups 

(Tabel 3.3.3).

3.3.1.2.5 Growth pattern

Normal- and PT-control rats showed a normal progressive growth pattern (Figures 3.3.1, 3.3.2). 

The increment in the body weight of cirrhotic rats was slower. At the end of treatment period, 

the rats in cirrhotic groups had a considerably lower mean value of body weight compared to 

normal rats.
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Table 3.3.1
Yield of production of experimental cirrhosis on rats of 
different batches using Proctor's method (Ref 208).

CR NC D
Batch Number

1 6 3 3
2 7 3 2
3 6 3 3
4 7 2 3
5 9 1 2
6 8 1 3
7 9 1 2
8 10 2 0
9 10 1 1

Number that survived 72 17 NA
Percent survival 67.70% 15.70% NA
Total number that died NA NA 19
CR: rats responded to the treatment and showed signes of cirrhosis 
NC: rats who did not develop cirrhosis 
D: rats who died during the treatment 
NA: not applicable

Table 3.3.2
Diagnostic findings of histology evaluation observed for 
rat livers served in the isolated liver perfusion studies.

Diagnostic Observations
Untreated Rats Normal structure
Phenobarbital-treated Rats Some slight fatty changes
CCI4-treated rats Grading of Cirrhosis

Number 1 Grade 1
Number 2 Grade 2
Number 3 Grade 1
Number 4 Grade 1
Number 5 Grade 3
Number 6 Grade 2
Number 7 Grade 2
Number 8 Grade 2
Number 9 Grade 3
Number 10 Grade 3
Number 11 Grade 1
Number 12 I Grade 3

Grade \ : severe cirrhosis 
Grade 2: mild cirrhosis
Grade 3: presence of som e nodules with subendothelial

fibrosis, steasosis, bridging, hyperplasia
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Figure 3.3.1 Body weight change 
response to the initial dose of 
intragastric CC14. Rat 1 and Rat 2 
illustrate the extent of the variation 
in response within a group of 12 
rats. Rat 1 indicates the minimum 
response and Rat 2 the maximum @
response starting with the right initial £
dose. Each subsequent dose 
calibrated by response of previous £
dose. Note fourfold difference in O
dose by second dose and threefold -o 
difference by third dose. By dose A 
and B the weight response gj
(compared with control) has been §
matched by change in dose. Note [j
sustained departure in weight 
(dashed line) from control weight as 
critical damage level is maintained. 
Control is the growth curve (without 
standard errors for clarity) of a 
group of similar phenobarbitone- 
treated rats without CC14.

100 n Control

Rat 1
6 0 -

0.24
Control

0.16

0.08 Rat 2

0.08

rat ill

- 2 0 - 0.04

0 217

Time (days)
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3 a decrease 
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2a2 5 0 -

CCI4 Doses
Figure 3.3.2 Typical weight change pattern for individual rat from dose 1 to dose 
10 of intragastric CC14, between the extremes of Rat 1 and Rat 2 in Figure 3.3.1. 
The doses are recorded in terms of the initial dose (0.08 ml=X). Note the 
sustained departure in weight (dashed line) of cirrhotic rat from control.



Illustrations

Figure 3.3.3 Light Microscopy:
Illustrations A-L show various sections of rat livers served in isolated 
perfused liver experiments (stains and magnifications in parenthesis).

Livers from normal control rats
A: central vein (CV) with adjacent part of the parenchyma. Two openings 
of sinusoids (S) into the lumen of the vein are seen in the right side o f the 
wall (stained with hematoxyline and eosin (H&E) x270).

B: hepatocytes (H) arranged in normal plates (CP). Plates are one cell 
thick. The arrow shows a sinusoidal lining cell (H&E x400).

C: capsular and sub-capsular area of a sample. Note the thickness of the 
capsule and the structure of its connective tissue (H&E x30).

D: part o f normal liver lobule with a portal tract (P), including an arteriol 
(A) and a bile ducti (arrow), and a central vein (CV) (H&E x30).

E: a section, as shown in Picture A, shows the condensed reticulin fibers in 
the wall of central vein (CV) and small bundles o f collagen fibers (stained 
with reticulin (R x270).

F: a section, as shown in Picure D, illustrates the liver cell plates which 
radiate from the central vein (CV) (R xl 10).

Livers from phenobarbital-treated rats
G: central vein area (H&E x30).

H: part o f centrilobular area. The sinusoids are of normal width and lining 
cells are to be found. There is no atrophy of the liver cell plates (H&E 
x270).

Livers from carbon tetrachloride-treated rats
I: overal appearance of cirrhotic liver (the right lobe cut in half).

J: nodules with both slender and broad connective tissue septa (H&E x24).

K: a small nodule is surrounded by broad connective tissue septa with bile 
duct proliferation. A few fat droplets are visible (stained with van Gieson).

L: micronodules with collagen bundles (stained with Masson trichrome).
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Figure 3.3.4 Electron Microscopy:
Illustrations A-F show various sections of rat livers served in isolated 
perfused liver experiments (magnifications in parenthesis).

A: sinusoid in a control rat liver. The lumen is delimited at each side by 
attenuated segments of sinusoidal lining cells (S). At one point, a gap 
between continuous cells is probed by a process extending from an 
underlying cell (arrow). At upper right, a small sector o f the adjecent 
hepatic cell is depicted. At lower left is a larger segment o f hepatic 
parenchymal cell cytoplasm (x27,150).

B: a capillarised sinusoid in the cirrhotic liver of a CC14-treated rat. The 
empty lumen is delimited by thickened cells. At one point, the tapered ends 
of two adjoining cells barely make contact (arrow). In the space between 
the thickened lining cells and the continuous parenchymal cells (the space of 
Disse), a discontinuous basement membrane-like structure is seen (upper 
portion o f the micrograph) (x24,700).

C: a cross-sectioned vessel along a fibrotic band in the liver of a CC14- 
treated rat. Tight intercellular junctions between apposed cells may be seen 
at several points (long arrow). At one site, however, two adjoining 
endothelial cells appear barely to make contact (short arrow). In the 
attenuated portion of one endothelial cell, a fenestration (open arrow) is 
bridged by a thin diaphragm. Segments of perivascular cells incompletely 
embrace the vessel. At extreme upper right is the edge of a flanking hepatic 
parenchymal cell (H), exhibiting decreased number of microvilli (x21,150).

D: a normal liver sample. Note gap in lining cell (L) layer with 
hepatocellular microvilli (arrow) exposed to the sinusoid (S) (x17,000).

E: active cirrhosis. The space of Disse is widened and many fiber bundles 
(F) are present. The microvilli o f the sinusoidal border of the hepatocyte are 
almost completely absent (x9000).

F: advanced cirrhosis. Sinusoid appears as a typical capillary surrounded by 
a continuous basement membrane (arrow) (x8000).
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3.3.1.3 Discussion

3.3.1.3.1 Induction of cirrhosis

Providing an experimental model of human cirrhosis in rat is a delicate task. As the hepatotoxin 

used is not that causing the clinical disease, the subject is not a human but an animal, and the 

duration of the procedure is long and many variables are involved, the model must be 

comprehensively6*01" 1'^  and sharply defined. This task has been conducted extensively in this 

project.

Historically, induction of cirrhosis is associated with the problem of unpredictability which arises 

from two sources: the mechanism of development of cirrhosis by CC14, and the variation of 

hepatic response to hepatotoxin, both between the rats of a group and within the individual rat as 

the effect of the doses of CC14 accumulate. The problem with respect to the mechanism was 

clearly stated by Cameron 40 who stressed that "the production of cirrhosis by CC14 depends 

upon inflicting repeated damage to the liver, and that each episode of damage must be confined 

within a narrow and critical range between a reversible hepatitis on the one hand and death from 

acute liver failure on the other". Proctor's model is a simple approach to this problem, in which 

both the variation in response to CC14 and the maintenance of a critical level of damage are 

monitored by the daily weight change of the rat in response to doses of CC14. This is then used 

to calibrate the subsequent doses of CC14 until a standard level of severe decompensated 

cirrhosis is reached.

3.3.1.3.2 The rate of success

A considerable amount of time was spent at early stages of the work to learn the optimal 

conditions for induction of cirrhosis in the rat. Administration of right dose of CC14, handling of 

the diseased animals, recognising the stage of the disease, duration of anaesthesia and 

development of the skills to increase the rate of production and decrease the number of deaths, 

needed time and experience.

The results clearly show that, using CC14 and phenobarbitone, ît was succeeded to produce

micronodular cirrhosis in most (81%) of the rats. A more or less similar rate of production has
209 /188been reported by most other workers . Fischer-Nielsen et al claimed that they produced

cirrhosis in all their animals despite using a lower dose of CC14. They mentioned that the
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produced cirrhosis in their experiment was not severe but did not define exactly the type of 

damage to the liver they produced.

The rate of success in terms of production of cirrhosis and reduction in mortality in the present 

project improved from the first batch (25% mortality and 33% failure in production) to the final 

batch (8 % mortality and 8 % failure in production) (Table 3.3.1). The presence of some rats with 

only moderate lesions even after 16 dosings with CC14 probably reflects the insufficiency of the 

CC14 dose used in the dosing schedules, particularly in the early stages of the development of the 

scheme. As the dose was increased by 2 0 % for the next series, more severe cirrhosis was 

produced indicating that an optimal level of repeated damage to the liver was maintained.

Another possible reason for increasing the severity of liver damage was the reduction in the 

amount of oil administered. Administration of oil as vehicle to the rats is controversial. While 

some claimed that administering CC14 without oil (and CO2 as anaesthetic) produced cirrhosis in 

all treated rats, others reported that the hepatotoxicity of CC14 on mice liver was enhanced when 

com oil was employed as the gavage vehicle compare to Tween-60 aqueous emulsion 51. It was 

found that excess amounts of oil delayed the onset of the disease. Thus, different concentrations 

of CC14 in com oil were prepared and 1 ml was administered. This was particularly useful during 

the final weeks of treatment, as the amount of CC14 had to be increased every week.

The death of animals occurred early either on administration of the anaesthetic or a few days 

after CC14 administration, due to acute toxicity. Skilful handling of the anaesthesia and the dose 

administration reduced the rate of mortality dramatically. This is because the basal levels of

cytochrome P450 and the ability of the liver to respond to phenobarbitone are impaired in
157severely cirrhotic animals . Such animals are in short supply of enzymes and liable to die even 

after cessation of CC14 dosage.

3.3.1.3.3 Weight changes

The profile of change in body weight with respect to time in the present work (Figure 3.3.2) is
208similar to that reported by Proctor et al , who observed a progressive curve for both groups 

with a sustained departure in weight of cirrhotics from controls. This is a typical pattern observed 

in experimental pathology indicating the response of body to the hepatotoxin.

60



Morphometric and histological studies have demonstrated that liver enlargement is caused by an 

increase in the size, and not the number, of hepatocytes 10 Orrego 191 demonstrated that the 

increase in liver weight observed in alcohol-fed rats was due to an increase in total water (about
1SB 91760%), fat and protein (30%) and extracellular matrix (10%)

There appears to be a discrepancy in the literature regarding body and liver weight variations in 

normal and cirrhotic rats. Theoretically, lower body weight of cirrhotic animals compare to 

normals is expected. This was found in this work (Figure 3.3.2 and Table 3.3.3) and has been 

demonstrated by many others 188,209 This is due to the suppressive effect of CC14 as its effect is 

not limited only to the liver but it affects the whole body 209. Alter the cessation of treatment, all 

animals including the cirrhotics showed a nonnal growth pattern, although the mean body weight 

value of the cirrhotic group never reached that of the normals. This shows that the diseased

animals regained their ability to put on weight but could not compensate for the original weight
208loss during the treatment. This is in contrast to the findings of Proctor et al who reported that 

3 weeks after stopping CC14 administration, cirrhotic rats had the same weight as nonnal control 

rats. This means that diseased animals were able to grow faster than normal subjects. They did 

not offer an explanation for their observation.

188It has been reported that after 13 weeks of treatment, cirrhotic rats were 260 g compared to 

330 g control litter-mates and at 24 weeks post-treatment (8  months old) they were 350 g 

compare to 370 g control litter-mates. On the other hand, the livers from the same groups of 

cirrhotic and nonnal rats both weighed 28 g, or nearly 8 % of body weight, which is surprisingly 

high, as the nonnally quoted value is closer to 4%. These relatively low values for body and liver

weight are in contrast with those that have been found in this work and by other workers
208,295,96,188

3.3.1.3.4 Variation in response to CC14

In addition to the variation in response to CC14 between the rats in a series, there appears to be a 

variation in response within the individual rats with respect to time, as indicated by the variation 

in increment of doses. This may be due to I) the increasing age of each rat, which reduces the
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sensitivity to CC14 40, and II) the increasing damage to the liver with each dose of CC14, which 

decreases the ratio of the cytochrome P450/CC14 effect 160 Both these factors act in the same 

direction to reduce the sensitivity of the rat liver to CC14, and require that the dose be increased 

with time. Because CC14 was more hepatotoxic to the 200-250 g rats than to the 300-350 g rats 

it was found that care must be taken in applying doses to younger rats, as has been confirmed by

others .

3.3.1 .3.5 Prediction of cirrhosis

A general problem associated with the induction of cirrhosis is the prediction of onset of the 

disease. Many tests have been proposed as markers of liver injury but are not widely available,

developed or evaluated. Laboratory tests also lack sensitivity and specificity in differentiating
153between the various stages of liver disease . Not only is no information yet available regarding 

the natural history of changes in quantitative function tests in chronic liver disease 96, but also the 

implication of using these tests in animals has not been demonstrated.

In the case of cirrhosis, laboratory tests such as enzymatic tests or measurement of thrombin or 

plasma albumin often are not especially indicative of the disease, as they change in most acute 

and chronic liver failures. Transient ascites also does not denote a fully developed cirrhosis as the 

liver usually returns to normal after cessation of toxin administration. It was found that relatively 

more sustained ascites, together with the overall clinical impression of the animal, can lead to a 

reasonable diagnosis. Otherwise, until the abdomen is opened and the liver inspected, a final 

decision can not be made. Histology plays a vital role in evaluating the architecture at the 

ultrastructural level and relating the structural alterations to data analysis. The present

histological findings, which are in agreement to the literature data, confirm this fact
252,191,202,142

3.3.1.3.6 Ascites

Chronic administration of CC14 resulted in the appearance of ascites in the rat. The onset of 

ascites in the rats varied from 8 to 12 weeks. With the appearance of a transient ascites (lasting 

one day), the subsequent dose was reduced. If ascites was sustained (for a week or more), then 

the liver was considered to be cirrhotic and the administration of CC14 was stopped. The

62



combination of assessing the ascites and evaluating the weight changes is a non-invasive method
208to determine when the cirrhotic process has become micronodular and decompensated

3.3.1.3.7 Physiological parameters

The change in plasma albumin was used as a diagnostic in this project. The level of plasma 

albumin was lower in cirrhotic rats than in control rats. This shows that, despite the long duration 

of treatment, the liver could not adapt itself to the chronic injury and recover its ability to

maintain a normal serum albumin level. The plasma albumin concentrations in nonnal and
188 131cirrhotic rats in this work were similar to most values reported for rat and human

although some different values have been reported by some other workers 61.

The increased consistency and fragility of the liver and fat lobulation in cirrhotic rats had an 

impact on the surgical procedure in the in situ liver perfusion experiment. This increased the 

duration of the surgery, made the liver more sensitive to handling and increased the overall 

percentage of failed surgical operations. On the other hand, the limited number of animals 

showing a complete picture of cirrhosis added to the practical difficulty associated with the 

perfusion technique.

Despite the higher total flow rate of perfusate in cirrhotic than nonnal livers, flow rate per gram 

of liver was approximately the same for both groups indicating the validity of the "perfusion-rate- 

estimation" procedure. The perfusion flow rate was calculated according to the body weight 

measured before surgery. Body weight was lower in cirrhotic rats but this was compensated for 

by the larger proportionality factor that was multiplied by body weight to calculate the perfusate 

flow rate used. The reason for this higher value was that with respect to literature data, a higher 

liver weight was predicted for a given body weight in the cirrhotic animals.

The perfusion pressure which is an indirect measure of in vivo portal pressure was measured in 

the present work . This gave an indication of intrahepatic resistance. A great deal of discussion 

exists in the literature regarding the nature of portal pressure and resistance. Portal hypertension

in cirrhosis has been attributed to a) increased portal vein inflow from the splanchnic region
295and b) increased intrahepatic resistance . Elevated intrahepatic resistance, either of 

presinusoidal or sinusoidal origin is the result of a) stiffness and therefore loss of compliance of
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the intrahepatic vasculature 25, b) change in the hepatic architecture including sinusoidal
971 979  * • 25compression ’ and decreased communication between sinusoids and the space of Disse

In cirrhotic patients a significant inverse correlation exists between hepatocyte size (and surface
291area) and sinusoidal area . Ethanol fed rats in which liver enlargements of 36% to 42% were

observed, had a significant reduction in both extracellular space and blood space per unit liver
293weight . Increased intrahepatic resistance in most cirrhotic rats in this work was in accordance

295with the above theory and available reports in the literature . It should be mentioned that while

there is a link between these factors and cirrhosis, there are reports of cirrhotic subjects with
25normal portal pressure and resistance

The severity of the disease determines the reversibility of the histological and physiological 

alterations in the liver. If the disease is severe enough, ie fully developed cirrhosis, the cirrhosis is

irreversible. Even after 24 weeks post-treatment, histology evaluation and various hepatic
271 272 37function tests are indicative of a persistent micronodular cirrhosis ’ ’ . Less severe hepatic

lesions, ie limited parenchymal damages with some fatty changes, usually recover after 2-3 

weeks. As we normally performed the in situ liver perfusion experiment on rats 1 -2  weeks after 

cessation of CC14-treatment, we avoided the problem of using recovered rats.

3.3.1.3.8  Conclusion

The experimental model of cirrhosis appears to reproduce the major features of the human 

disease: the liver is grossly nodular, there are signs of portal hypertension, and the nonnal 

architecture is replaced by nodules of regenerating liver cell plates surrounded by connective

tissue septa with proliferated bile ducts. A large body of data exists in the literature
276,271,272,37,106,252 . . ,, -that support these findings.
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3.3.2 Isolated in situ Perfused Liver Preparation (IPLP)

An established 240,66,64 surgical and perfusion technique suitable for drug distribution studies 

using impulse-response and steady-state methods was applied to the rat liver.

3.3.2.1 Perfusion System (Figure 3.3.5)

The apparatus was housed in a purpose-built cabinet (1.5xlxl m) with metal frames and glass 

walls and windows at the front. The temperature was thermostically controlled by a fan heater 

and maintained at 37 °C.

Pump: A Minipuls 6  finger pump was used as means of perfusion and was based on the 

sequential compression of a flexible tube by 'fingers'. A forward peristaltic flow resulted. By 

arranging two channels in parallel the wave was damped out. Output from 4 to 60 ml/min was 

linear with changing rate of pumping. The pump was checked daily.

Gas supply: The gas used was 9 5 %0 2 :5 %C0 2 , the concentration required to provide a pH of

7.4 with 25 mM bicarbonate buffer used in the system. It was saturated with water before 

entering the bubble trap, by bubbling through a bottle fitted with a sintered-glass distributor. 

Perfusion medium: Krebs-Henseleit bicarbonate (KHB) 60 was used as perfusion medium 

containing the following components (in mM): NaCl 118, KC1 4.74, CaCl2 .6 H2 0  2.5, KH2PO4 

1 .8 6 , MgS0 4 .7 H2 0  1.86, NaHCOs 24.9 and D-glucose 8.3. Taurocholate (10 mg/L) was also 

added for the maintenance of normal bile flow 60. A concentrated solution of each component of 

the medium was separately prepared. A specific amount of each solution was mixed and made up 

to the required volume with distilled water. The buffer was prepared and filtered (0.22 pm 

membrane filter) daily. A high pH occasionally led CaCl2 to sediment and make the medium 

turbid. Hydrochloric acid or CO2 was used to lower the pH and clear the solution. The perfusate 

was continuously oxygenated and magnetically stirred for 30 min before and also throughout the 

perfusion period. Its pH was monitored continuously and adjusted to pH 7.4 using 0.1 M sodium 

hydroxide or hydrochloric acid, as appropriate. When albumin was required in the system (as the 

binding protein), a previously prepared concentrated solution of purified HSA (6 %) was added. 

The volume added depended upon the required final albumin concentration in the perfusate. This 

solution was added to the perfusate just before the perfusion system was switched from KHB to 

albumin-perfusate. This prevented denaturation and foaming of albumin caused by oxygenation.
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Since the albumin solution was acidic, the pH was again adjusted to 7.4. All experiments were 

carried out in the enclosed, thermostatically controlled cabinet maintained at 37+0.5°C.

Bubble trap: The formation of gas bubbles was prevented by incorporating a bubble trap in line 

just before the pump.

Cannulae: Transparent vinyl tubing cannulae were used throughout, size 16 for the portal vein 

and size 14 for the vena cava.

3.3.2.2 Operating Procedure (Figure 3.3 .6 )

The rat was anaesthetised by intraperitoneal injection of pentobarbitone (50 mg/kg body weight). 

Sodium heparin, 250 U, was injected intraperitoneally to prevent blood clotting. The abdomen 

was opened through a mid-line incision, and mid-transverse incisions to right and left of the mid­

line were made avoiding the larger vessels. Bleeding was minimised by clamping the major 

vessels of the abdominal wall with forceps. The intestines were then placed to the animal's left, 

between layers of tissue wetted with saline so that the liver, portal vein, right kidney, inferior 

vena cava and the bile duct became exposed. The thin strands of connective tissue between the 

right lobe of the liver and vena cava were cut and a loose ligature of silk (Ligature 1), size 3/0 

was placed around the cava above the right renal vein. First, the bile duct was cannulated by a 

length of Portex tubing size PP10 cut at an angle to provide a sharp point. The bile duct was cut 

across half its diameter with fine scissors and the cannula was inserted and pushed to the point 

where the duct arose from its branches. Here it was secured with a ligature (Ligature 2). Two 

loose ligatures (Ligatures 3 and 4), were passed around the portal vein at intervals of 3-4 mm 

below the point where the vein divides to enter the separate lobes of the liver, and a third ligature 

(Ligature 5) was placed around the vein at a point distal to the liver. The portal vein was then 

cannulated with a 16 gauge Frankis-Evans needle, a double cannula, from which the sharpened 

central metal cannula could be withdrawn after insertion into the vein. This cannula usually 

became filled with blood. With care blood loss was negligible. The two loose ligatures were tied, 

securing the cannula in place; the third ligature was then tied, shutting off the blood supply from 

the viscera to the portal vein. The inside metal needle was removed leaving the cannula in 

position. Perfusion of the medium was then started, while care was taken to avoid air entering 

the portal vein. The hepatic artery remained open to supply the liver with blood throughout the 

surgical procedure. The thorax was quickly opened by a transverse incision just above and along 

the line of the insertion of the diaphragm and by two longitudinal incisions towards the head from 

the two ends of the transverse incision. The chest wall was flapped back towards the head and a
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large pair of artery forceps was placed along the base of the flap and locked in position. The flap 

was then cut off. The vagus nerve and oesophagus were cut about 1 cm above the diaphragm in 

order to paralyse the diaphragm and to eliminate possible vasomotor effects of the vagus. A 

loose ligature was placed around the inferior vena cava close to the heart (Ligature 6 ).

The cannula which was placed in the inferior vena cava consisted of a 5-cm length of Portex 

tubing which had been heated in a gas flame, drawn out to an outside diameter of 2  mm and cut 

off at an angle to form a sharp tip. This was sharp enough to penetrate the right atrium; it was 

pushed down the vein towards the diaphragm and tied in position. The outflow fluid (consisting 

of blood and perfusion medium) was discarded. At this stage the loose ligature around the 

abdominal vena cava was tied. The whole operation took about 10 min. There was an interval of 

about 30 sec from the introduction of the cannula into the portal vein during which the 

circulation was maintained by the hepatic artery alone. The admission of an air bubble to the 

portal vein or extended interruption of the liver circulation may cause an uneven perfusion, 

indicated by uneven colouring, from which the liver may not completely recover. Such 

preparations were rejected. An indication of the success of the operation was a uniform brown 

colour of the perfused liver. After cannulation, the preparation was moved into the cabinet and 

allowed to stabilise at 37°C for 15min during which time blood was washed out from the liver.

67



iUCTiiinnr,intgn:nrtco'

SS13[!o p0lU.lH/Vv.

68



Right atrium

Superior vena cava ...

Diaphragm

Liver

Portal vein

Bile duet

Inferior vena cava
Inflow cannula

F i g . 15/3*6 Operative preparation for liver perfusion in  situ. The abdomen 
and thorax are exposed as described in the text. Ligatures 1-6 are placed and 
the portal vein and inferior vena cava cannulated.
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3.3.2.3 Viability of the liver preparations

The viability of the liver was assessed by several means; (a) gross appearance of the liver 

including its colour, (b) measurement of bile flow, (c) regular measurements of temperature, 

pressure, flow recovery and pH of the outflow perfusion medium, and (d) measurement of 

oxygen consumption of the liver. A dye (Evans blue) was also used to examine whether all parts 

of the liver were perfectly perfused. A concentrated bolus of dye was injected into the portal vein 

after the equilibrium period and the extent of perfusion to the isolated liver was visually verified. 

Only those liver preparations which were perfusing thoroughly were accepted. The removal of 

the dye from the liver was subsequently accelerated using 1% albumin solution.

3.3.2.4 Results

The success rate for the surgical procedure was 90%. The failed attempts included those 

preparations which failed one or more of the viability tests (eg unidentifiable perfusate leaks in 

the preparation), or to coming out of outflow cannula from vena cava in repositioning the 

preparation, or to liver ischemia owing to delay in cannulating the portal vein. The rate of failure 

increased in cirrhotic livers due to the following reasons.

a) Technical difficulties. Cirrhotic livers were more sensitive to pressure. They also showed a 

greater resistance to perfusion flow making the retaining of the inflow cannulae for portal vein 

more difficult.

b) Establishment of a cirrhotic liver. The treatment procedure for induction of cirrhosis results in 

some animals dying and some animals failing to meet the criteria of a fully developed cirrhosis. A 

willingness to limit the number of animals receiving CC14 treatment and yet achieve a sufficient 

number of cirrhotic liver preparations placed great demands on this component of the procedure.

The probe dye proved to be an early and significant indicator of the state of perfusion. In control 

livers, it coloured the liver thoroughly and gradually washed away. Its dispersion within the 

cirrhotic livers was less uniform. The bile flow was nonnal and steady towards the end of 

dilution experiment and no difference was detected between the control and cirrhotic livers. The 

pH of outflow perfusate, compared to that in the reservoir, was reduced (about 7 .1 compare to 

7.44, respectively) indicating an active metabolism with no significant difference between control 

and cirrhotic livers.
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3.3.2.5 Discussion

3.3.2.5.1 A review of techniques of liver perfusion
33The first reports on liver perfusion techniques are as early as 1903 when Brodie "  explained 

methods of perfusion for several organs. Since then, perfusion techniques have been developed. 

The emphasis in recent years has been upon simplifying techniques in order that they become 

more reproducible.

The numerous methods offered in the literature for liver perfusion may be reduced to those 

introducing differences in principle. There are four main methods and represent what most 

experiments require from an isolated perfused rat liver. These methods including a) Isolated liver

perfusion technique (using either diluted rat blood102,168 or semi-synthetic liquids254 as medium),
281 - 237 238b) Reverse perfusion technique (through vena cava) , c) Perfusion of hepatic artery ’ , and

d) Liver in situ 111. The in situ liver perfusion technique has the following advantages:

1) The operative technique is simpler and less liable to error. It may be readily performed by a 

single operator. Once set up, the preparation requires only minimal attention and may continue 

to function for the desired length of time without further adjustment.

2 ) The liver is not handled and is therefore not exposed to mechanical damage. The degree of 

trauma caused by excessive handling of the liver in the first method may influence the results of 

the experiments 102

3) The operative time and anoxic period is much shorter.

4) Perfusion through hepatic artery or vena cava is not desirable because the metabolic and 

circulatory behaviour in perfusion via these routs is different to that of portal vein. Furthermore, 

perfusing the liver through the portal vein is sufficient and the liver functions normally without 

perfusion of the hepatic artery.

The "liver in situ" method, developed and modified by different workers 168’180’254̂ implies that 

the liver, although isolated from the rest of the animal, remains in situ. The perfusion medium 

enters the liver through the portal vein and leaves it through the vena cava. This method has been

applied successfully over a period of years for permeability studies, drug distribution studies
60 231 228 229 230within the liver and physiologically-based phrmacokinetic modelling ’ ’ . In this

model, physiological conditions and rates of as many reactions as possible are reproduced.
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3.3.2.5.2 The perfusion system

Apparatus: An apparatus and cabinet designed and built in the Department of Pharmacy were 

used throughout the studies. A number of advantages of a purpose built cabinet and apparatus
737has been discussed elsewhere . The pump we used allowed us to well maintain the flow and 

pressure. The total output of the pump covered the required range of flow for perfusion 

experiments.

A pump with maximum fingers was used to minimise the effect of pulse perfusion on the 

steadiness of portal flow. In all indicator dilution experiments, typical unimodal patterns were 

obtained, indicating uniform mixing at the inflow and homogenous perfusion of the portal 

vascular bed. This procedure avoided a transient sharp increase in portal flow, as observed by
327Zeigler and Goresky , and the biphasic pattern of some dilution curves reported by Reichen

218 • * ■ ■after hepatic artery injection of tracers, which can be best explained by a similar phenomenon.

Perfusion medium: It should provide an environment near to the state existing in vivo, ie of 

constant pH and temperature, a physiological concentration of the principal ions, and a suitable 

oxygen and carbon dioxide tension. It is desirable to use a perfusion medium which is defined

and of reproducible composition. Thus, the medium may differ from the physiological 'ideal'
238 110 * 109’ . The perfusion can be successful even if blood is omitted from the medium . Today,

perfusion with defined semi-synthetic medium has become a standard procedure and has been

applied to many organs including the liver. Krebs-Henseleit bicarbonate is a reasonable medium

for most studies involving liver perfusion and fulfils the requirements of a perfusion medium 254.

The duration of perfusion: Workers using semi-synthetic media have suggested an experimental
238time of up to 4 hours, although the liver does not 'fail' at this time ' . When some of the 

components of the medium which allows prolongation of perfusion time (such as erythrocytes 

and albumin) are missing, the viability of the liver for the required duration of an experiment 

should be confirmed. Several viability tests were conducted in the present studies and the 

conditions of liver preparations (up to 2  hrs) were closely examined.
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Gas supply: One of the requirements of an organ perfusion apparatus is that the medium 

reaching the organ contains sufficient oxygen to exceed the maximum requirements of the tissue 

under investigation. Thus, some form of oxygenator is used. A sintered-glass bubbler type

oxygenator was used in this work which has been shown to be very efficient in saturating and
238maintaining the medium with the gases . The oxygen content of the medium in the reservoir 

was 35mg/L, which reduced to 7mg/L in the outflow perfusate indicating a sufficient oxygen 

tension and nonnal liver function.

Bubble trap: Bubbles of gas could be troublesome in liver perfusion. Obstruction to capillaries 

results in uneven perfusion, so the extrapolation of distribution studies to weight of functioning 

tissue becomes inaccurate. This was prevented by incorporating a bubble trap in line just before 

the pump and was monitored throughout the perfusion experiment.

Cannulae: The cannulae were chosen to have as large an internal diameter as can be inserted into 

the required vessel. A large outflow cannula was chosen, in particular, to provide little resistance 

to flow, because 'back' pressure could affect perfusion. The material of the cannulae was strong 

enough to prevent its lumen being occluded by the ligature used to hold it in place.

Materials: Care was taken for the materials of the perfusion apparatus that come directly into 

contact with the perfused liver or the perfusion medium to be non-toxic to animal tissues. 

Translucent materials were chosen since gross appearance of cleanliness, the detection of 

bubbles, or simply changes in colour of the perfusion medium could be observed directly.

3.3.2.6 Optimisation of experimental design

Throughout the development of the surgical technique, improvements were continuously made 

to the system design. The perfusion pressure was measured at the start of each perfusion period 

using a mercury manometer connected by a side-arm anterior to the portal cannula; preparations 

which remained viable for the 2  hr perfusion period were readily identified, as the initial perfusion 

pressure was approximately 8 mmHg. Oxygenation originally involved direct gassing of 

perfusate with humidified oxygen and carbon dioxide. However, with albumin containing 

perfusate, this produced frothing of the perfusate which caused a reduction in the perfusate 

albumin concentration. Adding albumin at the final stage just before the impulse (administration
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of diazepam and diclofenac) allowed for enough oxygenation without the problems of frothing. 

The length of the outflow tubing was reduced to 15 cm by placing the animal on a perspex 

platform suspended 5cm above the fraction collector. Over the course of the work, total surgery 

time has been reduced from 2 0  min to 10  min.

3.3.2.7 Criteria for acceptance

For a preparation to be considered successful, the following criteria need to be fulfilled:

1.The temperature of the perfusate should remain within 37±1°C.

2.The perfusate should remain within pH 7.44+0.05.

3.The oxygen content of the perfusate should remain above 25 mg/1.

4.The surgeiy should be neat and efficient and quick.

5.Upon cannulation, perfusate flow should be interrupted for less than 10 sec.

6 .The initial perfusion pressure in control livers should be about 8 mmHg.

7.The colour of the whole liver should be uniformly light brown.

8 .The initial volumetric recovery should not be less than 98%.

9.The end volumetric recovery should not be less than 95%.

1 0 .Upon dye injection, the liver should be uniformly and thoroughly coloured.

The experiments reported had all adequate viability.



3.3.3 Microsphere Studies

It has been suggested that the percentage of shunted flow via the liver is increased in cirrhosis 

148. As shunting may have a significant impact on hepatic drug disposition, it was decided to 

investigate this matter using the microsphere technique.

3.3.3.1 Preparation of microsphere suspension

Microspheres (15 jum diameter, labelled with 37Co, with specific activity of 56 dpm/microsphere)

were obtained diy. All procedures were performed behind a lead shield using lead lined gloves

and long tongs to minimise exposure. The microspheres were suspended in 5 ml 0.9% NaCl.
6

After vortexing and sonicating, each for 10  min, a working solution of 33.3 mCi/ml (1.3x10 

microspheres) was prepared. The suiface-active agent tween-80 was added no more than three 

days before use to give a final concentration of 0.01%. The appearance of the micro spheres was 

verified microscopically.

3.3.3.2 Application of microspheres

At the end of each liver perfusion experiment, whilst the liver was still being perfused by the 

perfusion medium, 1 0 0  |ul of the microsphere suspension, which had previously been sonicated 

for 10 min and vortexed for 1 min, was injected into the portal vein over 15 sec. The hepatic 

outflow was collected from just before the injection until 5 min after. The samples were 

transferred into the scintillation vials and counted for 1 min. All possible sources of loss of 

microspheres such as the cannulae, stopcock, pipette tip and so forth were also washed and 

counted. The dose administered and background were estimated in triplicate. All samples were 

corrected for background. To assure that injected radioactivity was truly bound to the 

microsphere particles, an aliquot of stock microspheres was centrifuged, and the pellet and 

supernatant separately counted. It was found that 99.9% of the counts were present in the pellet, 

indicating negligible leaching of radioactivity from the microspheres.

3.3.3.3 Estimation of shunting

The total outflow gamma emission radioactivity was divided by the radioactivity of the dose 

administered multiplying by 100. The result represents the fraction of microspheres that bypasses 

the microcirculation in the sinusoids, a measure of shunting.
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3.3.3.4 Results
Upon injection of microspheres into the normal livers, only trace amounts of microspheres were 

recorded in the outflow. The mean value was 0.76±0.6% ranging from 0.25% to 1.8% (n=5). In 

cirrhotic livers, the recovery was variable, ranging from 0.45% to 4.1% with a mean value of

2.1 ±1.4% (n=8 ). However, there were two cirrhotic livers having microsphere recovery of 7% 

and 11%. Because the indicator dilution experiment in these two livers were not complete and 

consequently their data were not analysed, the results of their microsphere recovery were not 

included here. The recoveiy of microspheres in both normal and cirrhotic livers never produced 

the profile of a dilution curve (Figure 3.3.7).
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Figure 3.3.7 Typical outflow patterns of radiolabelled microspheres in isolated perfused rat 
livers. A) control livers: recovery=0.2%, B) cirrhotic livers: recovery 1%.
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3.3.3.5 Discussion

Radiolabelled microspheres are widely used for studies of circulatory activity in experimental 

animals 248; microspheres provide a momentary picture of the circulation. In employing 

microsphere techniques, a number of assumptions are made: their flow properties are similar to 

erythrocytes; the spheres reach their final destination within a ’few' seconds, 15 pm diameter 

spheres lodge in capillaries, once lodged their location is permanent; embolization has an 

insignificant effect on the microcirculation. Use of microspheres in measurement of shunting, 

particularly in experimental cirrhosis, is well established (27,300) and is based on the fact that 

due to their larger diameter (~15 pm) compare to sinusoids ( - 1 0  pm) they are entrapped inside 

the sinusoids but pass through the shunts (larger diameter). Their presence in the outflow, 

therefore, is an indicative of shunting.

The presence of anastomoses between hepatic artery-portal vein, between hepatic artery-hepatic

vein and between portal vein-hepatic vein in normal livers have been shown by means of latex
203cast electron microscopy . These vessels carry only a small fraction of total organ blood 

playing a protective role in its physiology. During the course of cirrhosis, the diameter and 

number of these anastomoses increases forming portal-systemic shunts. This partially counteracts 

portal pressure 296 but greatly reduces the flow perfusing the sinusoids. The question arising is 

whether this increase in diameter is high enough to divert a large volume of blood away from the 

liver and make a significant impact on hepatic extraction.

The extent of shunting varies according to the species, cause, and severity of portal hypertension 

48,129,296,203 ^hile  models of prehepatic portal hypertension, such as partial portal vein ligation

in the rat, are characterised by a maximal portal-systemic shunting (up to 90%) , CC14-

induced cirrhosis in the rat is usually associated with low degrees of portal-systemic shunting,
218 148 129ranging from 0.2 to 30% in several studies ’ . Some workers have not been able to find

any shunting in CC14-induced cirrhotic rats. The extent of shunting in cirrhotic patients with 

developed oesophageal varices may be as high as 60%. In the present experiments, from 8 

cirrhotic rats who developed oesophageal varices, 5 died before being used for perfusion 

experiment. From the remaining three, only 1 (4% shunting) was included in the analysis. The
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high variability in the extent of shunting in cirrhotic rats has been similarly observed in patients
48with portal hypertension

The presence of considerable portal-systemic shunting would result in the appearance of an early 

peak in the indicator dilution curve. This is because the portion of flow travelling in the short 

straight collaterals will emerge faster in the outflow than the portion travelling inside the hepatic 

vascular network. Such a double peak was not observed for any of the model substances. In fact,

the microsphere recovery in these experiments did not exceeded 4% and never attained the
291profile of a dilution curve. These results confirm the earlier findings published by others

The amount of shunting may be considered in modelling studies by two methods. One possible 

way is to estimate the shunting in each individual liver and allow for it in modelling studies 

(Equations 2.14 and 2 .19) when the outflow profiles of dilution curves are described in that liver. 

Another way is basically to consider the collaterals as a separate parallel compartment of 

distribution for tracer and incorporate a new term in the above mentioned equations. As the 

estimated shunting in perfused livers in the present work was not substantial, no attempt was 

made to model shunting.

There is a potential error in estimating the amount of hepatic shunting. That is the use of 

defective microspheres. If microspheres are too old or are handled excessively, their radiolabelled 

cover may be separated from the core hence acting like a plasma soluble substance. This will 

overestimate the fraction of shunted flow. On the other hand, if the suspension of micro spheres is 

not sonicated properly or a surface acting agent (eg Tween-80) is not used, there will an error in 

the dose administered and the fraction of shunted flow will be underestimated. In none of the 

studies reported in literature are these issues addressed. Thus, the validity of the estimation of 

shunting is unclear.

The existence of large intrahepatic shunts (10-200 jam diameter) shown in vascular corrosion- 

cast studies , may be explained by the fact that cast preparation requires high-pressure injection 

for satisfactory penetration of all vascular systems. At very high perfusion flow rates, the number 

and diameter of perfused collaterals are increased allowing for more microspheres to bypass the 

sinusoids. Thus, the perfusion flow plays an indirectly important role in estimating shunting.
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Using high flow rates in in situ perfused liver preparations may lead to similar situations. The 

perfusion flow rates used in the current studies were in the range of physiologic values making 

the estimation of shunting closer to the physiologic situation.
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3.3.4 Protein Binding Determination

The purpose of this study is to estimate the unbound fraction (/u) of diazepam which was used 

as model drug in the isolated perfused liver studies (Chapters 4 and 5). The degree of binding of 

diazepam to human serum albumin (HSA) was determined by equilibrium dialysis. All 

concentrations were measured in a 0.2 ml aliquot by radiochemical analysis. All glassware were 

silainised. The degree of binding of diclofenac was also estimated using ultracentrifugation 

technique, which is briefly explained at the end of this section.

3.3.4.1 Dialysis apparatus

Equilibrium dialysis was performed using two chambered Teflon dialysis cells, each of lmL 

capacity. Cellulose (size 32/32) was used as the dialysis membrane and all measurements were at 

37oC. Visking tubing, cut into 1 inch squares, was soaked in distilled water for 15 min and then 

in 30% v/v aqueous ethanol for a further 20 min. The membranes were rinsed in distilled water 

for 30 min, soaked in buffer (Krebs-Henseleit bicarbonate, ph 7.4) for 15 min and finally allowed 

to soak overnight in fresh buffer. The dialysis system was rotated at a fixed rate of 20 rpm.

3.3.4.2 Preliminary experiments

3.3.4.2.1 Stability: The stability of diazepam was assessed using a drug solution of 1 mg/ml, 

prepared in buffer. The solution placed into a 37°C water bath and aliquot samples were taken at 

1, 2, 3, 4, 5, 6  lirs during the experiment and measured. The concentration of diazepam did not 

change noticeably during the experiment (from 1.00 to 0.97) indicating that it is stable for at least 

6  hr under the conditions studied.

3.3.4.2.2 Equilibrium and adsorption: To investigate the time to reach equilibrium and non­

specific absorption of diazepam, the dialysis procedure (see below) was performed on diazepam 

using spiked buffer. Duplicate samples were withdrawn at 15 min intervals for the first hr, at 30 

min intervals for next 2 hr and then hourly for the final two hr, a total of 5 hi* in all. In five of the 

dialysis cells, no membrane was used so that adsorption of drug onto the cells could be 

estimated. Equilibrium was achieved when diazepam concentration in the buffer side was equal 

to that in albumin side. From experiment, this ratio at 1, 2, 3, 4, and 5 hr were 0.71, 0.94, 1.01, 

0.98, and 1.00, respectively. Thus, equilibrium was reached within 3 hr. Binding of diazepam to 

the experimental system was negligible, as indicated by high total recovery of the drug (95+2%).

80



3.3.4.2.3 Volume shift and unbound fraction: To assess the magnitude of volume shift, 1 ml of 

diazepam (1 mg/1 in 0.05, 0.1, 1, and 2% HSA-buffer solution) was dialysed against 1 ml buffer. 

Four cells were prepared for each concentration. After equilibrium, the solutions from each 

chamber were expelled by pushing air through the cells, using a one-ml pipette, and collected 

into pre-weighed test tubes. The postdialysis HSA and buffer volumes were obtained assuming 

the density of both solutions to be equal to 1. The ratio of HSA-volume to buffer-volume for the 

albumin concentrations used were 1.05+0.0.08, 1.11+0.07, 1.02+0.06, and 1.02+0.05, indicating 

that the magnitude of volume shift was small. Therefore, the unbound fraction of diazepam was 

taken to be the ratio of the concentration of 14C-diazepam in the buffer chamber to that in the 

albumin-containing chamber at the end of dialysis (ie at equilibrium).

3.3.4.2.4 Effect of drug concentration: The effect of drug concentration on protein binding was 

investigated as follows. Four different solutions of 14C-diazepam were prepared in buffer 

containing 1 mg/1 diazepam and 1% HSA. The diazepam activity ranged from 0.005 to 0.1 pCi. 

Four cells were prepared for each concentration. The degree of binding was concentration 

independent over the range studied for diazepam (Table 3.3.4).

Table 3.3.4 Unbound fraction of diazepam at different drug mcUoactnsrty (mean+SD; n=4)
Diazepam R a dig a cfivtfy (uCi) fu

0.005 0.066+0.003
0.01 0.070+0.003
0.05 0.072+0.003
0.1 0.077+0.003

3.3.4.2.5 Effect of liver perfusion: To assess whether the binding of diazepam was influenced by 

passage through the liver, the fraction unbound of diazepam was determined in a set of perfusate 

samples collected from the venous effluent, including protein-free samples. At each HSA 

concentration, the binding of diazepam in hepatic outflow samples was almost identical to that 

determined in fresh perfusate suggesting that binding was not influenced by passage through the 

liver (Table 3.3.5). The unbound fraction of diazepam in protein-free perfusate collected from 

the effluent of different liver preparations (n=5) was 0.98+0.03, indicating that the drug did not 

bind to material escaping from the liver into the perfusate during the experiment.
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Table 3.3.5 Unbound fraction of diazepam at different HSA concentration (mean±SD; n=4)

HSA(%) /u

0.1
0.5
1

2

Fresh Perfusate 
0.402±0.022 
0.115±0.004 
0.070+0.003 
0.035+0.004

Hepatic effluent 
0.415+0.030 
0.116+0.004 
0.081+0.004 
0.041+0.004

3.3.4.3 Determination of fraction unbound

Stock solution ( 1 0  mg/ml) of diazepam was prepared in methanol. A 1 mg/1 solution of diazepam 

was prepared in varying concentrations of HSA (0.1, 0.5, 1, and 2 g/dl, %; 1%=0.14 mM)

into one chamber of dialysis cell. One ml of buffer was pipetted into the other chamber. Four 

cells were prepared for each concentration. The apparatus was placed in water bath and rotated

The estimated value of ka (13.95+1.25) indicates the high affinity of diazepam to HSA (Table 

3.3.5). The data showed a progressive increase in binding (reduction in /u ) with increase in HSA 

concentration. The relationship between unbound fraction of diazepam and HSA concentration is 

depicted in Figure 3.3.8.

3.3.4.4 Discussion

Loss of drug during equilibrium dialysis (due to decomposition or binding to experimental
117system) may lead to an underestimation of /u  . On the other hand, adsoiption of drug to the 

dialysis cells may significantly increase the equilibrium time 162 Because diazepam is highly 

bound to HSA, any considerable loss to the system might not be immediately apparent. 

Therefore, non-specific binding of diazepam to the system was determined in the absence of 

HSA. The complete recovery of diazepam, within the experimental error, indicated that 

diazepam binding to the apparatus was negligible. These results confirm earlier observations of 

other workers in this laboratory 60

solution in buffer. One ml of this perfusate containing 0.01 pci of 14C-diazepam 60 was pipetted

for 4 hr. Duplicate samples were withdrawn. The concentration of 14C-diazepam in both 

chambers was determined. The association binding constant (ka) was calculated as

(3.2)

where Pt is the total HSA concentration 376.

82



The significance of volume shift has been addressed by several workers 30,56. Based on

118theoretical considerations , when the volume shift is less than 1 0 %, the associated error is 

insignificant. However, when the volume shift is greater than 10% and /u  is less than 0.1, the 

error is significant and should be corrected. Using varying concentration of HSA, the degree of 

volume shift in the current experiments ranged between 2 to 11% (1.05+0.04). Thus, no 

correction step was considered.

The concentration of diazepam in the steady-state perfusion studies (Chapter 5) was 1 mg/1. Due 

to the strong affinity of diazepam to HSA, it is technically difficult to estimate /u  at this low 

concentration. This made the use of radiolabelled diazepam necessary. The extent of binding in 

the current work is in good agreement with previous reports 60.

3.3.4.5 Diclofenac binding to HSA

Radiolabelled diclofenac was added to perfusate solutions (5 ml) to produce a final concentration

of 1 mg/1, and incubated at 37°C for 45 min. After ultracentrifugation (50,000 rpm at 37°C for 15

h), an aliquot (500 juil) of the protein-free solution was withdrawn in duplicate and measured

radio chemically (Section 3.3.6). The /u  of diclofenac within the perfusate was calculated as the

ratio of the average concentration of 14C-diclofenac in the protein-free solution to that in the

precentrifuged perfusate sample. At HSA concentration of 1% (the HSA concentration used in

bolus experiment; Chapter 4), the estimated /u  was 0,008+0.001 which is similar to the values
120estimated for diclofenac in this laboratory previously
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3.3.5 Purification of Serum Albumin

Human serum albumin (HSA) was used as binding protein in the perfused liver preparations 

(Chapter 4). It was necessaiy to purify albumin from impurities which reduce its binding 

efficiency. The method of Chen 41, based on charcoal treatment, was used for this purpose.

3.3.5.1 Method

HSA (40 g) is dissolved in 400 ml of distilled water and the solution placed in an ice bath at 0°C. 

Charcoal ( 2 0  g) is added and the solution titrated to pH 3.0 using 1M HC1. The solution is 

stirred magnetically for 1 hi', maintaining the temperature at 0°C. After 1 hr, the charcoal is 

diluted to 4 gram percent and centrifuged down at 0°C for 2 0  min at 2 0 ,0 0 0  rpm. Some losses 

occurs during this process but much charcoal remains in suspension. The residual charcoal is 

removed by filtration through a millipore 0.22 pm filter. The albumin solution is then titrated to 

pH 7.4, at 0°C using 1M NaOH. Final traces of charcoal are removed by filtration through a bed 

of BDH Kieselguhr.

3.3.5.2 Measurement of albumin

Albumin concentrations were measured using a commercial diagnostic kit (Sigma Chemicals). 

The principle is that bromcresol green binds with HSA to form an intense blue-green complex 

with an absorbance maximum at 628 nm. The intensity of the colour produced is directly 

proportional to the albumin concentration in the sample.

3.3.5.3 Results

The commercial albumin solution used had an initial concentration of 20 g/1. After the 

purification procedure, the concentration of albumin was reduced to 6.5 g/1. This latter solution 

was then used for the preparation of various concentrations of albumin in perfusion medium. The 

purification procedure resulted in the binding capacity of HSA to increase substantially (judged 

by the /u  of diazepam). The results are presented in Table 3.3.6.
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Table 3.3.6 Unbound fraction of diazepam in different albumin concentrations before and after
albumin purification (mean+SD, n=4)

Albuminconcentration(%)

1 

2  

6

3.3.5.4 Discussion

Serum albumin preparations contains variable amounts of lipid impurity 41,49. The bulk of the 

impurity appears to consist of free fatty acids, saturated fatty acids and ketones. In many past

studies, using albumin as binding protein, not enough attention has been paid to such
75contaminations and is not clear whether albumin impurities have influenced the results of such 

studies. Binding studies involving albumin could be drastically altered depending on whether the 

ligand of interest competes for a site occupied by fatty acid contaminants; an example of such a 

situation is the binding of tryptophan 41 by HSA. As the present work aimed to study the 

influence of protein binding on the hepatic dispersion and extraction of diazepam over a wide

range of fraction unbound in the perfusate (Chapters 4 and 5), it was desirable to purify the
41 339 340albumin from such impurities. Various procedures have been described for this purpose ’ ’

As the method of Chen is quicker, more efficient and does not entail the risk of denaturation than 

other methods, it was chosen for removing fatty acid impurities and other contaminants.

Based on the original method, it was anticipated that centrifugation followed by one step 

filtration was needed to remove charcoal from solution. However, ultra-centrifugation, even at 

very high speed, was not enough to efficiently remove charcoal from the solution. One step 

filtration also resulted in traces of charcoal being left in the solution. This was not acceptable, as 

it resulted in erroneous estimation of fraction of drug bound to albumin. The measure undertaken 

to overcome this problem was to omit the centrifugation step and incorporate step-by-step 

filtration, using a series of different size filters. This filtration, when combined with Kieselguhr 

filtration, was found to be more efficient and quicker than the original method. The resultant 

albumin solution was perfectly clear and no traces of charcoal was observed under light 

microscopy. It should be mentioned, however, that application of Kieselguhr causes some degree 

(~10%) of albumin loss.
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0.433+0.085
0.376+0.086
0.203+0.021

After
0.070+0.003
0.035+0.004
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3.3.6 Radiochemical Analysis

3.3.6.1 Introduction

The elements Hydrogen and Carbon form the basis of all organic compounds. Tritium and 

Carbon-14 are the radioactive isotopes of Hydrogen and Carbon that decay with the emission of 

Beta radiation. Substitution of an active isotope for the stable nuclei does not change the 

chemical or biological properties of the organic compound. These isotopes are, therefore, ideal 

for labelling and tracing studies 200.

In the analysis of |3-labelled samples, energy transfer is not perfectly efficient and immune to the 

nature of the immediate environment. There are two potential problems in this regard; quenching 

and chemiluminescence.

3.3.6.2 Quenching

This term is applied to any factor that reduces the light output in the system. Most samples 

exhibit variations in counting efficiency which is caused by the non-uniformity of the vials, the 

amount of oxygen dissolved in the solvent, and the variable absorption of photons by the sample 

itself. Three types of quenching can be defined 62.

1. Impurity quenching ('chemical quenching): This arises when the yield of energy is decreased by 

the presence of other molecules which compete with the solute molecules for the excitation 

energy of the solvent molecules.

2. Colour quenching: Coloured samples can arise from either chemical or photochemical 

reactions in the scintillator solution promoted by the labelled material, or the incorporation of 

coloured materials (eg haemoglobin). The effect is to diminish the path of fluorescence photons 

with a resultant impairment of light collection efficiency at the photomultipliers.

3. Photon quenching: The incorporation of intractable substances into a cocktail may result in a 

heterogeneous counting mixture. In these cases the maximum interaction between the (3 energy 

and the solvent plus solute is not achieved, which is a type of self-absorption effect

It is often impossible to avoid quenching but by applying simple rules its effect can be minimised 

62. These are a) by keeping the concentration of quencher low; b) by increasing the concentration 

of primary solute; c) by cooling to reduce the diffusion coefficients of quenching molecules and 

hence the probability of a quench collision. There are several methods for quench correction. In
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our work, we applied the most common and efficient method, referred to "Internal 

Standardisation Method" 200 In this method, spikes of the isotope, in an unquenched form, are 

added to the sample which is then recounted. Comparison of the count rate before and after the 

spike is added enables a correction for quenching to be made.

3.3.6 .3 Chemiluminescence (CLM)

The liquid scintillation spectrometer has been designed to measure even small quantities of light. 

This means that the counter readily responds to light from sources other than the emission of the 

scintillator 326. These light sources are plastic caps, any impurity, static charges from movement 

of the vials, and the production of a CLM reaction in the sample. Light-producing chemical 

processes can arise in a variety of ways during sample preparation; a) from the presence of 

oxygen in the sample, b) from the presence of peroxides, c) alkaline solutions, and d) from any 

kind of contamination such as tissue samples.

The cures for chemiluminescence are many and varied. The most obvious is to avoid strongly 

coloured samples. The others include optimisation of pH, flushing the scintillator with nitrogen, 

addition of an antioxidant, reduction in temperature of the counting chamber, and a period of 

storage in the dark 62 Modern instruments are fitted with photon monitoring which can 

distinguish between true sample counts and the single photon events caused by other light- 

producing processes and correct for it.

3.3.6.4 Sample Analysis

3.3.6.4.1 Beta emitters

The scintillation counter used throughout the project has an in-built spectrum and a Wallac 

quench library. By defining factors such as vial type, type of scintillation cocktail and count time 

required, this can be fine-tuned for individual requirements. By comparison with an external 

standard, the spectral quench parameter 62 is estimated. This is able to correct for the extent of 

quenching, assuming equal quench for the external standard and samples. Protocols capable of 

counting 3H and 14C individually and 3H &14C simultaneously were set up on the scintillation 

counter and verified by standards. It is possible to count these pairs of isotopes due to the 

differences in their photopeaks and the small degree of overlap in the energy spectra.



For all liquid outflow samples, 5 ml scintillation fluid were added and vortexed and left for 1 hr. 

The samples were then counted on the appropriate channel. Tissue samples required dissolution 

(Chapter 6 ), after which 12 ml scintillation fluid were added, vortexed and left for a week in 

cool-dark place. The samples were counted on 3H &14C dual channel. Efficiency was corrected 

for all samples and all results were obtained as disintegration per minute (dpm).

3.3.6 .4.2  Gamma emitters

Erythrocyte gamma-emitting samples containing 51Cr were counted on the gamma counter. A 

program was set up which incorporated the photopeak with minimum inclusion of background. 

All results were obtained as count per minute (cpm). Although 51Cr is a gamma emitter, its decay 

is detectable and quantifiable at equal efficiency in a liquid scintillation counter.
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3.3.7 Radiolabelling of Red Blood Cells

Red blood cells (RBC) have been used throughout this project as vascular reference marker. 

There are two methods for the measurement of RBC concentration. The first method involves 

attachment of a radionucleotide to the cells with measurement of radioactivity. The second 

method is a simple colourimetric method which involves haemolysis of erythrocytes and 

subsequent measurement of the colour using a spectrophotometer.

3.3.7.1 First method

This method is based on that of Kuehl et al 136 Fresh blood (10 ml) is collected via the vena 

cava from normal rats into lithium heparin tubes and sodium heparin (5 U/ml blood) and neutral 

citrate (prepared by titrating 80 mM citric acid and 80 mM trisodium citrate to a pH of 7.4 at 

22°C; this solution is mixed with 1 M NaCl and H20  in a ratio of 95:4:1 v/v/v; its pH is 7.27 at 

22°C) is added. One ml of this anticoagulant is mixed with an equal volume of blood. After 

thorough mixing, the red blood cells are concentrated by centrifugation at 14 0 0  ^  for 10  min 

at 4°C. Plasma and bufty coat are carefully removed by aspiration, leaving 4-5 ml of packed red 

blood cells.

The packed erythrocytes are preincubated for 5 min at 37°C, after which time 1 ml (1 0 0  mCi) 

51Cr-sodium chromate is added with thorough and gently mixing. The mixture is incubated for 30 

min at 37°C, 5 volumes of ice-cold normal saline are added and the cells concentrated by 

centrifugation. This washing step is repeated twice. The red blood cells are then resuspended in 

normal saline (50:50, v/v). The activity of the suspension is determined by gamma spectrometry 

(Section 3.3.6). 100 |al of this is injected into the portal vein of rat.

The extent of 51Cr binding to RBCs was investigated by centrifuging three aliquots (1 ml) and 

determining the activity in the supernatant and the cells; in all experiments less than 2 % of the 

total radioactivity after washing was extracellular.

3.3.7.2 Second method

Fresh blood is collected via vena cava from normal rats into lithium heparin tubes and sodium 

heparin and neutral citrate are added (as previously described). After thorough mixing, the red 

blood cells are washed twice and suspended in nonnal saline. 1 0 0  jal aliquot is used for injection
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into the portal vein of rat. The outflow samples collected. 1 ml water is added to 200 pi aliquot 

from every sample. The mixture is then left overnight to allow for complete hemolysis of the 

erythrocytes and release of haemoglobin. On the following day, the samples are vigorously 

stirred and measured in 1 ml spectrophotometer cells set at 415 nm. The same procedure is 

performed on 2 0 0  pi outflow perfusion medium from the in situ perfused liver before the 

injection of RBC and the solution served as blank.

Both methods were tested in several preparations. Briefly, a bolus of 51Cr-labelled erythrocytes 

with known activity was injected into the portal vein of perfused liver and the outflow samples 

were collected. This was followed by another bolus containing normal erythrocytes with known 

absorbance and the outflow samples were collected and counted. The normalised outflow 

profiles of erythrocytes counted by the two method were then compared. In another experiment, 

suspensions of normal erythrocytes with different concentration and suspensions of labelled 

erythrocytes with different activity were prepared and measured with the pertinent method. 

Concentration versus absorbance (or activity) profiles (ie standard curves) of the two methods 

were obtained and the correlation was compared.

3.3.7.3 Results

Figure 3.3.9 demonstrates the frequency outflow profiles of erythrocytes obtained by application 

of the first and the second methods into the same liver preparation. The shape of the curves and 

calculated vascular volume obtained from the two methods were similar. As presented in Figure 

3.3.10, there was a good correlation between the two methods of measurement of erythrocytes.

3.3.7.4 Discussion

Measurement of vascular volume in a given organ requires a probe which is accessible to the 

vascular spaces of the organ. This is usually performed using erythrocytes. For isolated organ 

preparations, such as the perfused liver, erythrocytes may be simply administered into the stream 

perfusing the organ and the outflow samples are collected and measured by an 

spectrophotometer. However, measurement of vascular volume in the whole body (in vivo) 

studies, requires prior labelling of erythrocytes. This allows tracing the cells within the vasculr 

network of the body and its blood content. Thus, for in vivo studies the first method and for in 

situ studies both methods are applicable.
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One potential problem of handling of erythrocytes is hemolysis. The idea of using erythrocytes is 

based on the fact that as they remain within the vasculature, they give an estimate of vascular 

volume. If however they lyses, the released haemoglobin gains access to some extravascular 

volume. This results in the overestimation of the vascular volume. This problem could be 

minimised using fresh blood, a proper washing procedure, and use of precisely made isotonic 

solutions.

The second method is quicker and requires less handling of RBCs than the first method. This 

ensures that the erythrocytes are better preserved and less susceptible to hemolysis. This 

advantage, together with safety considerations, favour the second method when it is applicable. 

In this project, the first method was originally adopted for the measurement of erythrocytes prior 

to the knowledge of the second method. A good correlation was observed between the two 

methods in several liver preparations. As only the first method was used in all liver preparations, 

the results of the estimated vascular volumes measured by this method are presented in Chapter

4.
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CHAPTER FOUR: STUDIES IN EXPERIMENTAL CIRRHOSIS 

Section One: Bolus Considerations

4.1 Introduction

In contrast to other organs where the capillary presents a substantial barrier between the vascular

and interstitial space, the first barrier encountered by a substance entering the liver is the
313hepatocyte membrane . In hepatic cirrhosis, the normal structure and function of the liver is 

disturbed and blood-tissue exchange is thought to be altered. This make the hepatic cirrhosis an 

attractive model for permeability studies in the context of drug disposition.

Several approaches have been used to estimate the membrane permeability of a compound in the 

liver l67. The initial uptake rate method is a common approach used to obtain the permeability of 

the isolated hepatocytes. However the extrapolation of such in vitro data to the organ level 

should be taken with care. This is because the dynamic architecture of the liver is absent. The 

single-pass isolated perfused liver is a suitable preparation in which the permeability in an intact 

organ can be estimated while maintaining the normal architecture of liver. This system is 

particularly useful coupled with the "impulse-response technique". When a drug is injected in the 

form of a bolus into the blood supply of the liver, the observed concentration versus time profile 

in emerging blood can provide valuable insight into the processes that act on a drug during 

passage through the liver. In this manner factors such as perfusate flow rate and drug binding to 

perfusate components are readily controlled 60,63,64,65,242.

Although the impulse-response technique has been used to characterise the microcirculation in
291hepatic cirrhosis , no study has been conducted to specifically investigate the influence of 

permeability alterations associated with cirrhosis on the parameters of drug distribution and 

elimination. The present study, which was designed for this purpose, also provides an

opportunity to examine the dispersion model which has been used to describe the residence time
223distribution (RTD) of non-eliminated tracers but has not been extensively applied to 

substances for which membrane permeability, perfusate and cellular binding and hepatic 

extraction may influence the shape of the RTD.
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4.2 Experimental Design
In this study, the "indicator dilution technique" was used to investigate the influence of hepatic 

cirrhosis on hepatic drug disposition kinetics. Three drugs, salicylic acid, diclofenac and 

diazepam were chosen as model substances. To define the hepatic spaces and transport 

processes and have a basis for interpretation of drug profiles, five established markers of hepatic 

circulation (erythrocytes as vascular marker, albumin and sucrose as extracellular markers, water 

and urea as total hepatic aqueous space marker) were used in the study. The three model drugs 

together with reference markers were injected in the form of an impulse to several cirrhotic and 

control liver preparations and their dispersion in the liver was characterised. A single-pass 

isolated in situ perfused rat liver system was employed.

Note: All reference markers and drugs employed in this study were radiolabelled materials. To 

avoid wordiness, each radiolabelled substance is referred to by its name, eg albumin to mean 

radiolabelled albumin.

4.3 Experimental procedure

After the stabilisation period (see Section 3.3.2), eight injections (three drugs and five markers) 

were administered into the portal vein of each liver in a randomised order. A rapid bolus of the 

tracer (50 pi) was introduced into the injection port using a 50 pi Hamilton syringe, the tip of 

which was placed after the inflow of the perfusate to ensure adequate mixing. The total hepatic 

venous outflow was automatically collected at 1-sec intervals using a motor-driven carousel with 

57 sampling holes at the rate of 1 hole/sec for 1 min, and thereafter (into serial silanised test 

tubes) at 5-sec intervals for up to 4 min. The collection period was set for each tracer so that the 

activity measured in the last sample was always less than 0.5% dose. This was 1 min for 

erythocytes (RBC), albumin (ALB) and sucrose (SUC), 3 min for water (WAT), urea (URA) 

and salicylic acid (SAL), and 5 min for diclofenac (DCL) and diazepam (DZ). The effluent 

collection was started immediately after injection of the bolus with time zero being set as the time 

of injection. A washout period of 4 min was allowed after each bolus. An aliquot (250 pi) from 

each tube was used for the determination of gamma and beta activity, as appropriate, and 

processed as described in Section 3.3.6. At the end of each experiment, the liver was removed 

and weighed.
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4.4 Data Analysis
In order to provide a basis for comparison between the tracers, the concentration of radioactivity 

(dpm/ml) of each tracer in the hepatic outflow at time t, C(t), was expressed as a fraction of the 

dose appearing per second, f(t), and plotted against the mid-point time of the collection period 

yielding a pattern expressed in terms of the frequency output. The expression

(4.1)
Dose

was used, where Q is the perfusate flow rate (ml/sec), measured volumetrically, which was 

maintained constant throughout each experiment.

The above equation assumes that the solute is not eliminated so that the areas under the 

fractional outflow curves for all substances completely recovered from the outflow are the same 

and is denoted as=l. For model drugs which are eliminated, dose was multiplied by the fraction 

recovered. Two approaches were used for the analysis of the outflow data.

4.4.1 Model Independent Analysis (statistical moment)

Using an analytical software (Moment, version 1.2), the following parameters were calculated 

directly from experimental data (Equations 2.2-2.7, Section 2.2.2).

a) The total area under output concentration versus time profile (AUC) was calculated using the 

trapezoidal rule. As the activity in latter samples for reference markers was very low and to 

minimise artefact in data analysis, a cut-off point of 4 times the background level (at time tend) 

was chosen. In the case of the test drugs, all samples remained above that level hence a cut-off 

point was not required. Linear extrapolation of the downslope to infinity was carried out using a 

semilogarithmic plot. The maximum f(t) value, f(t)max, and the time at which it occurred, 

tmax, were observed values.

b) Availability (F); two types of availability (recovery) were determined. Firstly, for all solutes 

availability was taken to be the total AUC from frequency profiles. For non-eliminated 

substances it should be equal to 1. A second type of availability was also determined for drugs. It 

was expressed as the ratio of the AUC to that of the non-eliminated albumin and/or water.

c) Mean transit time (MTT) and variance of transit time (VRT),
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d) Hepatic volume of distribution (Vh or V); was expressed in terms of absolute (ml) and relative 

(ml/g liver weight) values.

e) The mean catheter transit time; the distortion of tracers inside the catheters was determined
121and all dilution curves obtained were duly corrected . The catheter transit time was measured 

by the following methods:

L The transit time through the combined injection device and collection catheter was determined 

for each liver perfusion experiment by using the volume (weight/density ratio) of perfusate 

(density=1 .0 ) in the inflow and outflow cannulae, which were summed and divided by the flow 

rate.

IX In a separate perfusion experiment, the inflow and outflow cannulae (in the absence of the 

liver) were connected and an impulse was introduced into the inflow. Various parameters of this 

system (including MTT, V, DN, F) were calculated. This procedure was conducted at various 

flow rates. The MTT values obtained from both methods were compared and were assumed to 

apply equally to all solutes.

The values obtained above were used to account for delay and distortion in non-hepatic regions 

of the perfusion system. Two methods were applied. In the first method, the catheter transit time 

was subtracted from the total observed tracer transit time. This method was used for the 

estimation of MTT and V of the solutes. In the second method, which was used for modelling, 

the MTT and Dn of the catheter were incorporated into the dispersion model.

4.4.2 Dispersion Model Analysis

Both one- and two-compartmental fonns of the axial dispersion model (Chapter 2) were fitted to

the frequency output data of the tracers. The outflow curves were constructed using a numerical
/ a / t t t t  t t  i l l  t 7 * o  a -pi . „  A  60,64,66,320,321,224,225,282inversion program (MULTI-FILT version 3.4; written in Fortran IV) ’ ’ 5 ,

with a weighting scheme of — Data for all solutes were analysed individually. The
y(t)observed

following parameters were subsequently calculated:

The volume of distribution (V) of tracers, the dispersion number (DN), the rate constants of 

influx ( I C 1 2 ) ,  efflux ( k 2 i ) ,  and sequestration ( k 2 3 ) .
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4.5 Results

4.5.1 Recovery
Table 4 .1 lists the estimated recoveiy for all test substances in control and cirrhotic liveis. Foi the 

reference markers in both control and cirrhotic livers, more than 96% of the administered dose 

was recovered, except for albumin in cirrhotic livers from which around 90% of the dose was 

recovered. As illustrated in the cumulative outflow profiles (Figure 4.1), each of the curves rises 

to a near constant value (complete recovery), but the time to reach this value varied. RBC was 

the first to be frilly recovered followed by albumin, sucrose, urea and water. The extrapolated 

area for the markers was very small (3.2% in control livers and 4.2% in cirrhotic livers). The 

fraction for the test drugs was more variable. For diclofenac, it corresponded to around 9% in 

control livers and 4% in cirrhotic livers. For salicylate, the corresponding values were 5% and 

8 %, respectively, while for diazepam the values were greater, at 22% and 29% respectively. The 

relative recoveiy of drugs, when calculated with reference to the markers, was greater than 

values based on nominal dose administration.

0.9

0.7
a.

O 0.6-

cr

20 40 60 80 100
Time (sec)

Figure 4 .1 Typical tracer cumulative outflow profiles, following bolus administration of RBC 
(■), albumin (Z), sucrose (+), urea (A) and water (—) from the isolated perfused rat liver. 
Profiles are from an individual liver and expressed as the cumulative outflow of marker as a 
percentage of total recovered against its own midtime (min).
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4.5.2 Outflow Profiles

4.5.2.1 Profiles of reference markers in control livers
Figure 4.2 illustrates a typical set of dilution curves for reference markers from representative 

normal and phenobarbitone-treated (PT) control livers. In general, after an initial delay, the 

frequency outflow per second for each substance rose to a peak and then diminished mono- 

exponentially with time. Erythrocytes emerged first, their frequency outflow rose rapidly to form 

the highest peak, and then diminished the fastest. This was followed by albumin, which exhibited 

a peak that was slightly later and lower in magnitude and produced a more delayed downslope. 

Sucrose emerged later with a lower and wider peak. Urea peaked much later and the curve was 

of a much lower magnitude decaying in a much more prolonged fashion. Water was the last 

marker to emerge and the curve produced the lowest magnitude decaying in a more prolonged 

fashion. Dilution curves for urea and water were associated with a tailing-off appearance.

Table 4.2 lists the observational parameters including f(t)max and tin;ix for the reference marker 

curves and expresses frequency outflow pattern in a numerical fashion. The f(t)max decreased 

(mean values in parenthesis; 1/sec) from RBC (0.11) to ALB (0.053), SUC (0.05), URA (0.02), 

and WAT (0.018). The t max, on the contrary, increased from 11.5 sec for RBC to 16.5 sec for 

ALB, 18.5 sec for SUC, 30.5 sec for URA, and 39 sec for WAT. The outflow patterns of 

reference markers in PT livers were similar to those observed in normal livers (Figure 4.2) and 

the slight differences in their f(t)max and t max values were not significant.

4.5.2.2 Profiles of model drugs in control livers

Although all three drugs eluted in a prolonged mono-exponential fashion, notable differences 

were observed between their output curves (Figure 4.3). The output profile of diclofenac was 

associated with a relatively late peak (f(t) max = ft o$S) occurring at approximately / ? sec followed 

by a slower eluting flat tail. The frequency outflow of salicylate rose slowly to a maximum (f(t) 

max =0.017) and after a greater amount of time had elapsed (55-75 sec) then began to diminish. 

The frequency output of diazepam rose more slowly to give a lower maximum (f(t) max =0.0065) 

and eluted over a longer period of time. The maximum outflow, which did not display the shape 

of an identifiable peak, eluted from the experimental system over approximately 50 sec. Among 

the three drugs, diclofenac was the first curve to display a decrease with an elution that was 

completed within 3 min. Next it was salicylate which decreased, taking approximately 250 sec to 

be completely eluted. The elution of diazepam was not completed within the perfusion

1 0 0
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Figure 4.2 Typical frequency output profiles of reference 
markers in isolated perfused rat liver preparations.
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experiment time frame. As for the markers, the frequency outflow profiles of the three drugs 

from PT-control livers were similar to those observed for the normal control livers.

4.5.2.3 Profiles of markers in cirrhotic livers

Unimodal curves with smooth exponentially decreasing slopes were obtained (Figure 4.4). In 

comparison to data in control livers, there was a dramatic difference, with all output profiles 

emerging and declining more rapidly. While the f(t)mnx of RBC, ALB, SUC, URA, and WAT 

were increased by 50%, 130%, 40%, 50%, and 56%, respectively, their tmax were reduced by 

40%, 45, 40%, 50%, and 45%, respectively. However a large variation was observed in the 

above values between the cirrhotic livers. While in some livers the degree of change was great, 

several other livers demonstrated near to normal values. Therefore, according to the degree of 

change in the observational parameters of markers, cirrhotic livers were sub-divided into three 

categories. Those livers in which the values of parameters were around the mean value of the 

whole cirrhotic population, were denoted as category 2. Livers demonstrating maximum and 

minimum change in the parameters were grouped as category 1 and category 3, respectively 

(Table 4.2). The number of livers in each category was four. No bimodal curves were observed 

for any of the reference markers in the cirrhotic livers. The profiles in PT-control livers were 

similar to those observed in the normal control livers.

4.5.2.4 Profiles of model drugs in cirrhotic livers

The frequency outflow profiles of the three drugs in the cirrhotic livers were noticeably different 

from the controls (Figure 4.3). All three drugs eluted in a bimodal fashion showing an early sharp 

peak followed by a long flat tail. The incline of the curves for all three drugs was much steeper 

compared to that of the control livers. Over the initial 20-sec period, the elution profiles of 

diclofenac and diazepam were similar to that of albumin, followed by slowly eluting components 

that continued well after most of the albumin had been recovered. However, the times taken for 

all three drugs to be completely eluted from the system were considerably shorter compared to 

the control values. While the f(t)niax of salicylate, diclofenac, and diazepam were increased by 

nearly 3-, 3.6-, and 10-fold, respectively, their tnwx were decreased by 8 %, 75%, and 75%, 

respectively.
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4.5.3 Mean Transit Time (MTT)

In control livers, the MTT of markers (mean values in parenthesis) was in the order of RBC 

(10 .1  sec) <ALB (16 sec) < SUC (18.5 sec) < URA (36 sec) < WAT (37.2 sec) (Table 4.3). 

Among the model drugs, the MTT of diazepam was the largest (595 sec), followed by salicylate 

(8 6  sec) and diclofenac (73 sec) (Table 4.4). In cirrhotic livers, while the above relationship was 

preserved, the MTT of each test substance (except SUC) was significantly reduced compared to 

the control values. The reduction for RBC, ALB, URA, WAT, SAL, DCL, DZ was 24%, 31%, 

12%, 5%, 43%, 36%, and 45%, respectively. The classification of cirrhotic livers proved to hold 

for MTT and the other statistical moment parameters (ie V and CV2) of the markers, the 

reduction in MTT being most pronounced in category 1.

4.5.4 Volume of Distribution (V)

In the control livers, the volumes of distribution of reference markers were in the order of total 

aqueous space marker > extracellular marker > vascular marker. Sucrose showed a slightly 

larger V than albumin and V of water was slightly larger than that of urea. The V value of 

e r y t h r o c y t e s  approximated 6  ml, representing -23% of liver weight. Albumin and sucrose had a 

volume of about 10 ml representing -40% of liver weight. Water and urea had a volume of 

more than 20 ml, representing greater than 90% of liver weight (Table 4.5). The vascular and 

extracellular volumes of the distribution of various labels were similar in PT and normal livers 

when the data were expressed per gram of liver weight.

In the cirrhotic livers, the volumes of distribution of RBC, ALB, URA, and WAT were 

decreased by 35%, 42%, 22%, and 23%, respectively (Table 4.5). The V value of sucrose did 

not change significantly* As for the other parameters of moment analysis, the degree

of reduction in volume was greater in category 1 than in the other categories. In this first 

category, the volumes of distribution of RBC, WAT and URA were reduced to nearly half of the 

control values. The V value of ALB was reduced to nearly one third of its control value 

resembling that of RBC in this group. The reduction in V for SUC was less dramatic compared 

to other markers reaching 85% of the control value. The volume of distribution of SUC in 

categories 2 and 3 of the cirrhotic livers was slightly larger than its control values. This was not 

observed for the other markers. In categoiy 3 cirrhotics, the volume of distribution of all markers 

approached the control values except that of ALB, which remained lower. In this last category, a
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Table 4.3
Mean transit  t i m e s  (MTT) for markers  in the i s o l a te d  p er f u se d  rat l ivers.

RBC Alb umin S u c r o s e Urea W a t er

Normal  l ivers m ean 10 .1 1 6 1 8 . 5 3 6 3 7 . 2

n =10 ±S.D, 0.8 2.1 3.7 5.3 5.4
C.V.(%) 8 1 3 20 1 5 1 4

PT* l iv er s m ean 9 . 2 1 6 . 5 1 6 . 2 3 7 . 7 3 9 . 1

n=5 ±S.D. 1.2 3.1 3.8 6.1 6.7
C.V.(%) 1 3 1 8 2 2 1 6 1 7

Cirr hot ic  l i v e r s m ean 7 . 6 1 1 1 9 . 4 3 1 . 7 3 5 . 7

n=12 ±S.D, 0.7 2.3 2.7 3 .2 5.1
C.V.(%) 9 20 14 1 0 1 4

*: phenobarb i ta l  treated  The values have been  corrected for MTT of non-hepatic region. 
RBC: erythrocytes

Table 4.4
Parameters of moment analysis for model drugs in isolated 
perfused rat liver preparations.

Diazepam Diclofenac Salicylate

MTT CV2 V MTT CV2 V MTT CV2 V

s e c ml m l /g s e c ml m l / g s e c m I m l /g

Normal livers Mean 5 9 5 1 .0 8 4 7 2 2 0 7 3 1 .4 41 1 .9 8 6 0 .5 8 5 3 2 .6
n = 1 0 ±S.D. 215 0.07 187 3 10 0.4 8 0.4 1 5 0.12 1 0 0.5

C.V.(%) 36 6 39 1 5 1 4 28 1 9 21 17 20 1 8 1 9

P T * l iv e r s Mean 4 9 8 1 .3 2 2 4 1 9 .7 7 0 1 .7 3 3 1 .4 1 2 8 0 . 4 3 5 9 2 .5
n=5 ±S.D. 150 0.17 1 1 8 2 1 3 0.43 7 0.3 22 0.1 11 0.5

C.v.(%) 30 1 3 48 20 1 8 25 21 21 1 7 23 1 8 20

Cirrhotic l ivers Group 1 1 4 0 1 .06 10 2 3 5 3 .4 2 0 .6 41 0 .7 7 2 6 .7
n = 1 2 Group 2 291 1 .49 1 9 4 4 7 2 .3 3 27 ,3 4 6 0 .9 3 3 1 .3

Group 3 4 8 5 1 .87 3 6 8 5 9 1 .59 3 8 .5 6 3 1.07 4 5 .2
Overal
Mean

3 2 8 1 .5 3 2 1 5 7 .9 4 7 3 .1 3 3 0 1.2 4 9 0 .9 6 3 3 1 .3

+S.D. 145 0.35 98 2 11 0.82 8 0.3 7 0.11 8 0.3
C.V.(%) 44 22 45 25 23 26 26 25 14 11 24 23

phenobarbita l trea ted  V: hepatic volume of distribution
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2-fold difference was found between the volumes of ALB (0.2 ml/g liver weight) and SUC (0.4 

ml/g liver weight).

The volumes of distribution of model drugs were substantially larger than that of reference 

markers. Diazepam had the largest V value (470 ml; 19.3 ml/g) followed by salicylate (53 ml; 2.6 

ml/g) and diclofenac (41 ml; 1.9 ml/g) (Table 4.4). In cirrhotic livers, the volumes of distribution 

of the drugs were reduced by 55%, 38%, and 27% for diazepam, salicylate, and diclofenac, 

respectively.

4.5.5 Coefficient of Variation (CV2)

The values of C V2 of the vascular marker (RBC), the extracellular markers (ALB and SUC), and 

the total aqueous space markers (URA and WAT) lay within the range of 0.3 to 0.5 (Table 4.6). 

The values of CV2 of the drugs were greater than those calculated for markers. Among the 

drugs, salicylate had a relatively small CV2 (0.56) (Table 4.4). Diclofenac had the largest CV2 

(1.4), followed by diazepam (1.08). In cirrhotic livers, the values of CV2 of markers were 

significantly increased (p<0.005), except RBC for which no change in CV2 was observed. 

However the degree of change among the test substances was variable. While the value of CV2 

of WAT increased by 12%, the increase in CV2 of other markers was greater ranging from 42% 

and 71% for ALB and URA to twofold for SUC. There was also an increase in the values of 

CV2 for the model drugs, reaching statistical significance (p<0.005). This increase was more 

pronounced for diclofenac (> twofold), followed by salicylate (65%), and diazepam (42%).

4.5.6 Dispersion Model Parameters

The one-compartment dispersion model adequately described the outflow data for markers in 

both control (Figure 4.5) and cirrhotic (Figure 4.6) livers, providing estimates for V (Table 4.5) 

and dispersion number (DN) (Table 4.7). In contrast, the one-compartment form of dispersion 

model could not adequately describe the outflow profiles of the drugs and the two-compartment 

form of the model was needed to describe the data in both control (Figure 4.7) and cirrhotic 

(Figure 4.8) livers, providing estimates for DN, ki2,k2i, and k23 (Tables 4.8, 4.9, 4.10). In cirrhotic 

livers, the fit of the two-compartment model to the outflow data of the drugs tended to 

underestimate the peak and terminal portion.
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Tab le  4.5
V olum es of distribution (ml/g liver weight) of re feren ce  markers in iso lated  
perfused  rat livers est im ated  by applying mom entan a ly s is  and d ispersion  model 
to their frequency  outf lows.

RBC Albumin S u cro se Urea Water
Moment Modelinc Moment Modelinc Moment Modelinc Moment Modelinc Moment Modelin

Normal livers mean 0 .2 3 0 .2 3 0 .3 8 0 .4 3 0 .4 1 0 .4 8 0 .9 4 0 .7 8 1 0 .81
n=10 ftS.D. 0.05 0.03 0.07 0.04 0.09 0.06 0.2 0.33 0.2 0.4

C.V. 0.21 0.13 0.18 0.09 0.2 0.12 0.21 0.42 0.2 0.49
PT* livers mean 0 .2 3 0 .2 3 0 .3 9 0 .4 4 0 .4 3 0 .5 0 .9 6 0 .7 8 1 .0 4 0 .8 2
n=5 *S.D. 0.05 0.04 0.06 0.05 0.08 0.06 0.18 0.28 0.18 0.32

C.V. 0.21 0.17 0.15 0.11 0.18 0.12 0.18 0.35 0.17 0.39
Cirrhotic livers mean 0.1  5 0.1 4 0 .2 2 0 .21 0 .4 3 0 .3 7 0 .7 3 0 .7 7 0 .7 7 0 .81
n= 12 *S.D. 0.03 0.03 0.06 0.05 0.09 0.08 0.18 0.09 0.19 0.11

C.V. 0.2 0.21 0.27 0.23 0.2 0.21 0.24 0.11 0.24 0.13
RBC: erythrocytes 
* : phenobarbita l treated

Table 4.6
Relative spreading  (CV2) va lues  obtained for reference  markers  
in iso la ted  p erfused  rat livers.

RBC Albumin S u c r o s e Urea W ater

Normal livers m e a n 0 .2 9 0 .2 9 0 .3 1 0 .4 2 0 .51

n = 1 0 +S.D. 0 .0 7 0.06 0 .0 4 0 .0 6 0 .0 8

C.V.(%) 2 4 2 0 1 2 1 4 1 5

PT* l ivers m e a n 0 .2 9 0 .3 0 .3 2 0 .4 3 0 .5 2

n=5 ±S.D. 0 .06 0.07 0 .0 4 0 .0 6 0.09

C.V.(%) 2 0 2 3 1 2 1 4 1 7

Cirrhotic l ivers m e a n 0 .2 7 0 .4 3 0 .6 4 0 .7 2 0 .5 7

n = 1 2 +S.0. 0 .0 4 0.1 0.1 0.1 0 .0 9

C.V.(%) 1 4 23 1 5 1 3 1 5

*: phenobarbita l t rea ted  RBC: erythrocytes
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Figure 4 . 5 A  Fit of one-compartment dispersion model to the frequency output of 
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data and the lines are the calculated data. RBC:erythrocytes; ALB:a!bumin; 
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The Dn values for markers in control livers estimated from the dispersion model approximated to 

those estimated using moment analysis (Table 4.7). However, in the cirrhotic livers, these 

estimates were slightly different. While the value of DN in cirrhotic livers increased by 40, 300, 

72, and 40% in the case of ALB, SUC, URA, and WAT, respectively, it still remained in the 

range of 0.1 to 0.3.

4.5.7 Non-hepatic Region

The frequency outflow data for labelled urea and albumin (with or without albumin as binding 

protein in the perfusate) in the non-hepatic region of the experimental system were equivalent. 

The recovery in each case was 100%. The estimated values of V, MTT, and DN of this system 

were 1.85 mL, 2 sec, and 0.055, respectively. These values were similar to the values previously 

reported by Rowland et a l60,63,64,65.

4.6 Discussion

The unique anatomical and physiological features of the liver, together with numerous methods 

of experimentation available for it, has made this organ a suitable tool for permeability studies.

Due to the central role of the liver in processing of the drugs, hepatic diseases are often
61 131 132 216 21Vassociated with altered drug disposition ’ ’ ’ ’ . One important issue that may be

influential, and should be studied in these circumstances, is the potential change in the 

permeability of hepatic membranes in relation to the passage of substances. Application of the 

indicator dilution method with the in situ perfused liver 60’63,64,65,ii9,i98,i44,2i8,2i9,97,i23,i56

where experimental conditions could be manipulated has made it possible to study permeability 

in the context of hepatic cirrhosis. To this end, three model drugs for which a considerable body 

of data associated with various conditions, including impulse-response and steady-state 

conditions, exists were chosen for the study. It was also necessary to include established 

reference markers in the study. These markers allowed standardisation and characterisation of 

the liver preparations, thereby providing a clearer picture of the numerous changes which can 

take place in cirrhosis as well as helping in the evaluation of the experimental data obtained for 

the model drugs. Therefore, given their significance, the reference markers are considered first 

followed by the drugs,
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4.6.1 Reference Markers

Erythrocytes, albumin and water are well-known non-eliminated markers used routinely by most
83 119 129 130 291workers in microcirculation and permeability studies ’ ’ ’ ’ Sucrose was also included

in the study with a view to comparing albumin with an alternative (smaller) extracellular marker 

that would allow more insight into the potential changes in hepatic microanatomy during the 

course of cirrhosis. Urea was adopted as alternative cellular marker to water in order to extend 

the existing limited experimental data of this cellular marker.

4.6.1.1 Definition of the outflow appearance in normal livers

Erythrocytes are confined to the vascular compartment and their dimensions, together with the
89occurrence of mixing motion within the sinusoids, ensures cross-sectional equilibration there 

Beyond the vascular lumen the depth of the space of Disse is such that immediate lateral 

equilibration would be expected within this space. In the absence of an effective barrier between 

the vascular space and the Disse space, immediate communication between vascular and 

interstitial spaces would be expected, with lateral diffusional equilibration between vascular and 

interstitial spaces occurring as rapidly as labelled materials are introduced. An effective 

diffusional barrier across the hepatocytes is also absent for substances such as water which 

equilibrate so rapidly within the cellular space that total hepatic uptake is perfusion rate-limited. 

This phenomenon of so called "flow-limited distribution" governs the passage through the liver 

of all the reference markers mentioned.

The cross-sectional area accessible to erythrocytes (the sinusoid) is smaller than the 

cross-sectional area of the whole space accessible to the diffusible label (the sum of the sinusoidal 

space plus the interstitial and/or cellular spaces) (Figure 4.9). If co is the velocity of flow along a 

sinusoid, then the erythrocytes will be carried from input to output at the velocity of flow. The

diffusible substance will in contrast flow along the sinusoid with a velocity m where y is the
1 + y

ratio of the extra-sinusoidal space of distribution : the intra-sinusoidal space of distribution. The 

diffusible label will travel along the sinusoid as if it is distributed in a larger space, (1+y) times the 

sinusoidal space of distribution. Accordingly, it will be propagated as a wave travelling more 

slowly than the erythrocytes and emerging delayed (and lower in magnitude) with respect to it. 

The decrease in velocity of the concentration wave for the diffusible substance will result in a lag
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in the appearance of the wave at the outflow and a proportionate delay in all parts of the 

concentration wave.

CONVECTION

DISPERSION

ELIMINATION

Figure 4.9 Schematic of events in a cross section of the liver, represented as a cylinder. (1) The 
blood, (2 ) the space of Disse, (3) the hepatocyte.

In organs other than the liver, the increment in time of distribution for diffusible substance is 

generally related to the rate at which it leaves and re-enters the capillary, to the size of the 

extravascular compartment related to each capillary, and to the total number and length of the 

capillaries across which exchange takes place. The rate of exchange across the capillary in turn is

related to the diffusion coefficient for the substance in the capillary wall and extravascular space
89and to the rate of presentation of materials for exchange (perfusion flow rate) . In the liver, as 

the diffusion takes place rapidly in comparison to the perfusion rate, the time of transit is limited 

only by the rate of perfusion and the volume of extravascular space. Thus, for a given flow, a 

larger volume of distribution is manifested in a larger mean transit time. This explains the finding

that the volumes of distribution of cellular markers (WAT and URA) were larger than those of
83 119 291extracellular markers (ALB and SUC) and is in accordance with the literature data

4.6.1.2 Definition of outflow appearance in cirrhotic livers

The observed change in the outflow profiles of markers in cirrhotic livers is indicative of a 

progressive alteration in exchange of material between blood and liver. Numerous structural and 

circulatory alterations that take place in cirrhosis 2884 81T 10,270,272,203 ma^ eXp[ajn j-hjs change of

119



behaviour. The change in the profile of each test substance may have been caused by one or 

more of the following mechanisms.

The general decrease in vascular space in cirrhotic livers (Figure 4 10), the enlargement of the

hepatocytes (those that have escaped destruction) and the interstitial space which leads to the
158 •compression of sinusoids , may account for the sharper and faster elution and longer lag time

of erythrocytes emerging from the cirrhotic livers

Figure 4 10 Colloidin casts of portohepatic venous trees in normal liver (lower) and in advanced 
cirrhosis (upper) Note the marked reduction in total vascular bed (from reference 159)
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Ultrastructural alterations, including collagenisation of the space of Disse, capillarisation of the

sinusoids with the formation of a basement membrane, and a decrease in the number and total
155 252areas of endothelial fenestrae, have been demonstrated in cirrhotic rats and humans ’ . These

changes cause the diffusible substances to be excluded from a part of their original spaces and

distribute in a smaller space in a fashion that is still related to the rate of perfusion. On the other
202hand, development of channels with poor permeability and intrahepatic shunts results in a 

greater fraction of substance passing through the liver without getting access to its normal 

distributional space. The implication of the above mechanisms for albumin and albumin-bound 

compounds (diazepam and diclofenac) is a faster elution and a sharper peak.

Morphometric analysis indicates that the number of hepatocytes in cirrhotic livers is decreased 

(Table 4.8). This reduction in yield of hepatocytes is compensated for by an increase in other 

liver cells.

Table 4.8 Morphometric analysis in experimental cirrhosis (% of total tissue volume).
liver mass (g) hepatocytes nonhepatocytes bile ducts connective tissue 

Normal liver 16.6 85.1 10.2 0.2 1.4
Cirrhotic liver 32.5 51.5 7.8 21.4 15.2

from references 96 and 217

Histological examinations and tracer studies in this and other work confirmed that the volume of 

hepatocytes is reduced in cirrhotic livers. Regarding the theoretical considerations (Section 

4.6.1.1), reduction in the volume of distribution for water and urea and model drugs would imply 

a steeper appearance and shorter MTT as was observed in the present studies.

From the behaviour of the markers in the cirrhotic livers it is conceivable that their distribution is 

still compatible with a flow-limited diffusion. Unimodal outflow curves were obtained for the 

markers. This is in contrast to other findings 119,291 indicating a bimodal outflow pattern for 

sucrose and water in cirrhotic livers. However, due to technical reasons (the recirculation nature 

of the experiments and very low level truncation of the outflow data), it is difficult to interpret 

the results from those reports.
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4.6.1.3 Normalisation

In order to provide a basis for comparison among the group of markers used, it was necessary to 

normalise the primary curves (outflow concentration versus time). For modelling purposes, the 

outflow concentration was transfonned into frequency outflow by simultaneously correcting for 

perfusion flow rate and administered dose. For all other purposes, the output curves were 

transformed into the fractional outflow curves by dose normalisation, ie the total amount of 

material injected was defined as 1 unit, and the concentration of material in the outflow was 

expressed as a fraction of the injected mass per ml of perfusate. Since for non-eliminated 

substances, the recovery (including the extrapolated fraction) should equal the administered 

mass, the results for both methods are expected to be the same.

The true value of the administered dose is important in the normalisation procedure and since the 

volume injected was small (50 juL) it could be associated with some degree of error. Therefore, it 

may be argued that application of AUC, which is an actual experimental finding, leads to more 

precise normalised data. However, on using AUC care must be taken. When unextrapolated 

AUC is used as the correction factor, the value may be variable among the different preparations. 

On the other hand, sometimes the recovery is not complete and dividing the outflow 

concentration by AUC produces inter-preparation artefacts. As the recovery of markers in the 

experiment was virtually complete, and the sampling time for each marker throughout all liver 

preparations was the same, AUC was used to normalise the data.

4.6.1.4 Superimposition

The definition of the outflow appearance implies that normalisation of outflow concentration for

dose and volume, and normalisation of time for MTT results in a dimensionless plot with an area
83equal to 1 . The superimposible curves for three reference markers (RBC, ALB, WAT) in all

liver preparations is shown in Figures 4.11 and 4.12. Each profile showed a normal symetrical 

distribution, having a dimensionless f(t)m;ix around 0.55. The tmax value however was different 

between the three profiles. While tmax of WAT plot centred on the value of 0.7 albumin and 

erythrocytes profiles shifted to the right having a t nlax of 0.85 and 1, respectively. In the cirrhotic 

livers, the shape, f(t)mnx and tniax of albumin and erythrocytes curves were similar. They had a
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sharper peak with a greater f(t)max (0 .8 ). The normalised plots for water was less sharp, had a 

lower peak (f(t)niax = 0.7), and became more skewed. The ability to obtain such plots for the 

vascular, extracellular and cellular markers with high precision may be interpreted as achieving 

the following: Complete recovery, precision in the estimation of Dose and V, sufficient perfusion 

to the livers, correct theoretical considerations, and flow-limited distribution of markers.

The shape of the superimposition curve for water was a distribution peaking at dimensionless 

time=0.65. Similar plots were obtained for erythrocytes and albumin which were only slightly 

differed in time and shape. The deviation in time could be explained by the large vessel effect. 

Large vessels (non-exchanging areas) contribute to the estimation of volume of all intrahepatic 

spaces. The magnitude of this contribution was variable among the various markets, being larger 

for those restricted to the vascular space followed by extracellular space and cellular space 

markers. If the erythrocyte and albumin curves were shifted by 0.4 and 0.3 in time to the left, 

respectively, they become superimposable on the water curve. In cirrhotic livers, where the 

relative volume of the large vessels was increased, a similar pattern was observed.

54 83Another normalisation method has been proposed ’ in which the outflow concentration is 

expressed as a fraction of maximum concentration (Cm:iX) producing plots in which the f(t)mnx and 

W  are centred around a value of unity. Compared to the first method where estimated values of 

the dose and V are used for normalisation, in the second method the normalisation depends only 

on the Cm;ix (the actual observed data). However, as the value of Cmax is greatly influenced by 

sampling-time intervals, theoretically the second method is not better. The normalised water 

outflow data, analysed using this method is depicted in Figure 4.13.

An important parameter that influences the shape of the curves is DN 54. Figure 4.14 illustrates 

simulation of changes in frequency data following a change in DN for a hypothetical compound. 

As the value of Dn increases from zero, the peak time decreases from T=1 towards T=0, the 

shape becomes more skewed and the sensitivity of the shape of the curve to a change in DN 

decreases. Therefore, substances demonstrating similar dilution curves should possess similar DN 

values. Figure 4.15 depicts the normalisation plots of water in all control liver preparations. The 

profile indicates that the Dn values for the superimposition curves were in the range of 0.15 to 

0.28.
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1

Normalised Time (t/MTT)1

Figure 4.13 Dimensionless plots of output concentrations (normalised for Cma\) versus time 
(normalised for MTT) for water in all control liver preparations in isolated perfused rat livers.

"OSDn is primarily determined by the heterogeneity of hepatic vasculature "  . In the control livers, 

there was little variation in hepatic architecture among different livers. Therefore, the D\- values 

of reference markers were similar and the difference in their superimposible curves was 

negligible. In cirrhotic livers, as the response of the treated livers to hepatotoxin (in terms of 

structural changes) was variable, the difference in Dm of diffusible substances became more 

noticeable. Therefore, the difference between the dimensionless curves of the markers in cirrhotic 

livers was slightly larger. Visual analysis of the curves also showed that the peak of each of the 

three markers in cirrhotic livers was higher compared with that of the control but not as much as 

the tail. Given this situation, it was not possible to obtain adequate fits of cirrhotic curves on top 

of the control data points (Figures 4 .11  and 4.1 2). The difference in Dn may explain the observed 

systematic deviation of the normalised cirrhotic curves from the control data points.
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4.6.1.5 Recovery
Figure 4.4 illustrates the use of linear extrapolation to account for the fraction eluted beyond the 

last experimental collection point. Extrapolation can greatly influence the results of recovery, 

MTT and V. The correction for the most rapidly travelling indicator (erythrocytes) was 

attainable, whereas that for the most slowly travelling substances (urea, water and drugs) was 

less certain. The sampling schedule plays an important role in reducing the error associated with 

the estimation of AUC 121,54,47.

The complete recovery of RBC in control and cirrhotic livers (Table 4.1) is demonstrated by the 

cumulative outflow curves (Figure 4.1). The recovery of sucrose and urea was complete (more 

than 98%) with no difference between control and cirrhotic livers indicating that neither of these 

substances was lost during single passage through the liver. The recovery of both albumin and 

water was complete in controls (96%) but is slightly reduced in cirrhotic livers (91%). 

Accumulated extracellular matrix in the space of Disse may have contributed to albumin's 

reduced recovery in cirrhotic livers. The non-recovered fraction of water may be trapped within 

the preparation and so plays no role in the exchange process and is not associated with a volume. 

The fact that only a small fraction of the administered dose (3.5%) of markers was eluted beyond 

the last experimental sampling point indicated that the sampling schedule had been long enough 

to reduce the potential error involved in extrapolation.

4.6.1.6 Mean transit time (MTT)

The larger MTTs of ALB and SUC, compare to that of RBCs, is indicative of their access to a

greater volume of distribution (the extracellular volume). The access of markers of total hepatic

aqueous space (URA and WAT) to a still larger volume is manifested in even larger MTT values

compare to the other markers. The reduction in the MTTs of markers (except sucrose) in

cirrhotic livers indicated that the space in which they were distributed was reduced. The

calculated MTTrbc in control livers ( 1 0  sec) was in accordance with literature data (Table 4.9).

A small inter and intra-species variation was observed. In cirrhotic livers, the value of MTTrbc

291was reduced. In one study , using IDT in CC14-induced cirrhotic livers, a 10% increase in the 

value of MTT of erythrocytes was observed. In the same study, the total time needed for the 

elution of erythrocytes and also vascular and sinusoidal spaces were decreased. The workers did 

not offer any explanation for this discrepancy. Other clinical studies report only descriptive data, 

and in the absence of appropriate data analysis, comparison is limited.
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A wide inter- and intra-species variation in the MTT values of albumin and sucrose was observed
291 • * 83in the literature. From virtually similar MTT values to values with 50% difference have

been reported for these two markers. This variation becomes more pronounced in cirrhotic 

livers.

In the current study, the MTT values of albumin and sucrose in cirrhotic livers differ. While the 

MTT of albumin, similar to the other markers, was decreased by 45% in the cirrhotic livers, that

of sucrose was increased by 5%. This different MTT and outflow profile has been observed by
83 291the others ’ . The unaltered or slightly increased MTT of sucrose indicated that this marker,

unlike albumin, had no major difficulty on distributing into the extracellular space. A 93%
318increase in MTT of sucrose in cirrhotic livers has been reported by others

Compared to the vascular and extracellular markers, the MTT of cellular markers decreased very 

little (water 4% and urea 14%). While a part of this diminution was attributable to the reduction 

in vascular and interstitial spaces, changes at the cellular levels cannot been ignored.

4.6.1.7 Volume of Distribution

4.6 .1.7.1 V ascular volume

As eiythrocytes are confined to the vasculature, their volume of distribution approximates the

vascular space. The vascular space in the cirrhotic livers was reduced by 35% (Figure 4.16).
291Similar findings have been reported by other workers . Two potential mechanisms may 

account for the reduction in vascular space. Both mechanisms have received support from 

histological studies. First, the total hepatic vascular bed is significantly reduced in cirrhotic livers

(Figure 4.10). Second, due to hepatocellular expansion and hepatic fibrosis, the vascular space is
203 245stretched longitudinally with an overall reduced transversal diameter ’ . In cirrhotic patients

a significant inverse correlation between hepatocyte size (and surface area) and sinusoidal area

has been observed, indicating that larger hepatocytes are associated with sinusoidal compression
293 . Ethanol-fed rats in which liver enlargements of 36 to 42% were observed, had a significant

293reduction in blood space per unit liver weight ‘ .
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Hepatocytes

Space of Disse

Sinusoids 

Large vessels

Figure 4 16 Reduction in the estimated volume of hepatic spaces in cirrhosis. The diagram has 
been drawn using the mean values of data in Table 4.10.

A marked difference in vascular volume between the control and cirrhotic livers was obseived. A 

group of workers, using a similar IDT and LPRI. approach, were not able to observe such 

difference However, the values of vascular volume in control livers (0.081 ml/g) reported by 

these workers appear to be much lower than their previously reported values 11(’- 14 0r values 

obtained in the control livers in the current study.

The intrahepatic vasculature comprises large (non-exchanging) vessels and sinusoids which 

effectively participate in the diffusion. Not much attention has been paid in the past to the effect 

of large vessels on the dispersion of elements in the liver. The volume of the large vessels and 

sinusoids can be estimated. Assuming that the observed lag time (time of appearance of first 

element) is the time spent by an erythrocytes in three separate regions (the non-hepatic region, 

the large vessels, and the sinusoids) the MTTnh can be easily estimated. If it is subtracted from

the total MTTrbc, the MTTrbc in the hepatic region is obtained. Considering the length o f  a

i 313 • 201.227single smusoid (200-500 (am; ~ and velocity of erythocytes , the time spent by an

eiythrocyte to pass through a single sinusoid (0.007 sec for Q=1.3 ml/min/g) can be ignored 

compared to the MTT of RBC (10 sec). Hence on subtraction of MTTnh from the lag time, the 

MTT of large vessels (MTTi.v) and subsequently the MTT of sinusoids (MTTsin) can be
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determined. These times are then translated into the large vessel and sinusoidal volumes by 

appropriately multiplying to Q.

The volume of the space of Disse ( V d i s )  and cellular volume ( V c e l l )  may also be calculated.

where V diff denotes the volume of distribution of diffusable extracellular markers (albumin and 

sucrose).

As the time spent by an RBC in a single sinusoid is very short, and every erythrocyte enters into 

only one sinusoid, it may be concluded that the overall MTT spent by RBCs in the sinusoids is 

very little compared to the time they spent in the large vessels. But it should be noted that 

because a greater resistance to the flow exists inside the sinusoids 116,112, sinusoidal volume has a 

considerable share of the vascular volume. Indeed it was found that the sinusoidal MTT (63% of 

total MTT) for erythrocytes in normal livers was larger than that in the large vessels (37%) 

(Table 4.10). These MTT values, and consequently the sinusoidal volume values, are in

accordance with data obtained by another group of workers who used a different method of
83 291analysis ’ . In control livers, the large vessels volume was estimated to be 0.092 ml/g,

comprising 37% of hepatic vascular volume. The sinusoidal volume was estimated to be 0.15 

ml/g liver weight, approximating 63% of hepatic vascular volume. In PT livers, the volume of 

large vessels, sinusoids, and the space of Disse were slightly smaller, approximating to 0.09, 

0.15, 0.18 and 0 .2 1  ml/g liver weight, respectively.

The ratio of V lv/ V sin was increased substantially from control (0 .6 ) to cirrhotic livers (1.45) 

(Table 4.10). A review of the data in Table 4.6 shows that this change in ratio was primarily due 

to reduction in the sinusoidal space rather to an increase in large vessel volume. These

observations are in agreement with the ultrastructural morphometric analysis of rat livers with
245CC14-induced cirrhosis published recently , in which hypertrophy was attributed mainly to an 

increase in connective tissue with an increased quantity of blood vessels in the septa. It should be 

noted that the blood vessels in the septa are in fact the large vessels. However the proportion of
291the large vessels in the septa to the whole liver has not been determined. Others , using similar

VLV = MTTlv x Q 

Vsin = MTTsin x Q

(4.2)

(4.3)

V dis ~  V diff -  V rbc 

V cell =  V wat - V diff

(4.4)

(4.5)
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method of analysis, similarly found that the sinusoidal volume is decreased in cirrhosis. However, 

the large vessels volume in their experiment was increased (in contrary to the present findings). 

This increment in large vessels volume should therefore compensate for a decrease in sinusoidal 

volume and produce a more or less unchanged vascular volume in cirrhotic livers, as was shown 

in their even larger MTTrbc.. In contrast they reported a 40% decrease in vascular volume. 

Examination of their method of analysis and their discussion did not reveal any clue for this 

contradiction.

4.6.1.7.2 Extracellular volume

The larger volume obtained for albumin and sucrose, compare to that of erythrocytes, indicates 

that these markers have distributed into a larger space (extracellular space). The value calculated 

for albumin space was similar to those reported by others in in situ liver preparation 214,316 The

volume of distribution of sucrose is of the same order of magnitude as those reported in nonnal
83 90dog liver ’ . A 20% difference was observed between the volumes of distribution of albumin 

and sucrose. Since both of these markers share the same vascular volume, the difference in their 

total volume of distribution is due to a difference in their interstitial volumes (Table 4.6). It is 

evident that albumin had been excluded from a part of the space of Disse. This exclusion 

phenomenon is caused by the microanatomical properties of the space of Disse which is filled 

with an extracellular matrix that limits the free movement of large molecules, such as albumin 

(MW=66,000). The presence of this ldnd of phenomenon has been documented in vitro for

hyaluronic acid gels 61 and collagen 304 and similar properties of the ground substance in the
83Disse space were being demonstrated in this (Figure 3.3.4) and other work .

83The apparent exclusion phenomenon increases with an increase in molecular weight . In the 

liver, the available interstitial space to albumin is 64% of the volume accessible to the small
83 1 1molecular weight extracellular probes such as sodium ' ’ . This indicates that the diffusion of 

albumin in this space is reduced by one-third of the velocity in water due to the fractional 

interaction between albumin and the matrix 50 The exclusion phenomenon implies that, in the 

design of uptake experiments, it is necessary to use a specific type of second extracellular 

reference which describes the behaviour the uptake substance will have if it did not enter liver



cells. Of the possible second extracellular markers, sucrose was chosen as its molecular weight 

(230) is close to that of the drugs (around 300).

A wide range of outflow dilution patterns obtained for albumin. At one extreme, the albumin

curve approached that for RBC, and at the other end a pattern similar to that expected in the

normal liver was found, with a large separation between the RBC and albumin curves. The

experimental data suggest that in the first group of cirrhotic livers, virtually all albumin remained

in the vascular compartment along with the erythrocytes. This kind of profile was close to those

observed in a circulatory bed which was impermeable to the albumin over a single passage time
88 87 122(eg in the pulmonary circulation at low flows) ’ ’ . The labelled albumin curves obtained in

the first category of cirrhotic livers may well have resulted from a similar phenomenon, with the
272diffusion being limited across capiliarised sinusoids . In the second and third categories of 

cirrhotic livers, the access of albumin to the interstitial space had been limited. This kind of 

profile is close to those observed in capillary circulations with poor permeability to albumin, such 

as the coronary circulation 23 6. In the heart, where the collagen fibre matrix in the interstitial

space is denser, the proportion of the space accessible to albumin was found to decrease to 33%
59. The proportional exclusion in the liver thus may be expected to increase for albumin, with 

increasing fibrosis of the Disse space 252

The behaviour of sucrose was no longer flow limited in the first categoiy of cirrhotic livers. This 

behaviour may have been caused by the following conditions: a) the passage of a fraction of the 

sucrose molecules through small intrahepatic shunts (less than 15 pin in diameter); b) extensive 

capillarisation of sinusoids which would render diffusion of sucrose barrier-limited. Similar 

profiles have been observed in capillaries with poor permeability to sucrose such as the coronary 

circulation in the dog236. In this capillary system there is a non-linear dissociation of sucrose 

molecules and albumin because sucrose molecules cross the capillaiy membrane in a barrier- 

limited manner to diffuse in the extravascular space. Thus, when sucrose molecules reach the 

outflow they emerge at a later time than albumin.

In cirrhotic livers the interstitial space accessible to albumin decreased and that of sucrose slightly 

increased, thus the ratio between extravascular albumin and sucrose space was larger in cirrhotic
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livers (1.92) compare to controls (0.83). This observation is in agreement with literature data
130,198

The ratio of extracellular space (Valb) to vascular space (Vrbc) in control livers was found to be 

1.7. However when both spaces are expressed in terms of their effective diffusible space (without 

the volume of large vessels), this ratio was increased to 2.1. The significance of this ratio is that it 

determines the area available for exchange; the bigger this ratio, the more effective the exchange 

would be. In cirrhotic livers, the ratio of total and effective extracellular to vascular space (Valb / 

Vrbc) was decreased to 1.25 and 1.5, respectively. This indicates that the area available for 

exchange of albumin and protein bound substances had been reduced by 35 %.

4.6.1.7.3 Cellular volume

The greater volume of distribution of water and urea, compare to those of albumin and sucrose, 

is indicative of distribution of these markers into a bigger space (ie vascular plus interstitial plus

cellular spaces). The value found for the intracellular water space corresponds closely to that
83 90 198 197found (0.635) in other studies ’ ’ ’ . A biexponential barrier-limited distribution, as

described by some workers 291,119, was not found for water in cirrhotic livers in this study. In PT 

livers, the specific cellular volume was relatively greater.

In cirrhotic livers, less difference was found between the values of V cell-wat and V Cell-ura 

compared to the control values, whereas the V cell estimated based on the V  of S U C  showed 

more depression than the V cell based on the V  of ALB. The reason lies on the extent of 

alteration of volume of distribution of markers.

Assuming similar physicochemical properties, similar distribution behaviour may be expected for 

water and urea. Indeed the volume of distribution for these two cellular markers are similar. 

However a 10% difference was calculated. Water, as one may expect from its physiochemical 

properties and behaviour in other organs, is distributed thoroughly into the whole space 

accessible to a substance in the liver. Therefore, it is the urea that has been limited from access to 

a part of the cellular space. For non-eliminated cellular markers such as water and urea, uptake 

by the hepatocytes is expected to be complete by the first pass through the liver. From the
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slightly larger f(t) mnx and smaller t„lax of urea compare to that of water it is evident that a small 

fraction of urea was not able to enter the cells and travelled directly to the outflow.

The difference in distributional behaviour of the two cellular markers is further illustrated in 

Figure 4.17, where the ratio of urea to water is plotted. For the first 16 sec time period of the

curve (the ratio of upslope values), the ratio was larger than 1 indicating a bigger uptake for
79water than urea. The diffusion coefficient for water is slightly more than twice that for urea 

implying a greater throughput component for urea than water. Therefore, the rate of influx for 

urea is slightly smaller than that of water and as PS=ki2.Vb, permeability through the cell 

membrane is different for the two markers.

The ratio of urea to water after 16 sec was 1:1, and the slope and intercepts were zero and unity, 

respectively. After 60 sec, this ratio became progressively smaller than 1, which reflected the 

elution of larger proportion of water in the outflow compared to that of urea. It should be noted 

however that in the early and final parts of the ratio plot, as the concentration of both urea and 

water is low, so is the precision of the ratio. In the cirrhotic livers, the ratio plot is systematically 

different to that observed for control livers. In the first portion of the curve (ratio of inclines), a 

greater ratio was observed, indicating a bigger throughput component and permeability barrier 

for urea. The second portion of the curve (ratio of peaks) was short lasting only 8 sec. The final 

part of the plot (ratio of tails) was relatively longer (starting from 30th sec) and progressively 

decreasing.

The difference in the profiles of water and urea may alternatively be explained by the analysis of
201convection and diffusion during indicator transport through the liver . A more rapidly diffusing 

molecule is, in the delayed wave, expected to exhibit a dispersion along the single pathway, 

proportional to the square root of the product of the diffusion coefficient and the transit time,

divided by the entrance-exit length. As the diffusion coefficient for water is slightly more than
79twice that for urea , a longitudinal diffusional phenomenon thus appears to account for the 

small scale increase in dispersion of the water curves, in relation to the urea curves.

It has been reported that the volume of distribution of water displays a tendency to increase
121slightly with increasing flow rate . The reason seems to stem from inadequate perfusion. At
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low perfusion flow rates, perfusate may not take access to all parts of the liver whereas with 

increasing flow rate, all liver mass is adequately perfused, giving a larger MTT, Indeed a good

The estimation of total aqueous space depends on the marker used for the analysis. When ALB 

and WAT were used, larger volumes were obtained than when URA and SUC were used. 

Furthermore when ALB and URA were used for the estimation of cellular space, a smaller 

change was observed between control and cirrhotic livers (0.04 ml/g), whereas using SUC and 

WAT, indicated larger changes (0.18 ml/g). The finding that cellular space was slightly reduced

in the cirrhotic livers is in agreement with literature data. However, in contrast to these findings,
291a group of workers (using sucrose for analysis) reported a 30% increase in the volume of 

cellular space. Although they were not able to offer any physiological reason for their 

observation, their control value for cellular volume was lower compared to literature data. This 

group of workers also reported an unchanged total water volume suggesting a decrease in the 

extracellular space in cirrhotic livers. This is in contrast to their observation of a 10% increase in 

the extracellular volume.

Comparative studies: The outflow profiles may be analysed using another method of analysis
83 291called the Peak-Time method ’ . In this method, the volume of the accessible space to

diffusible markers (DIFF) is estimated from the displacement of outflow curves in relation to that 

of erythrocytes (RBC). This approach depends on the symmetry in the time-concentration 

changes of the diffusible label curve shape when compared with that of the erythrocyte curve. 

The transit time and volume of markers are calculated using the following equations:

92 197correlation has been described between perfusion flow rate and specific hepatic spaces ’ . As

such, as a correlation has not been found for intracellular water space 55, it is conceivable that 

this reported correlation may have been due to sinusoidal dilation, as has been described by some 

workers 2

[TPRBC(1+ >>) -  TpDIFF]
(4.6)

(4 .7)
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where To is the time spent by markers in the large vessels, TpRBC and TpDIFF are the transit 

time at the peak of the erythrocyte and diffusible marker profiles, respectively, and (l+y) is the

_ peak RBC
ratio o f   — -; thus:

peak DIFF

M T T sin -M T T rb c - T 0 (4.8)

Vsin =  M T T sin • Q (4.9)

When the outflow concentrations and elution time of diffusible markers are adjusted by the factor

y  tie  and tx [l+y]), superimposible curves should be obtained. It has been suggested
l + y

that in cirrhotic liver, if conditions for a flow-limited distribution were no longer fulfilled, the
83extravascular volume measured by the peak-time method would depart from the volume 

measured by the transit-time method 44,45. This disparity can result either from shunting, in which 

both reference and diffusible labels pass through the vasculature with little difference in their 

transit times, or from collagenisation and capillarisation, in which the development of a new 

barrier limits diffusion in the extravascular space.

In order to test this hypothesis, the peak-time method of analysis along with the transit-time 

method was applied to the outflow data of albumin and sucrose. As illustrated in Figure 4.18, a 

good correlation was observed for the volume of albumin estimated using the two methods 

(i-0.95), indicating that the distribution of albumin was compatible in a flow-limited kind of 

behaviour in cirrhotic as well as in control rats, as previously reported in cirrhotic patients 119. In 

contrast, in the cirrhotic livers (n=4) where the sucrose dilution curves were no longer 

compatible with flow-limited distribution, the peak-time volume differed from transit-time 

volume (Figure 4.19).

Volume correction: The control values for the hepatic volume of distribution of markers 

obtained in the current study (Table 4.5) are similar to the values reported by several other 

workers 83,316,214,90 In one study, a total aqueous volume of 0.93 ml/g was reported 291. 

However, these values are considerably larger than those reported by most workers (Table 4.9). 

Thus, for comparative purposes, a modification step was performed on the experimental data. 

The relative volume of distribution of water was considered as reference and assumed to be 70% 

of liver weight 65. As overestimation of volume is reflected in overestimation of MTT,
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correction of MTT would then result in correction of corresponding volume. Therefore, the 

correct value of MTT was estimated using the following equations.

V, = MTTt x Q (4.10)

V2 =MTT2 x Q  (4.11)

where V) is the assumed value of volume of distribution of water (70%), V2 is the value obtained 

experimentally, MTT] is the mean transit time of water which was to be estimated, and MTT2 is 

the MTT of water observed experimentally. Thus:

MTT,= (V! / V2) x MTT2 (4.12)

The ratio of Vi/V2 of water in each set of experiments was used as a basis for the recalculation 

of MTT and V of other markers in that experiment, assuming that the magnitude of delay in 

MTT was the same for all markers. The mean values of MTT and V for all reference markers, 

estimated in this manner, is presented in Table 4 .1 1 .

Table 4.11
Corrected values of Mean Transit Time and Volume of Distribution 
for radiolabelled reference m arkers in control livers.

Mean Transit Time (sec) Volume of Distribution (mi/g)

Erythrocytes 7.5 ± 0.7 0.19 ± 0.05

Albumin 13.3 ± 1.1 0.31 ± 0 .0 5
Sucrose 14.3+  1.6 0.35 ± 0.07
Urea 29.8 ± 1.5 0.68 ± 0.07
Water 32.8 ±1 . 9 0.75 + 0.07

For method of correction s e e  the text 
Values are m ean ±  SD. n=10

Although the cause of overestimation of MTT presumably existed in. the cirrhotic preparations as 

well, the correction technique was not used. This was due to the fact that changes in the hepatic 

spaces is naturally associated with the disease processes and approximation of the degree of 

changes in the volume related to each part (disease or experimental error) is very difficult. Hence 

the uncorrected values of both control and cirrhotic livers used for the comparison of the two 

groups.
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Comparison of methods on volume estimation: There were slight differences between the values 

of V obtained by moment analysis and those obtained by modelling (Table 4.5). These 

differences may be explained by considering the moment and modelling procedures. Generally, 

the values obtained by modelling were similar to those obtained by moment analysis when the 

following conditions were met:

a) on modelling, calculated data closely approximated the observed data.

b) on moment, the sampling time was adequate, so that the error involved in extrapolation was 

minimal.

The dispersion model did not provide for any change in the values of volume of distribution of 

water and urea from control to cirrhotic livers, whereas moment analysis indicated a reduction of 

23% for this parameters. With regard to the physiological properties of water, a major change in 

the volume during the disease process is not expected. However, there are several possibilities 

that may account for the observed reduction in water volume estimated by moment analysis. It 

may well be due to hepatic fibrosis. Fibrosis of the liver may lead to inadequate perfusion and

thus an underestimation of MTT. In contrast, the cirrhosis process results in the alteration of the
217liver composition, increasing the volume of connective tissue (inaccessible to water) . Another 

possibility was the effect of large vessels. As the volume of large vessels is relatively reduced in 

cirrhotic livers, their bias effect on the estimation of volumes showed also to be reduced.

4.6.1.8 Relative spreading (CV2)

On calculating CV2, variance is normalised for the mean value. When the variance of transit 

(statistical distribution) of elements of an injected label is normalised for the size of the system 

(MTT), then comparison between two populations is possible. For non-eliminated labels 

showing flow-limited distribution, similar values of CV2 (normalised measure of spreading) 

should be obtained. This was the case for the vascular and extracellular markers in the control 

livers. Despite the large difference between their volume of distribution, the estimated CV2 for 

RBC, ALB and SUC was found to be in the range of 0.285 to 0.3. The value of CV2 for cellular 

markers was slightly larger than that for the vascular and extracellular markers.

In the cirrhotic livers, a greater relative spreading was estimated for the reference markers. 

Numerous structural changes which take place in cirrhosis may have caused this increase. 

However, it should be noted that calculation of MTT and particularly VTT involves some
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extrapolation which renders some error in the estimation of CV2. The RBC was the only marker 

whose CV2 slightly decreased in cirrhotic livers, indicating a lesser spread in the liver. As the 

sinusoidal volume was decreased and large vessels volume remains relatively unchanged, it may 

be concluded that the sinusoids were the major site of spread for RBCs within the liver. The 

extent of increase in CV2 of sucrose to that of cellular markers suggests that it may even have 

penetrated into the hepatocytes. The marginal change in the relative spreading of water is 

compatible with its physicochemical properties. The noticeable change in the relative spreading 

of a small molecule such as urea (60% increase in CV2) clearly indicated some permeability 

changes at the membrane level.

4.6.1.9 Dispersion number

There was good agreement between the DN values of markers obtained in the control livers and 

those reported by the others 54,121. The DN values calculated using moment analysis also closely 

approximated those estimated by modelling. The DN values for the markers in the control livers

were similar as it might be expected. The DN values of the markers in the cirrhotic livers changed
228markedly which indicated a change in the hepatic micro structure and the difrusional properties

of the space of Disse and increased resistance to permeability. Comparison between the DN of 

water and slightly decreased DN of erythrocytes and distribution properties of these two markers 

reveals that altered dispersion of markers has primarily been caused by change in the difrusional 

characteristics of the space of Disse.
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4.6 .1 .10  C lassifica tion  o f  cirrh otic  rats

The difference in the observational parameters between the reference markers was the basis for 

classification o f cirrhotic livers (Table 4.12). This classification proved to hold also for the 

moment parameters o f the markers and the model drugs (Table 4.13). This classification matches 

the categorisation o f cirrhotic livers according to the histological observations. This finding 

illustrates that a good correlation exists between the degree o f structural damage and functional 

alteration in cirrhosis. An example o f such correlation for M TT values o f urea is depicted in 

Figure 4 20

36

33

30

Figure 4.20 Relationship between the M TT o f  urea (the numbers) obtained in different cirrhotic 
liver preparations and the categories o f cirrhotic livers based on the histological evaluation
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Table 4.12
C lass ifica tion  of c irrhotic  livers served in the iso lated  perfused  
l iver s tudies  based on the exten t of change in the param eters  
of m o m en t ana lys is  of model c o m po u n d s  and h is to logy .

Albumin
and

Sucrose

Urea
and

Water

Diazepam Diclofenac Saiicylate His tology

Category 1 3 4 3 4 3 4 3 4 3 4 3 4

7 8 8 10 7 10 7 8 7 8 7 8

Category 2 2 6 1 2 2 6 2 6 2 6 2 6

9 10 7 10 8 9 9 10 9 10 9 10

Category 3 1 5 5 6 1 5 1 5 1 5 1 5

11 12 11 12 11 12 11 12 11 12 11 12

The numbers in each box are the numbers of cirrhotic livers. 
Category 1 contains the cirrhotic livers with the maximum changes.

Table 4.15
P a ra m eter s  of m o m e n t  a n a ly s i s  of r e fere n c e  m ark ers  in v a r io u s  
c a t e g o r ie s  of c irrhotic  l ivers  in i so la te d  rat liver p rep a ra t io n s .

MTT
sec)

V
(ml/g liver weight)

CV2

RBC ALB SUC URA WAT RBC ALB SUC URA WAT RBC ALB SUC URA WAT

Category 1 mear 7.0 8.9 16.1 29 . 3 31 . 8 0.11 0.13 0 . 35 0 . 54 0 . 59 0 . 3 7 0 . 58 0.80 0 . 85 0 .69
*S.D 0.4 2.4 2.9 2.9 4.6 0 . 02 0,02 0 . 07 0.11 0 . 13 0 . 0 6 0 . 12 0.12 0.14 0 . 09
CV% 5 26 1 8 1 0 1 4 20 2 0 1 7 22 21 1 5 2 0 1 5 1 5 1 2

Category 2 mean 7.8 1 1 1 8 33 3 9 0 . 16 0.22 0 . 45 0 . 74 0 . 68 0 . 2 5 0,36 0.55 0.64 0 .58

?*S.D 0.5 2.9 3.8 0.8 2.1 0.03 0 .04 0 . 05 0. 13 0 . 15 0 . 04 0 .10 0.10 0.11 0 .08
cv% 1 0 30 20 2 1 0 1 5 2 0 1 0 1 8 21 1 3 2 5 16 1 8 13

Category 3 mean 8.2 16.0 22 .5 36.1 40 . 3 0.21 0.24 0 . 55 0.84 0 .93 0.21 0.26 0.45 0.58 0 . 47
* S .D 0.8 2.8 2.6 3.2 5.5 0 . 03 0.06 0. 10 0 . 15 0 .18 0. 03 0 . 08 0.07 0.07 0.07
CV% 1 0 20 1 0 1 0 1 0 1 5 3 0 1 6 1 8 2 0 1 5 2 6 1 4 1 1 1 4

Overal Mean 7.5 11.1 19.4 31 . 7 35 . 7 0.15 0.22 0. 43 0 . 73 0.77 0 . 27 0 . 42 0.64 0 . 72 0.57
*S.D 0 . 7 2 . 3 2 . 7 3.2 5.1 0 , 03 0.06 0. 09 0 . 18 0.19 0 . 04 0 . 10 0.10 0 . 10 0.09
C.V. 1 0 20 1 0 1 0 1 0 1 5 30 2 2 25 2 3 1 3 25 1 6 1 4 1 5

MTT; m e a n  transit l im e  m e a n  v a lu e  in e a c h  cirrhotic group  is the  m e n  of 4 su b jec t s
V: v o lu m e  of distribution
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The Model Drugs
hi the previous section, radiolabelled reference markers were used to characterise the hepatic 

distribution and reveal the effect of cirrhosis on hepatic resistance to solute exchange. A 

knowledge of distribution properties of normal and cirrhotic livers, obtained in the previous 

section, would help to closely examine the influence of permeability alterations on the 

distribution of model drugs. As all the test substances (markers and drugs) are studied under 

similar controlled experimental conditions, many related issues including membrane permeability, 

hepatic dispersion, distribution, and structure-activity relationship can be defined for model 

drugs.

The selection of model drugs was based on the theoretical considerations. Studies show that 

small, lipophilic, unionised molecules readily diffuse through cell membranes and often show 

perfusion rate-limited distribution 129,344,90 Many polar, hydrophilic and ionised compounds 

penetrate cell membranes with difficulty showing permeability rate-limited distribution 

196,257,172,343 ancj diclofenac are examples of the first type and salicylic acid is an

example of the second type of substances. Since the hepatic disposition of these drugs has been 

previously studied in this laboratory 121’60’I20? they were selected as model solutes. This provided 

an opportunity to conduct a comparative study.

4.6.2 Salicylic Acid

To study the influence of altered membrane permeability on the distribution kinetics of a 

relatively poorly permeable solute, salicylate is a suitable choice based on published findings:

1-Its clinical pharmacokinetics and metabolism are well established 297-325,2l, 121, ] 15,146, l47,150̂

2-The low extraction allows the examination of drug distribution in IPRL.

Despite the attractive characteristics of salicylate as a model compound, a limited number of

reports exist in the literature on its application for the evaluation of hepatic drug distribution per
122se. A group of workers reported the use of salicylate in IPRL in single-pass mode. That data, 

however, due to the short duration of outflow collection time in their experiments cannot be

clearly interpreted. Another series of experiments conducted in this laboratory by Hussein et al
121 studying tissue binding of salicylate in isolated perfused livers. The present work which
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extends the previous knowledge on salicylates was the first to study the hepatic dispersion of a 

poorly extracted compound under the conditions of altered penneability.

4.6.2.1 Salicylate output profile in control livers
121The shape of the salicylate frequency outflow in studies performed by Hussein et al can be 

resolved in two parts: The rapidly eluting peak represented the throughput component, the 

fraction of the total outflow that passes through the liver without entering hepatic cells due to 

poor cellular membrane penneability and rapid flow washout from the vascular compartment. 

The more slowly eluting fraction of the output, corresponding to the "returning component",

represents salicylate that has entered cells and returns to the vascular compartment. The return is
323impeded by intracellular binding and limited penneability

The absence of an early sharp peak in the control curves in this study indicated that there was no 

obstacle for salicylate to leave the vascular space, ie high cellular permeability. A very small 

throughput component still existed which was not due to a penneability barrier at the membrane 

level (Figure 4.22). This component, which could not be visualised, was the material that did not 

have time to exchange. The CV2 value of salicylate (0.55) approximated to that of water (0.5) 

indicating the existence of equilibrium distribution for salicylate between vascular and cellular 

spaces, and instantaneous radial influx of salicylate into hepatic cells. However the fraction of 

salicylate that entered the cells was subjected to intracellular binding. As most of the injected

salicylate had been taken up by the liver the returning component was much more pronounced.
228 122Using simulation studies, it has been published ’ that this kind of output profile is 

characteristic of solutes that distribute freely through intra and extracellular spaces and bind to 

hepatocyte components.

The observed difference in output curves in the two studies was not due to a variation in flow 

rate. The experimental conditions including perfusion flow rate per g liver weight in both studies 

were similar (1.5 ml/g). However the liver populations used in the two studies were different. 

Normal livers in these experiments were approximately 7 months old weighing 23.5+3.5 g. 

Normal livers in the study of Hussein et al would have been less than 2 months old weighing 

12.2g. The difference in the outflow profiles would not stem from weight difference since the 

data were either free from weight consideration (eg MTT) or were normalised for weight (eg V).
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It is possible that the difference in the profiles is caused by the age difference. It has long been 

recognised that ageing is associated with alterations in physiological and pharmacological

variables, and an age-related decline in the metabolism of a number of xenobiotics has been
5 169*262observed in old rats ’ . Several physiologic processes such as biliary function decline at

greater ages (>1 year) 256 Cardiac output and tissue perfusion are both reduced with age 35’132i 

although drug distributional changes due to these alterations may well be offset by changes in the 

tissue distribution of the cardiac output, as well as decreases in tissue and lean body masses 34,36. 

In addition to these reports, several systematic studies have been conducted to evaluate the 

influence of age on pharmacokinetic parameters. The influence of age on rat liver plasma 

membrane enzymes has also been demonstrated V The life span of a laboratory rat is normally 2 

years. Although control rats in these experiments did not reach that age, these were much older 

than other rats used in experimental pharmacology. To examine whether the outflow profile was 

different in younger livers, a separate dilution experiment was carried out on three two-months- 

old livers weighing 15 g using three different flow rates (20, 30 and 40 ml/min). The observed 

frequency output profiles obtained in the young livers (Figure 4.21) were different from those 

described for older control livers, but were similar to those obtained by Hussein et a! 121.

0.06
Q=40ml/min

0.05
0.01

0.04

0.0010.03

0.02 0 0001
40 80 120 160

0.01

0 40 80 1 2 0 160
Figure 4.21 Linear and semilogarithmic plots of frequency output concentration of salicylate in a 
representative normal liver, from a 2-month old rat, perfused at different perfusion flow rates.
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4.6.2.2 Salicylate outflow profiles in cirrhotic livers

The profound change in the outflow profiles of salicylic acid (Figure 4.3) in cirrhotic livers is 

indicative of change in the distribution to non-equilibrium conditions. This is confirmed by the 

increased CV2 value compared to the control value and that of water. The appearance of a fast 

eluting sharp peak suggests that the hepatic uptake of salicylate has been decreased. The 

permeability barrier that has caused this reduction in uptake may have been formed at various 

levels. The formation of some sort of basement membrane in the sinusoids as well as collagen 

deposition in the space of Disse and structural changes at hepatocyte membranes can lead to 

progressive limitation in sinusoid-tissue exchange. Since salicylate is a small molecule (MW 138) 

and unbound in the perfusate, the permeability barrier should be mainly at the level of the cell

membrane. Comparison of the salicylate profiles in the cirrhotic livers to those obtained by
121Hussein et al , where a permeability barrier at membrane level was described for salicylate 

hepatic distribution, confirms this idea.
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4.6.2.3 Recovery
In this work only total 14C radioactivity was measured and assumed to be equivalent to the 14C- 

salicylate, given that salicylate is not eliminated when administered as a bolus into the single-pass

perfused liver 147,186 This assumption was based on results from the HPLC analysis of

121unlabelled salicylate perfusate concentrations from previous studies in this laboratory . These 

studies indicated that the steady-state output was achieved within 15 min and the recovery of 

unchanged salicylate was between 94% and 99%. This was in agreement with the very low

hepatic extraction ratio (0.05) of salicylate in the rat 186,115. The relatively higher recovery of

121radiolabelled salicylate reported by Hussein et al , compared to the values found in the current 

experiment, was probably due to the presence of cold salicylate in the perfusate in those 

experiments. The increase in the recovery of labelled salicylate in the presence of cold drug has 

been observed by another worker 246. Another possibility is the greater influx of the drug leads to 

more extensive and stronger intracellular binding. In cirrhotic livers, where the rate of influx has 

been decreased, an increase in recovery was observed.

4.6.2.4 Volume of distribution in control livers

The much larger volume of distribution of salicylate (53 ml) (Table 4.4) compared to that of

sucrose (10.9 ml) indicated that salicylate permeated through the hepatocyte membrane and

distributed into the cellular space. A larger normalised volume of distribution (2.6 ml/g)

compared to that of water (1 ml/g) indicated that this compound had a significant affinity for

hepatic tissue. The normalised volume in this work was considerably larger than that obtained by
121Hussein et al (1.5 ml/g) but the corrected value (Table 4.11) was less different (1.8 ml/g). 

From the non-parallel change in the volume of distribution of salicylate (50% reduction), cellular 

markers (20% reduction) and intracellular space (10% reduction) it was thought that the 

structural changes that occurs either at the cellular membrane level (new permeability barrier) or 

inside the cells (influencing tissue binding) may have contributed to the salicylate decreased 

volume. The decrease in ki2 (Table 4.14) and unchanged k2i favour the first potential mechanism 

(Equation 2.16). Conversely reduced ki2 and increased Vb would imply an unchanged membrane 

permeability.
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It was possible to calculate a cellular volume accessible to salicylate, extra to that of water. 

Assuming salicylate occupies total hepatic water space,

The value of ki2 is greater than k2i which indicates a considerable cellular influx and slow cellular 

efflux (compatible with the salicylate outflow profile), and also a greater volume of distribution 

compare to water. The estimated specific cellular volume accessible to salicylate in control livers

access of salicylate to the hepatocytes in the cirrhotic livers.

4.6.2.5 Dispersion Model analysis

Although the isolated perfused rat liver preparation is useful for determining the distribution of 

transit times after a bolus injection of the drug into the hepatic portal vein, the events occurring 

within the liver are difficult to describe with any precision without the use of a physiologically 

based model. Nevertheless, it is important to test the applicability of any model by assessing its 

ability to describe the kinetic behaviour of different compounds under a variety of test conditions.

In the present project, the two-compartment dispersion model was capable of adequately 

describing the frequency outflow profiles of salicylate in both control and cirrhotic livers (Figures 

4.7 and 4.8). The modelling analysis allowed for the estimates of kinetic parameters such as ki2, 

k2i, Dn, / uc and Kp. Unlike the two-compartment model, the one-compartment dispersion

model could not adequately describe the temporal profile of salicylate in both groups. This
121 122finding, supported by the observations of others ’ , suggested that the overall distribution of

salicylate in the liver, unlike water (cellular marker) is influenced by: a) intracellular binding, in 

normal livers; b) intracellular binding plus permeability barrier at cellular level, in cirrhotic livers.

Vwat-Vb+Vc

V sarV b- (1+Kp)

where Kp is the ratio of ki2 to k2j. Therefore.

V sal ~  V Wat — k p  . Vb —V c

(4.13)

(4.14)

(4.15)

was 1.15 ml/g which was similar to the values calculated from the data reported by Hussein et al
121(1.1 ml/g) . This volume was reduced to very low values in cirrhotic livers indicating limited
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121 122The values of DN determined for salicylate in this and other studies ’ were consistently 

lower than those have been observed for other solutes 63>60’65’242’228’84 a  possible explanation 

for this low estimates of DN lies in the sensitivity of this parameter to the fitting procedure used 

to describe salicylate dilution curves. The model tended to underestimate the peak and end stage 

tailing portions of the salicylate outflow curve. This appeared to be independent of the weighting 

scheme employed. Simulations using dispersion model parameter estimates obtained in this study 

confirmed that failure to accurately characterise the throughput portion, especially the upcurve 

and f(t)nlflX, could lead to underestimation of the true value of Dn. In practice, this problem arises 

when the collection interval of liver effluent is relatively large compare to the time taken for the 

throughput component to eluent. More frequent sampling times, particularly at the beginning of 

collection, may improve the fit. Simulating experimental data by manipulating the sampling times 

(using a Dn value in the range 0.15 to 0.2, observed for water 2-5&20/34a) over 1.5 sec intervals 

it was possible to produce an outflow curve that was identical to the profile simulated using a DN 

of 0.08. Hence, the consistently lower value of DN observed in the present study appears to have 

arisen from a limitation in the outflow fraction collection procedure relative to the very rapid flux 

of salicylate from the IPRL

The Dn values in Table 4.14 have been calculated using modelling procedure. The dispersion 

number could also be calculated by moment analysis using the following equation 

CV2= 2Dn -  2Dn2 X [1- exp(' 1,DN) ] (4.16)

The Dn of salicylate in both liver populations estimated using the dispersion model (0.082 and 

0.29) was consistently lower from that obtained using moment analysis (0.25, and 0.43). This 

gave some indication of the goodness of fit and confirmed the previous theory that imperfect 

fitting leads to underestimation of DN. It may appear that the magnitude of potential error 

involved in the estimation of DN value using moment analysis was less than that of modelling. 

However Dn is always being estimated using model equations and CV2 could be readily 

estimated by moment analysis.

4.6.2.6 Throughput and returning components

To assess the relative influence of the throughput and returning components on the shape of the 

outflow profiles, two profiles were simulated. Based on the estimated mean values for ki2, k2i 

and Dn (Table 4.14), the complete profile for salicylate was first simulated using Equation 2.15.
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In the second simulation, all parameters remained the same except k2i, which was set to zero (ie
323no return of salicylate from the cellular space) ‘; this profile depicted the throughput fraction 

(Figure 4.22). The difference between the AUCs of complete and throughput profiles represents 

the returning component 85,90. Based on these simulations, it was estimated that the throughput 

and returning components comprise 5% and 78% of the injected material, respectively. An 

increase of> threefold in the throughput component (to 18%) in cirrhotic livers (Table 4.14) was 

another indication of the reduced permeability of salicylate in cirrhosis.

4.6.2.7 Fraction of salicylate bound in hepatic tissue

The presence of salicylate in the perfusate results in a concentration-dependent decrease in the
121volume of distribution . This ability would suggest that salicylate undergoes considerable 

binding to the tissue. The absence of protein in the perfusate (/u= l) in these experiments 

provided an opportunity to investigate the extent of binding of salicylate within the hepatic tissue. 

An estimate of fraction unbound in the cells, /u c, could be obtained from the two-compartment 

dispersion model parameter estimates by rearranging and combining Equations 2.16 and 2.17 to 

give,

k 7 1 . Vr
/ uc = (4.17)k12-Vb

where Vc is the aqueous cellular volume (the difference between volume of water and 

extracellular volume). This calculation assumes that salicylate is distributed into the total water 

space within the liver, the influx and efflux permeability-surface area are equal (P S in =  P S 0Ut) and 

that there is no binding in the perfusate.

An agreement was found between the /u c value calculated in the control livers (0.29) and that
121calculated by Hussein et al (0.37) . This was despite the fact that the calculated ki2 in these

experiments was smaller than that found by these workers. The reason lies in the ratio of Vc/Vb, 

which was smaller in these experiments (1.6) than that experiment (2.8). In cirrhotic livers, the 

value of /u c was increased to 0.58, which may be considered as an indication of decreased 

intracellular binding capacity in cirrhosis.
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The intracellular binding of salicylate was further supported by a larger Kp (liver-to-perfusate 

partition coefficient) of 3.7 compare to that for water (Kp =1). The value of Kp obtained in the 

present experiments was in good agreement with the in vivo unbound Kp (Kpu) presented in the 

literature. The estimate of Kpu for liver, calculated based on data supplied by Hirate et al115, was

6.4 following a dose of 10 mg/kg salicylate. This parameter was reduced to 1.7 when a higher 

salicylate dose was administered (173 mg/kg). This was in accordance with the fact that the Kp 

value estimated in this work (3.7) was lower than that reported by Hussein et al (Kp=6), who

administered a smaller dose in the absence of cold salicylate. A similar value for liver (KPu =2)
325was calculated from data presented by Yoshikawa et al , obtained in studies on the tissue 

distribution of salicylate in normal and pregnant rats. It has been suggested that both albumin and
325other proteins in the hepatic cytosol have a role in binding salicylate within the liver

Adding salicylate to the perfusate results in a concentration-dependent decrease in hepatic tissue
121binding . A concentration- and flow rate-dependence change in salicylate volume has also 

been described for salicylate. In the current work, unlabelled salicylate was absent from the 

perfusate, and the perfusion flow rate was fixed. Therefore, any change in /u c and volume 

between control and cirrhotic livers was due to the structural alteration caused by cirrhosis.

The intracellular volume of distribution of salicylate (2.2 ml/g) was much larger than that of the 

estimated volume of cytoplasmic ground substance (0.26 ml/g, 2" ) . In previous studies in this 

laboratory, where the estimated salicylate volume of distribution was smaller compared to the 

present study, the intracellular volume of distribution of salicylate (1.2 ml/g) was much larger 

than the estimated cytoplasmic volume (0.4). This confirms that salicylate not only penetrates the 

intracellular components (such as nuclei, mitochondria and endoplasmic reticulum) but binds to 

them as well.

Some aspects of salicylate distribution could be explained in the light of comparison with other 

compounds. The steady-state volume of distribution of the most poorly permeable member of 

the 5-ethyl-barbituric acid family (CO) is greater than that obtained from bolus experiment 54. 

Conversely, the volume of distribution of labelled salicylate in the absence of cold salicylate in the 

perfusate is greater than that in the presence of cold salicylate. These apparently contradicting
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observations from two poorly permeable compounds can be explained by different mechanisms. 

For CO, the explanation lies in the low membrane permeability. In the bolus experiment, the 

fraction of CO that may have permeated into cells is much less than the throughput component 

and hence the distribution volume associated with returning component reflects largely the 

volume of cytoplasmic ground substance and does not include all the available water space of 

hepatocytes. Therefore the distribution volume estimated from a bolus injection would be less 

than that calculated from steady-state study. For salicylate, the presence of cold drug in the 

perfusate will lower the binding capacity of the liver and decrease the volume of distribution of

labelled salicylate. This explains the reduction of salicylate volume parallel to the increase in the
121concentration of cold salicylate in the perfusate . This comparison indicates that caution 

should be taken when evaluating the volume of distribution of a drug with low membrane 

permeability.

4.6.2.$ Flow rate and salicylate kinetics

A lack of dependence of model parameters (eg DN) on perfusate flow rate has been described for

compounds that display one- and two-compartment characteristics 323,224 Furthermore, DN is

determined primarily by the hepatic microvasculature, with the values of DN the same for all
228 242compounds and equal to that of erythrocytes ’ . These findings are in contrast to that

323presented by Yano et al for cefixime, whereby both the Dn and Vh in the isolated perfused 

liver tended to increase with increased flow rate, while Kp was reduced. One explanation for the 

apparent sensitivity of DN of cefixime to changes in perfusate flow rate was a failure by the

investigators to adequately correct for dispersion in the non-hepatic region of the experimental
231,90system

In the present study, where the flow rates calculated were based upon liver weight and were

uniform among liver preparations, the computed Dn for salicylate (0.08) was similar to that
121obtained by Hussein et al . In cirrhotic livers, with relatively similar flow rates, a higher DN 

(0.2) was obtained. The change in DN then may have reflected an increase in heterogeneity of 

hepatic vasculature. This fact was confirmed by histologic observations and analysis of markers 

distribution (see earlier).

157



4.6.2.9 Salicylate membrane permeability
The marked reduction in PS value (mean permeability-surface area product) from 8.2 ml/min/g in 

control livers to 3.2 ml/min/g in the cirrhotic livers clearly demonstrated that the permeability of

salicylate was reduced during cirrhosis. Permeability estimates are independent of flow rate and
121of the concentration of salicylate in the perfusate . Interestingly, the data obtained from in situ

experiments were similar with the literature estimates of the permeability-area product of
325salicylate determined in isolated hepatocyte uptake experiments (6.4 ml/min/g) . These findings

confirm that salicylate has a major permeability limitation in the liver and suggest that this is most

likely to be at the hepatocyte membrane site. The relationship between membrane permeability

and relative spreading for salicylate in cirrhotic livers can be described using the following 
321equation :

CV2 = CVb2 + 2 Q (Vb + v ° \  (4.18)
PS(V b +V c) 2

This relationship indicates that when membrane permeability is decreased, relative spreading is 

increased, as was observed in these experiments. While the PS value was lower in cirrhotic livers, 

their value of CV was increased (0.98 compare to 0.55 in controls).

4.6.2.10 Barrier and relative spreading

According to the two-compartment dispersion model, the effect of a permeability barrier on the

CV2 of a non-eliminating solute can be described by the following equation321

CV2 = CVb2 + [(2Q//ub.PS). (1-Vb/VH)2] (4.19)

where CVb2 is the CV2 of a blood marker.
2 2Therefore, in addition to CVb , the CV is influenced by the flow rate, membrane permeability,

and binding of drug. When the exchange between vascular and cellular compartment is very
2 2rapid (/ub.PS»Q ), CV will equal CVb • When a barrier exists between the two compartment 

or due to low permeability the transport is non-instantaneous (/ub.PS«Q ), CV2 will be greater 

than CVb , as shown for salicylate.
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4.6.3 Diazepam and Diclofenac

In the previous section, the dispersion of a relatively hydrophilic compound (salicylate) in 

cirrhotic liver was investigated. The present section evaluates the influence of cirrhosis on the 

dispersion of two lipophilic solutes in the liver. Linear systems analysis and a two-compartment 

dispersion model were used to quantify the relative roles of distribution and elimination events on 

the extraction of diazepam and diclofenac and to identify the manner in which these processes 

are influenced by altered permeability.

4.6.3.1 Recovery

Diclofenac and diazepam output concentrations were measured non-specifically by total 14C 

activity. Thus, it was important to ensure that radioactive metabolites did not contribute 

significantly to the outflow radioactivity over the 4-min sampling period. For Diclofenac, 

previous investigations, where radiochemical estimates of output concentrations were compared 

with those determined specifically by HPLC, showed that regardless of albumin concentration, 

more than 90% of the 14C-related product in the hepatic effluent was diclofenac. The control 

values for diclofenac availability in this study (Table 4.1) are in excellent agreement with those 

reported by others who used a similar approach 60,66,130

The identical availability estimates for diazepam (F=78% in lOg/L albumin concentration) 

determined using non-specific (radiochemical; Chapter Three) and specific (HPLC; Chapter 

Five) methods suggests that the metabolites of 14C-diazepam did not contribute significantly to 

the total radioactivity in hepatic outflow. In experiments conducted by Diaz-Garcia et al 60, 

where a radiolabelled bolus of diazepam was injected into the portal vein during a constant 

infUsion of unlabelled diazepam, the same findings were noted.

4.6.3.2 Impact of protein binding on drug distribution

In the case of salicylate, where no binding protein was present in the perfusate, the throughput 

and returning components were influenced by Q, ki2, and DN. For protein-bound drugs such as 

diclofenac and diazepam, both components are additionally influenced by the presence of 

albumin, despite a virtual equilibration between drug-protein complex and unbound drug. Thus, 

both the height of the initial peak and the slope of the terminal phase decrease in magnitude as 

perfusate albumin concentration is lowered 66.
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The perfusate HSA concentration selected (1%) ensured that most of the drugs (>98% of 

diclofenac and 95% of diazepam) were bound. Under these conditions, their availabilities were 

about 80%. For labelled albumin, Dn and V are independent of perfUsate protein concentration 

66. This would suggest that any changes in the output profiles of diclofenac and diazepam 

(discussed here) are not due to changes in the disposition of its binding protein per se.

As albumin is confined to the extracellular compartment, of the various physiologic parameters 

influencing ki2, k2i, and k23, the only one sensitive to changes in albumin concentration would be 

/ub, which operates on ki2. This fact is confirmed by the excellent agreement for diazepam and 

diclofenac ki2 values (0.33 and 0.11 1/sec, respectively) found in this work (Tables 4.15 and 

4.16) and experiments conducted by others l20,66,60, at similar albumin concentrations (1%).

The "true" unbound fraction of diazepam and diclofenac within the liver sinusoids may be greater

than that estimated from in vitro experiments. Passage through a capillary bed may enhance the
72 300dissociation rate of protein-ligand complexes ’ . Enhanced dissociation could arise from a

change in the conformation of the protein-ligand complex in the microenvironment surrounding 

the cell membranes, due to factors such as specific or non-specific protein-surface interactions or 

local pH changes. Numerous alterations take place in the microenvironment surrounding the cell 

membranes in cirrhotic livers. Thus, it may be argued that reduced membrane permeability in 

cirrhotic livers may be obscured by an increased /u . But it should be noted that any change in /u  

would lead to a parallel change in k i2 and thus the ratio ki2/fu  would be expected to remain 

unchanged.
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4.6.3.3 Throughput and returning components

In both control and cirrhotic livers, the initial peak of diclofenac output profiles took a shape 

similar to that for albumin, ie it is steeper and elutes faster in cirrhotic livers. The initial peak, the 

throughput component, represents the material that is bound to albumin and has escaped 

extraction. The flat tail, the returning component, continues to elute well after most of the 

injected albumin has been recovered.

The total availability of an injected dose of substance (F) can be viewed as the sum of the 

throughput component (denoted F l) and the returning component (denoted F2). The ratio of the 

returning component to the fraction of material that initially left the central compartment, ie

F?— -— , provides an index of the survival of material that enters the peripheral compartment, "the
1 — Fi

survival fraction" 66.

Upon examination of the simulated "complete" and "throughput" profiles (Figure 4.23), the 

reason for the distinctive change in the shape of diazepam and diclofenac output profiles from 

control to cirrhotic livers becomes apparent. In control livers, when ki2 is higher, a larger portion 

of injected material accesses the peripheral compartment, where it will either be eliminated or 

ultimately appear in the venous output. In this group, Fl and F2 are 0.09 and 0.7, respectively, 

such that the returning component comprises the major portion of the output profile. The 

survival fraction in this group is 0.77.

In cirrhotic livers, as ki2 decreases (as a consequence of decreased penneability), a relatively 

smaller amount of injected material can access the peripheral compartment during organ transit. 

Therefore, a large fraction appears in the hepatic outflow without having left the central 

compartment. In fact, the throughput component (Fl) is 0.69, and the returning component (F2) 

is 0.24. Hence, in cirrhotic livers, the output profile is composed mainly of the throughput 

component (Figure 4.23) and the shape of the profile is similar to that of a non-eliminated tracer 

that is confined to the extracellular space such as labelled albumin (Figure 4.4). Of the fraction 

(1 -F1 =0.31) that enters the peripheral compartment on at least one occasion, most (78%) 

escapes hepatic elimination (ie the survival fraction is 0.78). Thus the survival fraction has hardly 

been changed.
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Reduction in /u  (hence, the gradient of cellular uptake) leads to marked reduction in ki2 and an 

increase in the throughput component 66,120 As the clearance is also decreased, only a small 

change in the returning component is observed. Therefore, the survival fraction is increased. In 

the present studies, appearance of a permeability barrier (Section 4.5) leads to a substantial 

increase in throughput component and a decrease in 1-F1 value. As a consequence, the 

returning component is greatly decreased. The result is an unchanged survival fraction. Upon 

comparison of these two studies, it can be concluded that in terms of increasing the throughput 

component, the cirrhotic condition has acted similar to decreasing the /u . However, the survival 

fraction has remained unchanged in cirrhotic livers primarily due to its initial large value in the 

control livers. Using a smaller albumin concentration would have allowed for the permeability 

barrier to manifest its role in the survival fraction. Comparison of the two studies also reveals 

that the control livers in this work demonstrate the greater membrane permeability for diclofenac. 

The reason for this greater permeability, which was also observed for salicylate, is not quite clear.

The unchanged diclofenac survival fraction demonstrates that in cirrhotic livers the probability,
ti
that a drug molecule which is released unchanged into the sinusoid after its initial intracellular

»
sojourn and re-entered the cellular space on subsequent occasions, has not been changed. This is 

in contrast to the expectation that in cirrhotic livers, the access of albumin to the space of Disse is 

restricted, which may consequently reduce the rate of wash out of drug. On the other hand, the 

decrease in fraction 1-Fi in cirrhotic livers has been so marked that despite a 2.5-fold reduction in 

clearance in this group, the value of F2 still has been reduced noticeably (by threefold). This 

implies an unchanged CLmi_.

The initial peak of diazepam output profile in controls, though small, is not due to a hepatocyte 

membrane permeability limitation because the value of PS (145 ml/min/g) is nearly 100 times 

higher than perfusion flow rate (1.4 ml/min/g). The peak represents injected materials that do not 

enter the cells during passage through the liver (throughput component) because of extensive 

(93%) binding to HSA. The tail represents materials returning from the cellular space having 

escaped elimination (returning component). In cirrhotic livers, although the PS value was 

reduced substantially, it was still much higher (~70 times) than the flow rate. This indicates that 

diazepam distribution in this group is still perfusion-rate limited.
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4.6.3.4 Dispersion model

For drugs undergoing hepatic elimination, the output profile is composed of the transit times of 

only those molecules that escape extraction, and moment analysis alone is therefore of limited 

use in characterising events of all drug molecules. Under such circumstances, recourse to a 

pharmacokinetic model may be necessary if both distribution and elimination mechanisms are to 

be investigated.

According to the two-compartmental dispersion model, the radial transport (by diffusion) of 

diclofenac and diazepam into their distribution space is non-instantaneous 228-230,319 and dis­

equilibrium between the vascular and cellular spaces contributes to the variance of transit times 

during their passage through the liver. If this disequilibrium is ignored, that is if the organ output 

profiles are analysed by the one-compartment dispersion model, the estimates of dispersion due 

to organ heterogeneity are likely to be spurious. This has been clearly demonstrated in Figure 4.8 

where the relationships predicted from the application of the one- and two-compartment forms 

of dispersion models are shown. The two-compartment dispersion model has been likened to a 

model with barrier-limited conditions 85,90 In cirrhotic livers, the fonnation of a new 

permeability barrier further impedes the non-instantaneous cellular transport of the two drugs, 

reducing their MTT whilst increasing the relative spreading. Therefore, this barrier only m agnify  

the existing disequilibrium conditions for diclofenac and diazepam and two-compartment 

dispersion model still describes adequately the output profiles of the two drugs.

The observed difference in diclofenac Dn value estimated under impulse-response conditions

(0.4) 66 and that of steady-state conditions (2.5) 120 could be explained by enzymatic activity. In

impulse response mode, the size and shape of the output profile is influenced by events within the

entire liver, including the eliminating regions. In the steady-state mode, Dn is determined solely

by events that have a direct impact on the efficiency of drug elimination and by the degree of
228 229 230dispersion within the elimination region ’ ’ . Therefore, the difference in DN of cirrhotic

livers compare to control livers is attributable not only to the altered structural changes but to the 

potential changes in the arrangement of enzyme distribution as well. The decreased diffusion of 

diclofenac can also decrease the efficiency of hepatic drug elimination and possibly increase its 

dispersion number. However, this phenomenon has a significant impact on drug elimination only
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as the extraction ratio of a compound approaches unity, whereas in the cirrhotic livers, the 

extraction ratio of diclofenac did not exceed 0.1.

The shape of the diclofenac output profile is partly controlled by the dispersion of its binding 

protein, HSA. The DN determined for a compound which is 100% bound to a perfusate protein 

should be identical to that of the binding protein itself. As the degree of binding is reduced, the 

ligand will begin to rely less on the distribution and dispersion properties of the protein. 

However, only when the binding protein is removed from the perfusate (when fu  becomes 1) 

will the true dispersion characteristics of the compound be expressed. Hence, the disparity

between the Dn values estimated for diclofenac by the impulse-response 66 technique and the

120 *steady-state approach is not contradictory, but does highlight the importance of using both 

approaches for investigating the hepatic handling of xenobiotics.

4.6.3.S Non-hepatic region

The passage of material through "non-hepatic" regions is usually considered as a time lag (tiag) 

and its effect is removed by subtracting tug from measured time 66,282,319. However, even minor 

degrees of axial spreading within the non-hepatic regions (due to non-ideal input, turbulent flow, 

and discrete sampling) can profoundly influence the overall shape of the profile, particularly at 

the earlier time points 154 Thus, to gain an accurate estimate of Dn in the liver, appropriate 

correction for the delay and dispersion in the non-hepatic part of the system is needed, as 

employed in this study. It was observed that when the appropriate correction is not made, then 

the estimate of DN of solute within the liver is biased, the bias being particularly large for rapidly 

eluting materials such as albumin and albumin-bound drugs.

Although the large non-exchanging vessels positioned between the inflow and outflow cannulae 

and the sinusoidal bed may also influence the shape of the observed output profile, it has been 

assumed that the magnitude of the delay and distortion of an impulse in these regions is minor 

compare with that in other regions.
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4.6.3.6 Membrane permeability and output profiles

In the analysis of hepatic drug clearance data, the transfer of substrate across the hepatocyte cell 

membrane is generally assumed to be so rapid that the unbound substrate concentrations within 

the extracellular and intracellular regions are equal. However, if the irreversible removal of a 

substrate from the intracellular site is faster than the rate at which it arrives from the extracellular 

compartment, extraction could become membrane permeability limited. Under such conditions, 

equating hepatic drug clearance to organ enzyme activity is clearly inappropriate. The current 

experiments, conducted under impulse-response conditions, allow the evaluation of the relative 

importance of intrinsic membrane permeability (PS, the unidirectional rate of transfer divided by 

the unbound concentration of substrate at the membrane surface) and intrinsic clearance to 

substrate elimination 282

From Equations 2 .1 6  to 2.18 , the ratio of k2i to k23 can be used to estimate the relative 

magnitude of P S and CLint. For control livers, this ratio is 5.6  and 4 .8  for diclofenac and 

diazepam, respectively, suggesting that the elimination of these two lipophilic drugs by the 

perfused rat liver is not subject to membrane permeability limitation. For cirrhotic livers, although 

the ratio declines by twofold (to 2 .6  and 2 .4), the elimination is still perfusion rate-limited. It was 

notable that CLint value of the two drugs (expressed per g of liver) did not change during 

cirrhosis (Tables 4 .15  and 4 .16). Therefore, the reduction in the uptake rate of diclofenac and 

diazepam in experimental cirrhosis is due to diffusional difficulties rather than the overall ability 

of liver to eliminate the drugs.

It is possible to calculate the RN (the efficiency number) for diazepam and diclofenac using the 

equation 2.11 and 2.12 . In the control livers, Rn value for diazepam was substantially greater 

than that for diclofenac suggesting a greater metabolic capacity for diazepam. In cirrhotic livers, 

the metabolic efficiency of liver for both drugs decreases slightly which indicates that despite the 

injury, the liver still has been able to efficiently metabolise the uptaken drug. This may be due to 

the effect of phenobarbitone-treatment on the cirrhotic livers. The metabolic activity of the 

cirrhotic livers which has been initially induced by phenobarbitone, is subsequently neutralised by 

the insult caused by hepatotoxin (CC14). The result is an apparently unchanged metabolic 

activity.
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4.6.3.7 Clearance

The clearance values of diazepam and diclofenac (13.6 and 6.7 ml/min, respectively) in the 

control livers are twice the values reported by others 60,120 in IPRL under similar conditions. 

However, when clearances are expressed per g of liver weight, their values are less different. The 

values of intrinsic clearance for the two drugs in the control livers are also twice those estimated 

by others. This may have been produced by the larger cellular volume of the control livers. The 

unchanged diazepam CL and CLint values in cirrhotic livers, compare to the control values, once 

again suggests that the overall metabolic efficiency of liver in experimental cirrhosis is not 

disturbed. This is supported by the fact that despite the small increase in the estimated value of 

diazepam clearance (and CLint) in cirrhotic livers, its survival fraction has been decreased by 

more than threefold in this group (from 57% to 19%). This decrease is equivalent to an almost 

two fold decrease in the fraction of diazepam initially left the vascular compartment (1 -Fl).
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4.7 General Discussion

4.7.1 Choice of Model Substances

4.7.1.2 Reference markers

Various substances have been used as labelled marker for the indicator dilution technique. The 

choice depends mainly on the organ of study. For circulation studies in all organs, except the 

liver, erythrocytes and albumin are used as vascular markers. An erythrocyte travels slightly

faster than a bolus of albumin through a circulatory bed which is impermeable to the albumin
88over a single passage time . The labelled erythrocyte is not quite the ideal vascular reference 

substance, but it is comparable. In the liver, where no substance dissolved in plasma (including 

albumin) is confined to the microvasculature, it is the most suitable reference available for study.

As interstitial markers, different substances including albumin, sucrose, sodium, inulin, T-1824 

have been used in liver studies. These are substances which are found to gain access to the space 

of Disse but not permeating the cellular membranes. The volume in which these substances are 

penetrating in the space of Disse is variable and depends on their size. The accessible space 

decreases as the size of the probing molecule increases. This ranges from sodium, having the 

largest interstitial volume of distribution, to albumin with lowest volume of distribution. The 

proportion of the space accessible to a molecule like albumin is of particular interest, since it can 

be compared to that found in other tissues. The exclusion phenomenon implies that, in the design 

of uptake experiments, it is necessary to use, in addition to labelled erythrocytes, a specific type 

of second extracellular marker which describes the behaviour the uptake substance would have if 

it did not enter liver cells. For non-protein bound low molecular weight model drugs (such as 

salicylate in the current studies) sucrose would be the appropriate second reference; for albumin 

bound model drugs (such as diclofenac and diazepam), labelled albumin is appropriate.

As hepatic intracellular marker, water is generally used. For the estimation of total cellular water 

this is naturally the first option. Urea is the other substance which has recently been suggested as 

alternative intracellular marker. The use of urea in conjunction with water in normal and cirrhotic 

liver provides an opportunity to extent the present limited information on its distribution.



4.7.1.3 Model Drugs

The pharmacokinetic considerations (Section 1.4.2) indicate the potential complexity of 

permeability studies in cirrhosis, if meaningful quantification of any change is to be made. A 

pragmatic approach would be the use of some model drugs possessing specific dispositional 

characteristics. In fact the aforementioned pharmacokinetic rationales have been applied to 

clinical situations where clearance of a particular drug is used to provide an estimate of metabolic 

capacity or blood flow, which were then employed as a quantitative index of the hepatic function 

l43. Requirements of a model drug for permeability studies may be summarised as:

a) there should be some previous data on the drug so that comparison between the results in 

control and cirrhotic livers could be made.

b) drugs with different chemical properties {ie hydrophilic or lipophilic) should be included in the 

study.

c) for liver perfusion studies, its extraction should be low or lowered by some means, otherwise 

the clearance would depend on perfusion flow and any change in permeability could be obscured.

For liver perfusion studies, the compounds selected were salicylate, diazepam and diclofenac.

Salicylate is representative of a wide class of relatively hydrophilic polar compounds and does
121not undergo metabolism or biliary excretion . Diazepam and diclofenac represent lipophilic 

compounds which undergo metabolism and binding. The convenience of these two model 

compounds as probes for hepatic drug elimination arises from their high extraction properties 

when binding within perfusate is negligible, together with their high affinity for HS A that can be 

added to the perfusion medium to effect substantial reductions in hepatic extraction. There are 

many similarities between these two drugs in terms of their molecular size, shape, and chemical 

properties (Table 4.17). However, their permeability properties are different.
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4.7.2 Choice of Animal
43 220Most of the methods described in the literature for in vitro , in vivo and and organ

294 188 291 197perfusion studies ’ ’ ’ are devised for use with the laboratory rat, Mus norvegicus

albinus. The suitability of the rat for biochemical experimentation is widely accepted, and much

data on mammalian metabolism and tissues is derived from this source. In particular, the rat liver
280has been studied in detail

4.7.2.1 Rat and liver perfusion

Liver perfusion techniques have been devised for many species, and in earlier methods the dog, 

cat and larger domestic animals were used. The reasons were mainly technical; operative 

techniques in larger animals were more familiar and chemical methods of assay required large 

amounts of tissue. The ability to apply the general technique to a small and readily available 

animal such as the rat has enabled liver perfusion to become important in a field long dominated 

by incubation techniques with homogenates and tissue slices. Microchemical assays remove the 

requirement for large amounts of tissue. For normal laboratory purposes a small animal such as 

the rat is very convenient and suitable techniques using this animal is more desirable than use of 

well-established methods in a larger animal 168

4.7.2.2 Rat and toxicity studies

In studies concerned with toxicity, there is no general preference for any single species or strain 

of research animal. The selection depends on the aim of the study, as well as on the particular 

functional or anatomical features of the animals’ organ, plus such considerations as the planned 

technical approach, availability, ease of handling. Various animal species have been used for

production of experimental cirrhosis including dogs, pigs, rabbits, hamsters, guinea pigs, rats and
276mice . Today, for most purposes, the animal of choice is the rat due to the response of this 

animal to the hepatotoxin and also development of various techniques and microanalytical

methods which may yield more insight into liver function in health and disease at the microscopic
276level . It has been shown that male rats are more susceptible than females to CC14 treatment in 

terms of several serum indicators of hepatotoxicity and elevation of liver-to-body weight ratio .
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4.1.23 Other animals

A number of experiments associated with cirrhosis have been performed using rabbits. These

experiments are difficult to evaluate because rabbits frequently acquire chronic hepatitis (due to
176Coccidiosis) . In one study, only 6 out of 50 rabbits collected from different sources were not

diseased 190 Rabbit have been regarded, thus, as entirely unsuitable for hepatotoxicity 

experiments176. A group of workers 168 who produced a successful liver perfusion in the rat 

expressed that their success depended partly upon the choice of rat as experimental animal; the 

dog was a particularly uncomfortable choice of earlier workers since the canine liver has 

vasomotor responses that limit perfusion. Using the rat, larger number of experiments may also 

be performed. Furthermore, in-bred strains of rat are less variable genetically.
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4.7.3 Mechanisms of Altered Outflow Profiles
The are several mechanisms that influence the hepatic outflow profiles of drugs and may account 

for observed changes in the profiles of drugs through cirrhotic livers. These include a) change in 

protein binding, b) decreased metabolism, c) decreased membrane permeability, and d) 

decreased diffusion. The potential contribution of each mechanism is examined.

4.7.3.1 Role of binding protein

Only unbound substances are able to transfer across cellular membranes, the protein ligand-
98complex being too polar and large . Therefore, extensive protein binding limits the rate of

282 283uptake of substrate, proportionally ’ ‘ . However, there are a number of observations that 

cannot be fully explained by this conventional view. For example, for many extensively-bound 

substrates, uptake rates decline much less when albumin is added to the extracellular medium 

than would be expected from the decline in the equilibrium unbound concentration 265. On the

other hand, under physiological and pathological conditions, available substance has been shown
98to include free as well as a large portion of albumin-bound drug . These observations have been

20 122attributed to the "albumin-mediated phenomenon" ’ . Despite many attempts to clarify this

phenomenon, its mechanism is still controversial. Three types of models have been proposed: a)

a model in which dissociation of albumin-ligand complexes in the stirred extracellular fluid is rate
122limiting the process , b) a model in which an interaction between protein and hepatocyte 

surface is thought to promote dissociation and uptake of drug 122,265, and c) a model of rate-
177limiting diffusion of ligand through the unstirred water layer (UWL) to the uptake site

a) Dissociation rate-limited uptake: This model has been shown to adequately describe the 

uptake of bromosulfophthalein 265 and testosterone 98 in perfused rat liver. The model implies 

that if the dissociation rate of drug from albumin is low relative to the rate of the other steps (eg

the uptake rate or the removal rate), then non-equilibrium binding exists within the sinusoids and
98dissociation of bound drug determines the uptake rate . Therefore, drug would be carried to 

the outflow with the labelled albumin, as an early component of the indicator dilution curve and 

therefore is inaccessible at the uptake surface. In the present studies, despite the high affinity of 

diazepam and diclofenac for albumin (reflected in their large ka; Section 3.3), no such component 

was observed in control livers. Also the unbound fraction (0.07 and 0.008 for diazepam and
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diclofenac, respectively) alone cannot account for 90% cellular uptake during a single passage 

through the liver. Therefore, the dissociation rate must be fast, relative to the transit time through 

the liver, and effect of the protein binding in control livers is not the delayed dissociation case.

In the cirrhotic livers, one may argue that the presence of an early component in the profile and 

reduced uptake of protein bound drugs may be explained by such phenomenon. The model

implies that dissociation of drug from albumin depends on the dissociation rate and the sinusoidal
98transit time . In the cirrhotic livers, the dissociation rate and consequently the dissociation may

have been changed. Numerous structural alterations that take place in the microenvironment

surrounding the cell membranes in cirrhotic livers may alter the dissociation of drug-albumin 66

and exert such an effect. Assuming that the dissociation rate of drugs from albumin is rapid

enough, a reduction in dissociation of drug from albumin may have resulted from a reduction in

the sinusoidal transit time. It was possible to demonstrate that the sinusoidal transit time (or

volume) has been decreased substantially in cirrhotic livers; a three-fold decrease in sinusoidal

volume has been accompanied by three-fold decrease in the uptake (1-Fi) of the protein bound

drugs. Other steps in uptake should not be neglected, particularly the re-binding of free drug, as
98has been suggested by some other workers .

b) Hepatocyte-albumin interaction: Some evidence exists that implies a specific albumin receptor 

on the liver cell surface that accelerates the uptake of albumin-bound organic compounds by 

promoting more rapid dissociation of their albumin-ligand complexes 20-122’265 Cirrhosis may 

disturb this mechanism through two paths: Reduced access of albumin to the space of Disse 

would lead to a reduction in the amount of albumin reaching the hepatocyte surface and hence

decreasing the uptake. Any change in the state of the hepatocyte membrane and damage to
280hepatocyte surface could alter the interaction between the hepatocyte membrane and binding

protein. In addition it has also been suggested that there are clusters of membrane proteins with
20high affinities for specific classes of ligands 

cl Reduced diffusion: see latter text.
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4.7.3.2 Im paired m e t a b o l is m  j
Clinical and experimental observations with drugs indicate a wide diversity in the effect of 

hepatic disease on hepatic elimination. Change in hepatic elimination in isolated perfused 

cirrhotic liver may be mediated by change in intrinsic clearance, CLjn( or change in flow 

perfusing the liver, Q 216

4.7.3.2.1 Change in CLini

Hepatic cirrhosis results in substantial damage to parenchymal cells. The actual effect of this 

hepatocellular damage on the clearance of drugs is difficult to generalise. Reduced CLaU of drugs 

of different categories (Section 1.4), which has led to the formulation of the operational models 

of "intact cell hypothesis" and "sick cell hypothesis", could be caused by the following 

mechanisms.

a) Reduction in the number o f  hepatocytes: The so-called "intact cell hypothesis" states that a 

reduced volume of liver cells with a normal enzymatic makeup (intact cell) is only perfused in

part due to the hemodynamic disturbances 2I7’219’161 Morphometric analysis 219 and assessment
217of microsomal function provide support for this theory. The yield of hepatocytes are 

substantially reduced in cirrhotic livers (Table 4.8), and impaired mitochondrial function in 

cirrhosis is mainly due to loss of hepatocellular mass 216,96 Tracer studies in this and other work 

confirmed the results of morphometric studies that the specific intracellular volume is reduced in 

cirrhotic livers.

b) Reduction in protein content o f  the liver cells: In many instances 216,96, replacement of liver 

tissues by fibrous bands can not account for 50% reduction in clearance of substances, providing 

support for the sick cell hypothesis. This theory postulates an abnormal function of the individual 

hepatocytes responsible for the overall failure of the diseased liver 217,294. This abnormal function

is caused by reduction in the amount of cytochrome P-450 (nM/mg protein) 96,219 and specific
217loss of microsomal enzymes

c) Alteration in enzyme activity: In clinical 2,147,269 and experimental 2S0 cirrhosis, a change in the 

properties of the endoplasmic reticulum is observed which in many cases is characterised by a 

decline in the activity of the cytochrome P-450 system. After stopping CC14 intoxication, while
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269the rats remain cirrhotic, the activity of enzymes in all zones gradually returns to normal

Occasionally, enzyme activity per unit surface area of inner mitochondrial membrane may be
133increased to maintain mitochondrial function of the cirrhotic liver . Due to liver cell necrosis, 

serum activity of several enzymes (eg hexosaminidase) is increased in cirrhosis 306

The effect of altered CLult. on hepatic extraction and clearance is highly dependent upon the 

initial value of this parameter 306. If Q »C L jJ1t, then extraction and clearance reflect drug 

metabolism and a change in CLint produces a proportional change in clearance. If CLint» Q ,  

then the metabolic activity of the liver must be decreased quite markedly before any effects on 

clearance are apparent as was the case for diazepam and diclofenac in the present studies. In such 

cases, hepatic clearance is not a good indicator of the hepatic function. There is therefore the 

potential situation of hepatic disease producing significant dysfunction of the hepatocyte at the 

biochemical level, but the liver has sufficient "reserve capacity" that such impairment has 

negligible effect upon the overall hepatic clearance of the drug 306.

d) Heterogeneity: Most phase 1 metabolic reactions are localised predominantly in zone 3 '37&42_ 

46& 138/800 ancj t j^ s  z o n e  -g e x t e n s iv e iy  damaged in cirrhosis. Thus, a general metabolic

disturbance is expected in cirrhosis. However, a heterogeneity of function observed in the CC14
217 217model of cirrhosis which is analogous to that in humans . This is because while metabolic

zonation persists in CC14-induced cirrhosis269, different cytochrome P-450 isoenzymes (different

217 80functions) and different hepatic microsomal sites are affected to a different extents. The

severity of the disease is also important. Knowledge of the anatomical location of the enzymes

responsible for metabolism of various substrates and their relation to the site of the toxic lesion

may appear to contribute to an understanding of the relationship between microscopic anatomy

of the disease process and altered drug metabolism. Despite reports that enzymatic systems

responsible for diazepam and diclofenac metabolism are damaged in cirrhosis, the CLint value for

these two drugs did not change in the cirrhotic livers. This could be due to the existence of a

reserved capacity for hepatic metabolism. The recovery of enzymatic activity post-treatment is

also possible. It also should be noted that some of the hepatic enzyme systems consists of

multiple isoforms of similar molecular weights and electrophoretic mobilities with overlapping
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substrate specificities (ie even where a particular compound is preferentially metabolised by one
20isoform, this preference may not be absolute 

4.7.3.2.2 ChanRes in Q
217The contribution of hepatic artery to the perfusion of cirrhotic nodules is increased

Occasionally, the formation of new vascular channels in fibrotic bands between parenchymal cell
272cords and in communication with the spaces of Disse may facilitate the access of substrates to

202remote cell surfaces . Sinusoidal capillarisation alters the access of axial flow to the sinusoids

3,161. The most influential hemodynamic alteration during cirrhosis is shunting. Extrahepatic 161

252and intrahepatic or functional shunts divert a considerable fraction of blood (and blood 

containing substances) from hepatocytes.

4.7.3.3 Reduced permeability

The fluid state of the hydrophobic bilayer of hepatocyte plasma membrane plays an important

role m regulating transport '. Perturbation of membrane by ethanol and calcium reduced

* * 170 251membrane fluidity and taurocholate transport ’ . Pathological changes in liver tissue
280following CC14 poisoning includes changes in the properties of cellular membranes . A strong

189inverse correlation between the ratio of membrane lipids (measure of membrane fluidity ) and
1 QO

the activity of its enzymes exists which is decreased in cirrhotic livers . Increase in these ratios 

is known to be responsible for high membrane micro viscosity and therefore reduced enzyme 

rotational diffusion. The membranous system retracts into smooth surface tubular aggregates 

which are considered to be denatured membrane. Rapid, extensive lipid peroxidation of the
* 980membrane structural lipids has been proposed as the basis of CC14 hepatocellular toxicity 

However, whether various uptake transport mechanisms of substances are affected by cirrhotic 

livers are not clear 216

Hepatic uptake of some organic anions and cations is mediated by well-characterised transport 

systems 20,165,166. For most drugs, however, such earner-mediated transport systems have not 

been demonstrated and permeability occurs mainly by passive diffusion. The impact of a 

transmembrane barrier on the distribution and elimination kinetics of drugs and metabolites has
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58 257been evaluated in theory and practice ’ . However, the quantitative contribution of such

factors as the microenvironment surrounding the surface of hepatocyte membrane and the 

physiochemical properties of the compound are still poorly understood.

The overall decreased permeability in cirrhotic livers was manifested in decreased PS value 

(Tables 4.14 to 4.16). Using Equation 2.12, the permeability of the hepatocyte membrane (p) in 

relation to the drugs was calculated. In cirrhotic livers, the greater reduction in the PS value 

(57% for diclofenac and 32% for diazepam) was accompanied by a lesser reduction in the p 

value (16% for diclofenac and 9% for diazepam) indicating that the change in the drugs outflow 

profiles was not simply due to membrane permeability limitations.

4.7.3.3.1 Membrane penneabilitv and physicochemical properties

Table 4.17 summarises the PS values of a range of compounds (corrected for /u ) obtained from 

isolated perfused rat liver studies, collected from literature together with some physicochemical 

properties. The data demonstrated a progressive increase in PS with increase in logD (pH 7.4) 

value.

Salicylic acid, which is a hydrophilic substance, is an example of a relatively poorly permeable 

model drug. It is a compound of high polarity which carries one negative charge at the acidic 

group and with a logP 2.26 and pKa values of 2.97 and 13.4, salicylate is predominantly ionised 

at physiological pH. Based on these characteristics salicylate is expected to pass through the 

normal hepatocyte membrane with some difficulty, but to the contrary it showed a high 

membrane permeability. It has been shown that for polar and ionised substances such as salicylic 

acid, the unexpectedly high membrane uptake is explained by the phenomenon of 'hydrogen 

binding'. Hydrogen binding between oxygen or nitrogen atoms of a molecule and hydrogen atom 

of internal or a neighbouring molecule increases its lipophilicity and membrane permeability 

(Figure 4.24).
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Figure 4.24 Hydrogen binding increases the lipophilicity and permeability of salicylic acid.

For very lipophilic drugs, hepatic uptake is so rapid that it is only possible to measure 

permeability in the presence of its binding protein. Because most drugs enter the hepatocytes by

passive diffusion, hepatic uptake is expected to depend on factors such as lipophilicity, degree of
243ionisation, molecular size and extent of protein binding . Chou who evaluated the literature 

data on the relationship between the partition coefficient and PS of several compounds 

demonstrated that PS value tends to increase with increasing lipophilicity, though no continuous 

relationship was found across the whole range of drugs studied 54. However, for compounds 

with PS values greater than 10 ml/min/g liver and those with PS values less than 1 ml/min/g liver, 

a linear relationship between logPS and logP was demonstrated.

It is generally expected that small molecules diffuse more quickly than large molecules. However 

for a range of drugs studied, the relationship between molecular weight and PS is not clear 54. 

This may be due to the relatively narrow range of molecular weights examined or to the 

dominant effect of logD on PS that obscures the effect of molecular weight on PS.

The partition coefficient, logD, is an index of lipophilicity that accounts for the degree of

ionisation at physiological pH. The PS of unbound drug increases as logD is elevated showing a
54 173-175sigmoidal relationship ’ “ .F o r  poorly permeable drugs, as the cellular uptake in short

transit time through the liver is low, there is doubt whether PS can be estimated accurately from 

hepatic outflow data at low levels of PS. For highly permeable drugs, the upper limit or plateau 

represents a rate limitation caused by diffusion through the aqueous layer at the surface of the 

hepatocyte membrane 54.



4.7.3.3.2 Membrane permeability and perfusate flow

Hepatic uptake is influenced by cellular permeability, perfusate flow and drug binding. It has 

been proposed that uptake is permeability rate limited when the ratio of PS to flow ( ^ - ^ — ) is

less than 0.06, and is perfusion rate limited when that ratio is greater than 5.7. For drugs having 

that ratio between 0.06 and 5.7, both permeability and flow effectively influence the uptake 54. 

The estimated value of this ratio for diazepam, diclofenac and salicylate in control livers was 7.3, 

2.8 and 5.9 respectively. These values reduced to 4.6, 1 and 2.1 respectively in cirrhotic livers. 

Thus, it may be concluded that the uptake of salicylate and diazepam is influenced by 

permeability while that of diclofenac is influenced by both permeability and flow. However, the 

role of binding and lipophilicity should not be ignored. For drugs with a logD greater than 0, 

uptake is flow-rate limited if the drug is not protein bound. If the drug is highly bound, the 

uptake shifts from flow rate-limitation towards a permeability rate-limitation. The uptake of 

drugs with logD values of less than -3 is usually permeability rate limited irrespective of the 

degree of binding. For drugs with logD values between “ 3 and 0, hepatic uptake is a function of 

both flow rate and permeability.

4.7.3.4 Reduced diffusion

The absence of correlation between the uptake of bound-drug with unbound fraction (albumin- 

mediated transport phenomenon) is greater for highly permeable ligands (eg warfarin, diazepam,

diclofenac and taurocholate) than for ligands with medium membrane permeability (eg
122tolbutamide and salicylate) . This effect disappears for the uptake of ligands of low membrane

penneability (eg cefodizime). The diffusion-limited uptake model assumes that association and

dissociation of ligand and albumin are fast enough to achieve equilibrium at every section of the

unstirred water layer (UWL), and considers the diffusion of ligand through the UWL to be the

major factor. According to this model, the apparent influx clearance for a bound-dmg (PSuli;app)

is obtained using the following equation

1 1 1   = _ ^ + ---------- /4 2 0 )
PSinf,app Pdiff 7 ^ -PS inf

where Pdiff and PSjjff represent the diffusion clearance through the UWL and the intrinsic influx 

clearance of free ligand through the plasma membrane, respectively. Pdiff is also a function of fu:
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where Du, Db, A, and s represent diffusion constants for unbound and bound ligand, effective 

uptake area, and the thickness of UWL, respectively.

With a highly-permeable ligand (large PSmf), PS is almost equal to Pdiff and is unexplainable 

with free fraction. With a ligand of low membrane permeability (small PSmf), PSuffapp is almost 

equal to /u.PSnip, and can be explained by the free fraction. Thus, the rate-limiting step of influx 

clearance will change from the diffusion through the UWL to the membrane permeation as the 

permeability of the ligand in question decreases, resulting in the disappearance of the albumin- 

mediated transport phenomenon. The effect of UWL should be negligible when the permeability 

of the ligand is low.

The behaviour of diazepam and diclofenac in the current studies can be explained by the above 

theory, using a knowledge of the relative resistance of intrahepatic regions to transport 260. In 

normal livers, these ligands show a high membrane permeability. Therefore, the P Sinf;app would 

be controlled mainly by diffusion across the space of Disse. In cirrhotic livers, due to the massive 

structural changes in the space of Disse (Chapter 4), the rate of diffusion of substances from 

sinusoids into the hepatocyte membrane is greatly reduced, leading to a reduction in PSjnf;app of 

drugs. This causes the drugs to be earned to the outflow with the labelled albumin, as an early 

component of the indicator dilution curve. Conversely, if the permeability of the drugs is 

decreased during cirrhosis, the rate-limiting step is membrane permeation (the effect of the UWL 

is negligible), PShff^pp is almost equal to /u.PSuff, and can be explained by free fraction.

Comparison of PSuffapp between perfused rat livers and isolated hepatocytes using ligands of 

different membrane permeability, not only indicates a more pronounced UWL effect in the 

perfused liver, but also suggests that dissociation-limited transport cannot fully account for 

albumin-mediated transport and that diffusion-limited phenomenon is much involved. The effect 

of the dissociation rate-constant may be important in the transport of ligands with extremely high 

membrane permeability (eg warfarin) but in most ligands including even those classified as 

ligands of high membrane permeability (eg diazepam) the dissociation rate constant does not 

seem to be a major factor. In these cases, albumin mediated transport is mainly explained by the



effect of the UWL. Therefore, when the unbound fraction is large, the diffusion of ligands 

through the UWL may lead to the underestimation of the true membrane permeability and may 

result in the observation of albumin-mediated phenomenon.

The increased effect of UWL in cirrhotic livers is a contribution of three factors.

a) Increased deposition of collagen in the space of Disse which increases the thickness of the
147 122UWL by creating toruosity and the hepatocytes adherent water film ’ . Hill demonstrated

that a cylinder 1 cm in diameter composed of material similar to frog's nerve, if suddenly placed 

in oxygen, would take 185 minutes to attain 90% of its frill saturation with that gas. An actual

nerve 0.7 mm thick would take 54 seconds for the same stage of saturation to be reached. A
157single nerve fibre 7 microns thick would take only 5 milliseconds . The rapidity of diffusion 

obtainable in systems of small dimensions is the basis of the capillary circulation. The estimated

thickness of UWL in normal perfused liver (where the thickness of the space of Disse is 1-2
122 122 pm; ) reported to be 10 pm . This layer should be much greater in cirrhotic livers where the

thickness of the space of Disse is increased by up to 5 times. Oxygen delivery, hence metabolism

and secretion, could also be compromised if the critical diffusion distances are exceeded 276.

b) Since the area of fenestrae does not occupy 100% of the sinusoidal wall, the effective area 

(not for membrane transport but for vascular to space of Disse diffusion), hence uptake, is 

affected. This effect in increased in cirrhosis.

c) Hepatic intra- and extra-cellular diffusion coefficients show little dependency on the molecular
192weight and are much smaller than diffusion coefficients in water . These diffusion coefficients 

are reduced in cirrhosis.

The importance of the equilibrium partition should also be noted. It has been shown that the 

proportion of material present in the space of Disse at any one time is governed by the 

equilibrium partition of material in the space of Disse and the sinusoidal space, rather than by a 

diffusion coefficient 83. Chinard el al 44 found that the ratios of recoveries of inert gases in the 

pulmonary outflow approached the ratio of their solubilities rather than the ratios of their 

diffusion coefficient. From the larger logP value of diclofenac than that of diazepam (Table 4.17), 

it is conceivable that at any one time, a larger proportion of diclofenac would be present in the
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Disse space than diazepam. Therefore, any disturbance in this space, would influence the 

clearance of diclofenac to a greater extent than diazepam, as was demonstrated in these studies 

(Tables 4.15 and 4.16).

4.7.4 In vitro-in vivo Correlation

The membrane permeability of fifteen drugs which have been estimated using isolated rat
173hepatocytes and perfused rat liver, have recently been re-evaluated by Miyauchi el al . It was 

demonstrated that the PS of total drug obtained from hepatocyte studies correlated with that 

obtained from perfused liver experiments only in certain range. They suggested that this was due 

to the diffusional resistance of an unstirred layer within the space of Disse that limits the uptake 

of highly permeable solutes.
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4.7.5 Shunting

Although the impact of shunting on hepatic clearance of drugs in liver disease is well recognised
00 1
' , little attempt has been made to model the shunting in these circumstances. Nevertheless, 

shunting should be considered when estimating the intrinsic clearance of highly extracted drugs 

and when attempting to discriminate among the models of hepatic elimination. This issue is 

particularly important in steady-state situations. The presence of shunting would result in the 

appearance of bimodal indicator dilution curves as demonstrated by Huet el a l 11 \  However, for 

functional shunts, capillary throughput components may be so intimately intermixed that 

unimodal dilution curves result.

In the current study, the presence of anatomical shunting based on the recovery of microspheres 

was rejected. However, appearance of a sharp peak in several outflow profiles of the model 

drugs in the cirrhotic livers (Chapter 4) may have been caused by the presence of functional 

shunting. Also, the observed diazepam and diclofenac extraction in the cirrhotic livers was lower 

than that predicted to result from a reduced enzyme activity alone, consistent with the 

development of functionally significant intrahepatic shunts.

54 * 382Chou and Oliver recently proposed an operational model in which shunting was included in 

the dispersion model. This model was capable of explaining the apparently large Dn for 

diclofenac in isolated perfused rat liver when the influence of fu  on F, at steady state, was 

evaluated. Using this model, it was also possible to offer a simple and plausible explanation for 

the non-linear relationship between albumin concentration and hepatic uptake of several highly- 

extracted-highly-bound drugs. This model, which views shunting as a special case of capillary 

heterogeneity and considers shunted fraction of flow as a parallel compartment, was applied to 

several frequency outflow data sets of model drugs where the original dispersion model did not 

describe the peak and tailing regions of the peak satisfactorily. As can be seen from Figure 4.25, 

the fit of the revised model to the observed data was satisfactory and better than the previous 

model. This finding indicates that functional shunting, to some extent, has been present in the 

cirrhotic liver.
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Figure 4.2 $ Semilogarithmic presentation of frequency outflow of diazepam obtained from a 
cirrhotic liver. The line is the fit of two-compartment dispersion model (which includes a 
component for shunting) to the observed data (markers).

4.7.6 P henobarb itone-treated  livers

A potential problem in using the current method for the induction of cirrhosis in rats is the use of 

the enzyme-inducer, phenobarbitone. This has required the use of appropriate phenobarbitone- 

treated (PT) controls. In the current study (Chapter 3, Tab 4.2.3), physiological and histological 

data in PT control livers and normal control livers are similar. Parameters of moment analysis of 

markers and drugs, such as MTT, CV2, and V, were also similar in the two groups. These 

finding has been confirmed by others 119-1SS-259’294 Phenobarbitone induces most enzymes 

panacinarily which may cause acinar gradients to diminish or exaggerate. Pathological

states may constitute a modulating factor. Cirrhosis, for instance, is known to change enzyme 

distribution. The increased metabolic activity of PT livers may have a significant impact on drug 

elimination. However, the significant increase in Clmt of diazepam and diclofenac in PT livers 

was lower than expected. It has been shown that the maximum enzymatic activity following 

phenobarbotone treatment is achieved after 10 days treatment 20S. Therefore, it may be possible 

that during prolonged phenobarbitone administration, the liver adopt itself and hepatic metabolic 

activity return to a lower level.

187



CHAPTER FIVE: STUDIES IN EXPERIMENTAL CIRRHOSIS

Section Two: Steady-state Considerations 

5.1 Introduction

The magnitude of dispersion can be estimated either by reference to the concentration-time 

profile of a substance from the liver after bolus input into the hepatic portal vein or by examining

the influence of controlled changes in physiological determinants such as drug binding within
228perfusate on drug availability . In the previous chapter, it was shown that the hepatic 

distribution of diazepam was permeability rate-limited and could be characterised by the two- 

compartment dispersion model with a Dn value of 0.13. The present study extends these findings 

by evaluating the applicability of the dispersion model to describe the hepatic elimination of this 

highly extracted compound under varying conditions of protein binding and estimating the 

degree of hepatic dispersion,

5.2 Experimental Design

The single-pass isolated perfused liver preparation used was the same as described in Section 

3.3.2. The perfusate consisted of human serum albumin (HSA) (concentrations specified below) 

in basic Krebs bicarbonate buffer (KBB) solution, delivered at 1.22, 1.18 and 1.4 ml/min/g for 

normal control, PT control and cirrhotic livers, respectively. Viability of the liver was assessed as 

described in Section 3.3.2 and was confirmed by the steadiness of the diazepam effluent 

concentrations at steady state during continuous drug infusion.

5.2.1 Transient Kinetics

In order to standardise the liver preparations, a bolus (100 pi) of labelled erythrocytes, albumin 

and water was injected into the portal vein during constant infusion with basic perfusate and 

hepatic effluent was collected.

5.2.2 Steady-state Extraction

These experiments were conducted to assess the influence of albumin on the availability of 

diazepam at steady state. After the initial stabilisation with basic perfusate (drug-free, HS A-firee), 

the perfusate was alternated between 0%, 0.1%, 0.5%, 1% and 2% (g/100 ml) HSA for 120 min 

(20 min at each HSA concentration) while the total concentration of diazepam was maintained at



1 mg/L. The inflow and outflow perfusate samples were collected at 5 min interval from the 

beginning to 20 min, and 1 min interval between 20 and 25 min and analysed for diazepam. The 

concentration of diazepam was determined using HPLC. Protein binding of diazepam in 

perfusate solution of varying HSA concentration was determined by equilibrium dialysis (Section 

3.3.4). Preliminary experiments showed that the non-specific adsorption of diazepam to the 

perfusion apparatus was negligible and that the time to achieve steady-state extraction for 

diazepam at 0.1%, 0,5%, 1% and 2% HSA was 13, 11, 9 and 8 min, respectively. Linearity with 

respect to diazepam elimination was tested with HSA-free perfusate containing three different 

diazepam concentration (0.5, 1, and 5 mg/L) perfused in random order for 20 min each.

To assess for changes in the viability of the liver preparation with time, the initial protein-free 

perfusate was then used again for 20 min after the forth protein-containing test perfusate. A 

preparation was acceptable if the viability of diazepam during the second period of perfusion 

with protein-free perfusate did not differ by more than 10% from that during the first run.

5.3 HPLC Assay for the Measurement of Diazepam

The assay of diazepam is well documented. The majority of techniques employ HPLC coupled 

with UV detection of diazepam. The UV maximum absorbance observed for diazepam occurs at 

254 nm. In this work, diazepam was assayed by HPLC using a modification of the method of 

Raisys e ta l210

5.3.1 Silanization

To prevent any risk of diazepam adsorption to glassware, a silanization step was incorporated in 

the method. Dichlorodimethylsilane (200 ml) was mixed with carbon tetrachloride (4 L) in a 

glass container. All glassware including test tubes and beakers were steeped in the container and 

left for 48 hours. The test tubes were examined to ensure complete silanization and the glassware 

was drained and washed first with methanol and then with water. The glassware was then left in 

an oven (50 °C) to dry. The whole procedure was performed under constant vacuum flow.
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5.3.2 Mobile Phase and Buffers

The mobile phase was a mixture of acetonitrile and water (50:50, v/v) with 1% triethylamine. 

The mobile phase was adjusted to pH 3 with 85% orthophosphoric acid. The mobile phase was 

freshly prepared every day, filtered, and degassed using nitrogen.

5.3.3 HPLC Apparatus

The HPLC system consisted of a Kontron analytic LC Pump which delivered mobile phase at a 

flow rate of 1.5 ml/min to a Cl 8 chromatographic column at ambient temperature. Samples were 

injected using a BDH HPLC syringe and diazepam was detected using an ultra-violet 

absorbance detector set to 254 nm and the signal was monitored by a HP integrator (integration 

in peak-height mode). Quantitation of diazepam was determined by the peak-height ratio of drug 

to internal standard with reference to an appropriate calibration curve constructed in the blank 

perfusate. A guard column with a disposable cartridge was used to protect the analytical column.

5.3.4 Assay Procedure

Fractional outflow samples from steady-state experiments in the isolated perfused rat liver 

preparation (containing KBB and HSA) were assayed for diazepam. Every day before the start 

of the assay, the system was left to equilibrate for 30 min. Nitrazepam solution (internal standard; 

50 pi, 3.75 pg/ml) and acetonitrile (to precipitate HSA; 200 pi) were added to the sample (200 

pi). Acetonitrile was added to the sample very gently and vortex mixed in order to avoid protein 

denaturation, which results in the entrapment of substances. After vortex mixing (1 min) and 

centrifugation (2 steps of 10-min; first at 1500 rpm and then at 3000 rpm), 50 pi of the 

supernatant was injected into the HPLC system. The retention times of diazepam and nitrazepam 

were 8.5 and 4.5 min, respectively (Figures 5.1 and 5.2). Known metabolites of diazepam 

(oxazepam, temazepam, and desmethyldiazepam) eluted at 5.2, 5.7, and 6.5 min, respectively.
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Figure 5.1 HPLC chromatograms of blank and diazepam standard solutions. A: Krebs 
blank, B: outflow perfusate blank with no albumin, C: outflow perfusate blank with 0.5% 
albumin, D: diazepam 200ng/ml, E: diazepam lOOOng/ml. Retention times: diazepam 9.5 
min, nitrazepam 6.5 min. Mobile phase: acetonitrile:water, 50:50 v/v at 1.5 ml/min.
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Figure 5 .2  HPLC chromatograms of blank and diazepam in outflow perfusate obtained at 
steady state after continuous infusion to the isolated rat liver perfused with A: Krebs with 
no albumin, B: Krebs with 0.5%  albumin, C: Krebs with 1% albumin. Retention times: 
diazepam 9.5 min, internal standard (nitrazepam) 6.5 min. Mobile phase: 
acetonitrile:water, 50:50  v/v at 1.5 tnl/min



5.3.5 Calibration

The standard solutions of diazepam were prepared in the appropriate medium from the stock 

solutions (10 mg/ml in acetonitrile) which were stored in tightly sealed vials at -20°C. Calibration 

curves were constructed over the range of 100 to 1500 ng/ml. The lowest detection limit was 10 

ng at a signal-to-noise ratio greater than 3. Regression analysis of each set of experimental results 

confirmed a linear relationship between peak height ratio and the quantity of diazepam analysed. 

The coefficient of variation ranged from 10% at a concentration of 10 ng/ml to 4% at a 

concentration of 1500 ng/ml. The determination coefficient (r2) for the calibration curves was 

always greater than 0.9 (Figure 5.3).

5.3.6 Assay Variability

The inter- and intra-assay variability was assessed at diazepam concentrations of 100, 750 and 

1500 ng/ml. For intra-assay variability each sample concentration was replicated three times. 

Inter-assay variation was assessed by repeating the aforementioned procedure on a further two 

separate occasions. Variability was calculated by one-way ANOVA. Assay variability was 

acceptable (Figure 5.4) and in general the inter-run (n=3) coefficient of variation varied from 4% 

to 10% for high and low concentrations.

5.3.7 Extraction Procedure

Hepatic outflow samples obtained during perfusion with protein-free perfusate contained 

concentrations of diazepam that could not be measured accurately using the method described 

above. Therefore, it was necessary to perform a simple extraction procedure prior to HPLC 

analysis of such samples. Nitrazepam solution (50 |ul) and a mixture containing 

hexane:ethylacetate (8 ml; 8:2 v/v) were added to 4 ml of sample. After vortex mixing (1 min) 

and centrifugation (3400 rpm, 20 min) the upper organic layer was transferred to a clean test 

tube and evaporated to dryness (under nitrogen at 35°C). The residue was reconstituted in 100 jft 

methanol and 50 \x\ was injected into the HPLC system. Calibration curves were constructed 

over the range of 10 to 150 ng/ml and the intra- and inter-day coefficient of variation was 

calculated.
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5.3.8 Extraction Efficiency

Recovery of diazepam from the extraction procedure was assessed at a concentration

corresponding to 20 ng/ml perfusate. A triplicate sample of diazepam-free perfusate was spiked

with the stock solution, then extracted by the procedure above. An aliquot of the resulting

reconstituted extract (50 pi) was injected into the column. The same amount of diazepam

standard solution was similarly injected into the system. Assay recovery, calculated as

n, „ t Peak Height Extracted Drug x 100
% of peak recovery = ---------------------------------------------

Peak Height Direct Injection

The extraction efficiency of diazepam and nitrazepam was greater than 88%.

5.4 Data Analysis

5.4.1 Transient Kinetics

The outflow concentrations of labelled markers at the midpoint time of the collection interval 

was transformed to frequency output and statistical moments (F, MTT, and CV2) and dispersion 

model parameters (DN) of the profiles were estimated (see Section 4.4).

5.4.2 Steady-state Extraction

The steady-state availability (F) of diazepam was calculated from the ratio of outflow 

concentration (C oul) to input concentration (Qn). The extraction ratio (E) was calculated as 1-F, 

and clearance (CL) was calculated as the product of perfusate flow (Q) and E. An initial estimate 

for CLint of diazepam was calculated from the availability data using the well-stirred (Equation 

2.23) and parallel tube models (Equation 2.24). The dispersion (Equation 2.21), well-stirred and 

parallel tube model equations were fitted to the F versus /ub data (weight =1/F) by non-linear 

least-squares regression (SIPHAR 3.3, SIMED, France). In all cases, it was assumed that 

PS»CLint. The quality of fit provided by the various models was compared with the computer­

generated logarithm of the likelihood (logL) estimates and by the weighted residual sum of 

squared (WSS). The likelihood ratio test was used to assess whether the closed boundary 

dispersion model provides an improved description of the data compared with its reduced forms, 

the well-stirred and parallel-tube models. Probabilities (p) less than 0.01 was taken as statistical 

significance. All data are presented as mean+SD.
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5.5 Results

5.5.1 Transient Kinetics

Figure 5.5 shows a representative frequency outflow profile of the reference markers in the 

control and cirrhotic livers. The outflow profiles of markers were similar to those described in 

the previous chapter showing one-compartment and flow-limited distribution in all livers. While 

the volumes of distribution (V) of markers were reduced in cirrhotic livers, the Dn and CV2 

increased in this group (Table 5.1). The recovery of markers was complete (0.98+0.03).

5.5.2 Steady-state Extraction

Figure 5.6 shows a representative plot of availability versus time, in control and cirrhotic livers, 

when diazepam was perfused at a constant input rate while alternating the concentration of HSA 

in the perfusate from 0 to 2%. In control livers, when perfused with 0.1% HSA, binding of 

diazepam in the perfusate was low (/ub=0.4) and the extraction was high (F=0.11 ±0.03) and the 

clearance approached the perfusate flow rate (Table 5.2). As the perfusate concentration of HSA 

was increased, both /ub and CL of diazepam decreased. At the highest HSA concentration (2%), 

when the /ub of diazepam is around 0.03, about 68% of the diazepam passed through the liver 

unchanged, and the clearance of diazepam was less than 0.4 ml/min/g. Hence, the binding of 

diazepam to HSA effectively transformed the CL of diazepam from flow-limited to capacity- 

limited. In the cirrhotic livers, while the above pattern was observed, the F value increased and 

CL decreased notably.

The relationship between F and /ub of diazepam for control and cirrhotic liver preparations is 

displayed in Figures 5.8 and 5.9. Also shown are the predicted lines by the dispersion, well- 

stirred, and parallel tube models. The fitted parameters of diazepam from the application of these 

models to the mean values of all data sets together with the coefficient of variation for the 

estimates are listed in Table 5.3. The WSS, logL and the likelihood ratio test for all models are 

listed in Table 5.4. Based on the minimum sum of squares residuals and on the plot of the 

residuals, the dispersion model provided a better description of the relationship between /u  and F 

than the well-stirred and parallel-tube models. Furthermore, based on the likelihood ratio test for 

full and reduced models, this improvement was statistically significant (p<0.01) in all 

preparations. The CL^t of diazepam estimated by the dispersion model always lay between the 

estimates provided using the well-stirred and parallel-tube models.
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Figure 5.&  Typical frequency outflow of radiolabelled reference 
m arkers in the isolated perfused rat liver preparations.
Erythrocytes a , Albumin a  , W ater X.

Table 5.1
Estimated values of various parameters of radiolabelled reference 
markers in the isolated perfused rat liver preparations.

Erythrocytes Albumin Water
Q

ml/min/j
LW

g
MTT
sec

VH
ml/g

cv2 Dn MTT
sec

VH
m!/g

CV2 Dn MTT
sec

VH
ml/g

CV2 Dn

Normal Livers 1.22 27 11 0.2 0.3 0.1 17 0.3 0.3 0.2 39 0.8 0.5 0.2
n=5 [0.06] [2.5] [0.6] [0.04] [0.05] [0.03] [1.8] [0.06] [0.06] [0.3] [6.2] [0.16] [0.08] [0.04]

PT Livers 1.18 26 10 0.2 0.3 0.1 16 0.3 0.3 0.1 42 0.8 0.6 0.2
n=5 [0.08] [3.1] [0.7] [0.05] [0.06] [0.03] [1.5] [0.06] [0.06] [0.3] [7-3] [0.12] [0.1] [0.04]

Cirrhotic Livers 1.4 32 7.6 0.2 0.3 0.1 11 0.3 0.4 0.2 32 0.8 0.5 0.3
n=10 [0.16] [4.6] [0.1] [0.03] [0.06] [0.03] [1.2] [0.05] [0.08] [0.3] [5.2] [0.13] [0.1] [0.06]

MTT and VH calculated using moment analysis PT: phenobarbital-treated
CV2and Dn calculated using dispersion model Q: perfusion flow rate
values are mean [±SD] LW: liver weight
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Table 5.2
Effect of perfusate HSA concentration on availability (F) 
and clearance (CL) of diazepam at steady-state.

HSA% F CL (ml/min/g)
Normal livers
n=5

0 0.01*0.002 1.15*0.22
0.1 0.11*0.03 1.05*0.20
0.5 0.39*0.04 0.72*0.14
1 0.55*0.07 0.54*0.10
2 0.68*0.11 0.39*0.08

PT Control livers
n=5

0 0.01*0.003 1.23*0.24
0.1 0.092*0.03 1.14*0.22
0.5 0.34*0.06 0.83*0.15
1 0.5*0.11 0.61*0.11
2 0.63*0.11 0.46*0.09

Cirrhotic Livers
n=10

0 0.09*0.025 1.25*0.26
0.1 0.22*0.063 0.76*0.16
0.5 0.51*0.062 0.48*0.08
1 0.68*0.09 0.34*0.05
2 0.88*0.15 0.17*0.04

PT: phenobarbital-treatecJ values are m ean±Sb

Table 5.3
Estimated values of intrinsic clearance (CLint) and dispersion Number

Dispersion Model Well-stirred Model 
CLint

ParalleE-Tube Model 
CLintDn CLint

Normal Livers
n=5

0.58*0.11 10.6*0.8 15*1.4 6.4*0.2

PT Livers
n=5

0.79*0.12 14.1+0.9 19.8*1.5 7.9*0.2

Cirrhotic Livers
n=io

2.2*0.45 7*0.4 8*0.4 3*0.2

Table 5.4
Results of the modeling of diazepam elimination.

Dispersion Model Parallel-tube Model Well-stirred Model
Normal Livers cv% 8 9 3

wss 0 .005 0.001 "...  07O'5
-2  log L 2 4 .0 ............. 15 .2 14.4
Likelihood 
Ratio Test - p<0.01 p<0.O1

t’T Livers CV% 7 9 3
wss 0 .0 0 5 0.01 ... 0705
-2  log L 24 .4 13.9 .. f5.2
Likelihood 
Ratio Test - p<0.01 p<0.01

Cirrhotic Livers CV% 5 5 /
WSS 0 .005 0.01 0 .05
"2 log L 
Likelihood 
Ratio Test

24 .4 0 .9 .......  fs.d
- p<0.01 0.01

198



Well-stirred Model

0
0.0 0.2 0 . 4 0.6 0.8 1.0

Dispersion Model

0 qO -j 1----1----1----1----1----1----1----1----1----,----1----1----,----1----,----1----,--- 1----1----
0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0

Parallel-tube Model

Fraction unbound
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control liver.



Well-stirred Model

Olspersron Model

00 0.8 2.0

0.6

Fraction unbound

Figure 5.9 Prediction of models of hepatic elimination for the 
relationship between F at steady state  and diazepam  fu within the 
perfusate in a representative cirrhotic liver.



5.5.3 Viability of the Liver Preparation and Linearity

Figure 5.7 shows a representative plot of availability versus time in control liver when diazepam 

was perfused at a constant input rate while alternating between protein-free perfusate and 

perfusate containing 1% HSA. In all cases, the availability of diazepam did not change by more 

than 10% throughout the experiment for each condition. Experiment conducted in three perfused 

livers indicated that the availability of diazepam did not change with drug concentration up to 5 

mg/L. The mean value of F was 0.0094 at 0.5 mg/1, 0.01 at 1 mg/I, and 0.0098 at 5 mg/1.

5.6 Discussion

5.6.1 Transient Kinetics

The reference markers were used to characterise the hepatic distribution and dispersion and 

provide a basis for comparison between the control and cirrhotic livers. The results of moment 

analysis and modelling indicated that although the hepatic spaces including vascular, interstitial 

and cellular spaces reduced in cirrhotic livers, the distribution of markers in this group was still 

flow-limited and resembled one-compartment characteristics. Similar to the data from the 

previous chapter, while the DN values of markers were reduced in cirrhotic livers, the values of 

CV2 increased in this group. The data indicate that the diffusional properties of livers have been 

altered during cirrhosis.

5.6.2 Steady-state Extraction

For drugs that are not eliminated during single-pass through the liver (eg salicylate), hepatic 

dispersion and disposition kinetics are best investigated after bolus dose. For highly extracted 

drugs, such as diazepam, estimating D N from a bolus study could be difficult. The steady-state 

approach was adopted to examine the relationship between F and fu  and investigate the effect of 

altered penneability on availability.

The various physiologic models of hepatic drug clearance predict identical results under
* 1 9 3  229 308conditions of low extraction ’ ’ . However as E increases, model predictions can diverge

appreciably. This divergence is because the essential difference between the models lies in the 

assumption applied to intrahepatic concentration gradients. For a given organ, arterio-venous 

concentration difference, the concentration of substrate at the elimination site and estimates of 

CLint are model dependent. For this reason, the model differ in the predicted change in F in the
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event of an alteration in organ C L ^ or in drug protein binding (fu) under conditions of high 

extraction.

In the present study, changes in fu  was used to alter the F of diazepam. The E value of this 

compound in the isolated perfused liver increases substantially as binding to protein is reduced 

(Table 5.2). In the absence of albumin (when /u= l), F approaches zero, reflecting a high intrinsic 

ability of the hepatic enzymes to metabolise the drug. This is the case in both control and 

cirrhotic livers. However, cirrhosis lead a greater change in F when the fu  values were larger 

than when fu values were lower. Of the models applied to the relationship between diazepam F 

and fu , the dispersion model provided the best description in control and cirrhotic livers (Figure 

5.7). Because the parallel-tube (PTM) and well-stirred (WSM) models are equivalent to the

dispersion model with a DN of 0 and oo, respectively, it was possible to apply the likelihood ratio
38test for full and reduced models . Based on this criteria, the improved fit provided by the 

dispersion model was statistically significant, although the relationship predicted by the WSM 

extreme was in all cases closer to the full model than was the PTM.

In the derivation of the dispersion model, it was assumed that the magnitude of the DN (a result 

of the variation in solute residence times and the degree of axial spreading) is due almost entirely
yiQ 00Q

to the variation and mixing in sinusoidal path lengths and flow velocities ’ . Thus DN should

be a property of the organ rather than the compound. The diazepam control DN values obtained 

in this work (0.58) were close the narrow range of 0.1 to 0.4 obtained for non-eliminated
f A  OO'J OO/I O'} 1

compounds with different hepatic distribution kinetics ’ ’ ’ ' . The DN value showed a

significant increase in cirrhotic livers (2.2). The diazepam Dn values in the steady-state

experiment were not only higher than values estimated in the bolus experiment (where Dn truly

reflects the degree of hepatic dispersion) (Table 4.15), they demonstrated a much greater 

increase from control to cirrhotic livers as well. While a part of this difference is due to the 

underestimation of DN in bolus experiments, it suggests that factors other than the residence time 

distribution of blood elements influences the relationship between F and fu .

One such factor could be the transverse heterogeneity of drug metabolising enzymes. In the 

presence of transverse heterogeneity (when some sinusoids have a greater proportion of the total 

enzymatic activity), the apparent DN estimated from steady-state experiments under first-order
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conditions will be greater than the "true dispersion number" (that which is based on the residence
13time distribution of a non-eliminated tracer) . As the CV of transverse enzyme heterogeneity

increased, the predictions of the dispersion model with DN of 0.1 tended towards those of the
229WSM . Transverse heterogeneity of this type has previously been suggested as possible 

explanation for estimated DN values of taurocholate of up to infinity 46,267 The increased 

diazepam DN in cirrhotic livers suggests that the CV of transverse enzyme heterogeneity is 

increased during cirrhosis.

Axial heterogeneity of enzyme systems 100,195 may also contribute to the magnitude of DN. The 

relationship between F and Rn is determined by the heterogeneity of the region of the hepatic 

acinus where the drug is being eliminated. Hence, a drug that is eliminated in the periportal 

region of the hepatic acinus may have a higher Dn than one that is metabolised predominantly 

within the perivenous region or than one for which axial heterogeneity does not exist. This is 

because the degree of vascular heterogeneity appears to be greater in the periportal region than 

in the perivenous region 100 Various isoenzymes which metabolise diazepam are located

predominantly in the periportal region of hepatic acinus which, together with the perivenous
202 203region, are extensively damaged during cirrhosis ’ \ This would imply that the steady-state

axial heterogeneity of enzyme systems, and hence DN, should be decreased. However, a greater 

Dn in cirrhotic livers may indicate that the perivenous region has been damaged to a greater 

extent than the periportal zone. An alternative explanation for the increased DN is increased 

variation in sinusoidal path length, flow and mixing. The contribution of these mechanisms to the 

increased heterogeneity in cirrhotic livers, as discussed in the previous chapter, appears to be 

enough for this degree of increase in DN.

As with most models of hepatic clearance, the dispersion model assumes that the transfer of 

substrate to the hepatocyte surface is perfusion-rate limited. However, as was discussed in 

Chapter 4, in some instances drug uptake may be limited by the diffusion of substrate across an 

unstirred water layer (UWL) adjacent to the cell surface . In these instances, interpretation of 

drug binding availability relationships with the dispersion model should be carried out with care. 

This is particularly the case in cirrhotic livers where the exact state of the UWL is not clear.
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Although the axial dispersion model assumes that axial diffusion of substrate is a minor 

component of overall axial spreading, a model of hepatic elimination has been recently proposed
221 347that accounts for axial tissue diffusion for highly lipophilic drugs " . This arterio-venous flux 

which take place via diffusion will increase as the fu  of drug increases. The so-called "tissue- 

diffusion axial dispersion model” has been successful in explaining several experimental data that

appear to conflict with dispersion model 66. The solution to this model can be obtained by
221 347replacing the Dn term in equation 2.21 with the expression [DN+Dt.K./u] ’ . Here, Dt is the

tissue diffusion number (a measure of axial spreading of solute within the tissue phase) and K is 

the degree of drug accumulation in the cell. Because an increase in fu  will promote accumulation 

of drug within the tissue (hence tissue flux), the apparent DN for a compound will increase as its 

binding within the perfusate is increased.

When this model applied to the mean F versus fu  data presented in Table 5.2 and Figure 5.7, the 

estimated DN and the term Dt.K were 0.19 and 0.32, and 0.81 and 0.89 in control and cirrhotic 

livers, respectively. With first-order transfer rate constants determined in the previous chapter, 

the volume of distribution of diazepam in the liver was estimated to be 8 times greater than the 

anatomical volume of the liver when albumin is excluded from the perfusion medium (fu= l). 

Hence under conditions of high extraction, diclofenac accumulates extensively within the 

extravascular regions of the liver. Although a significant proportion of this partitioning may 

represent binding to non-diffusible cell components, the relative importance of partitioning into 

regions of the cell in which axial diffusion can occur should not be ignored. The fact that 

diazepam volume of distribution reduced substantially in cirrhotic livers (>twofold) and cellular 

volume decreased slightly (15%) indicates that this axial diffusion becomes more important in 

cirrhotic livers.

In the previous chapter, diazepam Dn was estimated from bolus experiments. However, it is 

important to recognise that under such conditions, the DN estimate will be influenced by events 

across the entire organ, including large non-exchanging vessels. Therefore it is not surprising that 

Dn estimates in this work are different from those in the bolus experiments. In the impulse- 

response experiments, the mean values of fu  and E of diazepam were 0.07 and 0.4, respectively, 

Metabolic events therefore had intermediate influence on the overall shape of the hepatic outflow 

profile in control livers and transverse enzyme heterogeneity would therefore have intermediate
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influence on the so-derived DN estimate. In cirrhotic livers this influence may be increased. Under 

conditions of high extraction when radial tissue diffusion become most important, diazepam 

outflow concentrations after a bolus injection are so low that analytical problems arises.

The influence of /u  on diazepam availability in the isolated perfused rat liver has been examined 

and a wide range of values for Dn has been reported; in some of the experiments, Dn estimates 

were similar to the findings in this work while in others DN had extreme values of 0 or oo 46. A 

possible explanation for this variability may lie in the use of erythocytes in the perfusate in those 

experiments. Due to the partitioning of diazepam into erythocytes, fu  did not exceed 0.6-0.7 

even in protein-free perfusate and, as a consequence, the mean availability, under these 

conditions (0.06), was 5-6 times higher that the mean value in this work in the absence of protein 

of 0.011. To provide good estimates of DN and adequate discrimination between models of

hepatic elimination, F (and hence fu )  must vary over a wide range, with F at /u = l being a
193pivotal value

Rowland et al 240 evaluated the influence of protein binding on diazepam availability at steady 

state in similar experiments to those performed in this work and concluded that the parallel-tube
229model fitted the data better than the well-stirred model. Reanalysis of the data with the 

dispersion model yielded a dispersion number of 0.30±0.23, slightly smaller than the findings in 

these experiments.

In a similar approach, Diaz-Garcia et al 60 examined the applicability of the WSM, PTM, and 

mixed-boundary form of dispersion model to describe the relationship between fu  and F in 

steady state experiment. This form of dispersion model can not be reduced to well-stirred 

extreme as DN approaches oo. Although the closed boundary conditions may be more 

appropriate, the choice of boundary conditions is relevant only at high dispersion numbers. In the 

range of DN values determined for diazepam, the predictions of availability for the mixed and 

closed boundary conditions are almost identical either at steady state or after a bolus dose 60. In 

fact, the parameters derived by applying the axial dispersion model to the steady-state data for all 

three boundary conditions considered by Roberts and Rowland 228 were almost identical, as 

were the log likelihood estimates.
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Chou 54 highlighted the significance of optimal experimental design in estimating the dispersion 

model parameters. This worker compared the results of studies on barbiturates with the results of 

two similar published studies on diazepam 60 and diclofenac 120 In the two latter studies, despite 

more preparations being used, the likelihood ratio plots demonstrated that the 95% confidence 

interval of Dn (and log Dn) for barbiturates was narrower and more symmetric (ie more precise) 

than that of diazepam and diclofenac. This was primarily due to the spread of the fu  points that 

were not spaced in a geometric progression order. It was shown that the 95% confidence 

interval of Dn for diazepam was closer to the parallel-tube model, while that of diclofenac was 

closer to the well-stirred model. These findings are similar to those by Rowland et a l229,240 who 

showed that the relationship between steady-state F and fu  for diazepam was better described by 

the parallel-tube model than by the well-stirred model and a DN value of 0.3 was estimated from 

the data. Conversely, in a similar study 46, the influence of protein binding on the availability of 

diazepam is consistent with the prediction of the dispersion model with a much larger DN (1.04), 

which is still within the 95% confidence interval estimated from the data of Diaz-Garcia et a l60. 

In the current work, where a larger DN was found, the relationship between steady-state F and 

fu  for diazepam was better described by the well-stirred model than the parallel-tube model.

Model analysis indicated that WSM and PTM predicted a more pronounced reduction in CLint 

value than the dispersion model (Table 5.3). The value of diazepam CLint obtained in the steady- 

state experiments was different from that in the bolus experiment (Table 4.15). As CLmt is more 

accurately estimated from steady-state experiments, the value of Clint obtained in this work was

substituted in the following equation which determines the availability in the bolus experiments
66

F=exp
1 -

\  ; 4D N .Vb .k l2 .k23~l(U 
Q(k21 + k23)

2D N
(5.1)

The values of availability calculated for control and cirrhotic livers were 0.58 and 0.62, 

respectively, which are similar to the values obtained before (Table 4.15). Therefore, the overall 

ability of liver to efficiently metabolise diazepam has not been decreased in experimental
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cirrhosis. This is most likely due to the inducing effect of phenobarbitone treatment of the 

cirrhotic livers.

In conclusion, the DN needed to explain the effects of altered perfusate binding on diazepam F 

was around 2, reflecting such a large degree of organ heterogeneity that the liver was effectively 

behaving as a well stirred system. Because this DN estimate exceeds that determined from the 

RTD of non-eliminated compounds, factors in addition to flow heterogeneity must have 

influenced the relationship between F and fu  for this model compound. Such factors could 

include UWL, axial and transverse enzyme heterogeneity, and axial tissue distribution of 

compound. Further studies are needed before the contribution of any one factor can be assessed.
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CHAPTER SIX: STUDIES WITH CREATININE 

Section One: In vivo Experiments 

6.1 Introduction

Overall distribution and elimination of a drug is often estimated from the study of plasma 

kinetics. The data so generated provide limited information, however, on how individual tissues 

contribute to produce the observed plasma drug concentration-time profile. Determination of 

tissue drug concentration with time helps to solve this problem. In humans, tissue sampling 

presents practical difficulties, thus animals are commonly used to investigate the kinetics of drug 

distribution into tissues.

The following series of experiments were aimed primarily to investigate the kinetics of tissue 

distribution for creatinine in the rat. Creatinine is an attractive test substance for tissue

distribution studies, since its metabolic and physiological characteristics are well established
264 298 52’ ’. Although creatinine has been extensively used for the study of tubular and glomerular

29 9S •renal function its use as an extracellular marker needs to be defined. In studies performed

358previously by Bumstead ‘ in this laboratory, it was demonstrated that creatinine is able to 

traverse erythrocytes membrane in vitro and equilibrate into the aqueous space available for 

distribution.. However, the permeability was low as was evident from the time needed to achieve 

distribution equilibrium (~60 lnin). In the same studies, it was also concluded that the distribution 

of creatinine in single-pass isolated perfused liver preparation is compatible with the two- 

compartment dispersion model which assumes permeability rate-limited distribution ' . The 

purpose of this study was, therefore, to further study the tissue distribution of creatinine in vivo 

and to investigate whether its cellular uptake is permeability rate-limited. Sucrose, which is 

believed to occupy only extracellular space, was chosen as tracer marker.
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6.2 Methods

6.2.1 Surgical Procedure

6.2.1.1 Induction of anaesthesia

Each rat was anaesthetised by a combination mixture of the following composition:

Substance

Medazolam

Hypnorm

Water

Muscle relaxant

Purpose

Anaesthetic

Base

Ratio 

1 part

1 part

2 parts

Medazolam (1 part) was added to water (1 part). After mixing, Hypnorm (1 part) was added and 

then the remaining water. The addition of components had to be in that order otherwise the 

mixture would precipitate. A dose of 2.7 ml/kg of this mixture was used to produce an effective 

anaesthesia after 10 min. The administered dose was enough to maintain the anaesthesia 

throughout the surgeiy (30 min).

6.2.1.2 Preparation of the animal

The surgical procedure was performed on a heated operating table in order to keep the body of 

the animal warm. The anaesthetised animal was held on the table using tape. After the hair 

around the neck and lower part of the abdomen was removed, a patch of skin on the right ventral 

surface in the neck region was cut and a midline incision of 2 cm through the skin was made. The 

carotid artery and jugular vein were cannulated with PE-50 tubing for blood sampling and 

infusion of substances, respectively.

6.2.1.3 Cannulation of the Carotid artery

After opening the neck, the overlying connective tissue was kept moist by the application of 

saline. The connective tissue covering the throat was separated to reveal three muscles overlying 

the trachea. The three muscles were carefully separated to reveal the trachea and the adjacent 

right common carotid artery. The right common carotid artery was located and I -2 cm length 

was isolated from the surrounding tissues. The vessel was separated from the vagus nerve by 

gentle teasing apart the connective tissue with forceps, Extreme care was taken to prevent 

damage to the nerve and carotid artery.
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A ligature was securely tied at the proximal end (towards the head) of the exposed artery thus 

occluding blood flow to the brain. A small artery clip was placed distally (towards the heart). A 

ligature was closely tied between the proximal ligature and the arteiy clip. A small incision was 

carefully made in the top part of the exposed artery between the two ligatures. A polyethylene 

cannula (PE 50) previously filled with heparinised saline (25 units/ml) and attached to a 1 ml 

syringe was inserted 5-10 mm into the arteiy. The cannula was securely tied in position with the 

loose ligature. Thus by opening the arteiy clip, blood from the heart could flow freely down the 

cannula for sampling purposes.

6.2.1.4 Canniilatioii of the Jugular vein

A small incision through the skin was made directly over the right jugular vein. A short section of 

the right external jugular vein was located, separated and gently cleared of the surrounding 

connective tissue. A ligature was securely tied at the proximal (towards the head) end of the 

exposed vein just after the junction of the cephalic vein to prevent venous return from the head. 

A second ligature was loosely tied, distally to the first, around the junction with the subclavian 

vein. A small incision was carefully made in the jugular vein between the ligatures. A 

polyethylene cannula (PE 50) filled with heparinised saline attached to a 1 ml syringe was gently 

threaded into the jugular vein (approximately 1 cm) and fed down into the superior vena cava. 

Slight adjustments were made to the position of the cannula by sliding the cannula to and from 

within the vein until blood could be withdraw readily up the cannula thus ensuring tree flow. The 

cannula was flashed back with heparinised saline and secured in place with the proximal and 

distal ligatures. Both cannulae were exteriorised via the neck. After surgery, rats were left 

overnight to recover prior to dosing.

6.2.2 Preparation of Administered Solution

A double component mixture containing both creatinine and sucrose in phosphate pH 7.4 buffer 

was prepared and 200 pi of this solution (containing 50 pCi 3H-sucrose and 15 pCi 14C- 

creatinine) was administered rapidly into the jugular vein of each rat. The solution was mixed 

before use. Immediately after the dose, 0.1 ml heparinised saline was injected ensuring complete 

injection of the dose and prevention of clotting.
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6.2.3 Protocol

Twenty seven healthy rats (460+55 g) were randomised in nine groups of three. It was shown in 

the preliminary experiments that the disposition blood profiles of both sucrose and creatinine 

were covered in one hour and that the peak and first phase of the curve were complete in just 

over 5 minutes. Hence, the total duration of the experiment was planned to be 60 min with 

sampling times at 1,2, 3, 4, 5, 8, 15, 30 and 60 min. At each time point one triplicate experiment 

(Je one group of three rats) was performed. All in vivo protocols performed throughout these 

experiments were undertaken on conscious recovered rats.

The first drop of each sample was discarded due to contamination of saline residing in the 

cannula. Blood (0.3 ml) was drawn from the venous catheter into a heparinised syringe, and 

rapidly cooled to 4±1°C by placing it immediately in ice. Blood (100 pi) was transferred into a 

glass scintillation vial for subsequent treatment and measurement of substances. The rest of the 

sample was centrifuged (2000 rpm for 2 min) and the plasma separated immediately. After 

removal of a blood sample, the cannula was back flushed with heparinised saline (0.3 ml) to 

prevent clotting in the cannula and to compensate for any blood loss.

After the final blood collection in each time point, the animal was sacrificed immediately by 

cervical dislocation and then kept in freezer for 1 hr for immediate temperature loss. The tissues 

dissected immediately after the experiments. The total blood volume sampled for each rat did not 

exceed 2.7 ml. In order to achieve a well-defined blood profile, three other rats were used. These 

animals were administered 200 pi of the creatinine/sucrose stock solution as a bolus dose. Blood 

was sampled at 1, 2, 3, 4, 5, 8, 15, 30 and 60 min later. The rats were sacrificed by cervical 

dislocation at the end of experiment (60 min) and tissues haivested as before.

6.2.4 Tissue Dissolution

After the end of each in vivo experiment, the following main tissues were excised and analysed: 

Adipose, brain, gut (small intestine), heart, kidney, liver, lung, skeletal muscle (hindlimb), skin, 

spleen, stomach and testes. All tissues were briefly rinsed with 0.9% sodium chloride, and 

blotted diy. To accurately assess the activity of P-isotopes in tissue samples, it was necessary to 

dissolve the tissues,
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The method used was based on the work of Balk et a l \  A known amount of aforementioned 

tissues (in duplicate) were cut and transferred to a 20 ml glass scintillation vial with 1.4 ml 

soluene-350 and left to dissolve over night in an oven at 50°C. In each case, the tissue was 

precisely weighed with an accuracy of approximately 1 mg in the 0.2-0,5 g range. Soluene-350 is 

a toluene-based quaternary-ammonium compound which effectively solubilizes proteinaceous 

material, at a rate which can be increased by wanning, and produces minimal chemiluminescence

(CLM). On the following day, after cooling, samples were neutralised with hydrochloric acid
27(2M, 140 pi) prior to bleaching. The bleaching step was included in the assay procedure to 

reduce any potential colour quenching caused by varying residual blood content of sampled 

tissues. Hydrogen peroxide (30%v/v, 0,6 ml) was added to the sample which was then left for 15 

min at room temperature before being heated in an oven at 40°C for 2.5 hi; to reduce 

background CLM caused by the addition of peroxide. Since hydrogen peroxide causes frothing 

and produces high background counts, isopropanol (0.6 ml) was used to counteract this effect. 

After cooling, 12 ml scintillation fluid was added. The samples were left for one day in the dark, 

for further CLM reduction, and then vortex mixed and counted for 5 min on scintillation counter 

in dual channel.

6.2.5 Effect of Quench and Cross-over
3 14The extent of quench and cross-over between H & C was assessed in spiked samples. Tissue 

samples (4 of each) from a rat were treated according to the method. A known amount of 3H 

-sucrose or 14C -creatinine, or combination of both labels (typically 30000 dpm and 5000 dpm, 

respectively) was added to each tissue sample and blank samples with dissolving fluids only. 

After dissolution overnight, the single- and dual-labelled samples were counted appropriately. 

The efficiency of counting for each isotopes in each tissue was estimated by comparison with the 

blank samples. For each isotope in each tissue, the efficiency of count was higher than 92% 

(Tables 6.1 and 6.2). However the effect of quenching in dual-labelled samples {ie low efficiency 

of the higher energy isotope, I4C, and increased efficiency, due to crossover, of the lower energy 

isotope, H, was considerable. These results were used to correct for the effect of quench or 

crossover in the in vivo experiments.
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Table 6.1
Estimation of efficiency of count (%) in single- and 
double-labelled spiked tissues (n=4).

Tissue
Single-labelled Dual-labelled

3H-sucrose 14C-creatinine 3H-sucrose 14C-creatinine
Adipose 102 96 117 80
Brain 106 99 119 72
Gut 100 98 123 78
Heart 102 98 125 75
Kidney 100 97 116 79
Liver 101 98 123 80
Lung 98 99 128 78
Muscle 100 93 126 76
Skin 100 93 118 73
Spleen 103 99 112 77
Stomach 99 96 119 71
Testes 105 98 120 77

For tissu e  dissolution s e e  the m ethods

Table 6-2
The linear relationship between the dose and 
count efficiency (%) in different tissues (n=3).

100%
Dose

20%
Dose

10%
Dose

5%
Dose

Tissues 3H UC H C 3H 14C 3H 14c
Adipose 116 89 173 71 171 70 160 66
Brain 99 73 141 71 146 68 140 68
Gut 108 70 181 68 177 65 175 66
Heart 106 71 160 68 158 65 161 66
Kidney 106 80 130 70 130 97 119 91
Liver 101 77 127 73 123 70 100 72
Lung 109 81 145 69 148 65 140 66
Muscle 108 76 127 73 123 70 100 72
Skin 111 69 135 72 132 71 132 70
Spleen 115 72 155 62 188 65 152 60
Stomach 113 75 140 71 129 68 120 69
Testes 101 71 179 65 179 68 170 65
3H: 3H -sucrose values are mean
14C: 14C -creatinine double-labelled spiked tissues
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6.2.6 Effect of the Dose

The linearity of relationship between the quantity of isotope in a tissue and count was 

investigated. The combination mixture of the dose with various concentration (100%, 20%, 

10%, and 5%) was added to tissue samples and treated as described before. Blank samples (no 

spiked dose) and standards (with dissolving fluids only) were set up and the activity for 3H and 

14C was measured. The results indicated that changing the spiked dose produced a linear 

response in the measured counts (Figure 6.1).

6.2.7 Estimation of Background Counts

An estimate of background was obtained with blank tissue samples from a sham experiment. 

Briefly, 200 mg sample from each tissue was excised, transferred into 20 ml glass scintillation 

vials and treated as detailed in the method and counted for both 3H and l4C. Results indicated 

that most of the background activity arising from the tissue can be accounted for by the activity 

in Soluene-350, hydrochloric acid, isopropanol, hydrogen peroxide and scintillation fluid (Table 

6.3). These values were subsequently used to correct all tissue samples for background activity. 

It should be noted that the scintillation counter used gave an estimation of CLM and 

automatically corrected for it.

6.2.8 Sample size Correction

In order to make sample collection quicker, an optional amount of the sample was precisely 

weighed and the weight recorded. The amount of measured radioactivity in each sample was 

then corrected by its weight and calculated for lg of sample.
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Figure 6-1 The linear relationship between the dose and measured counts in 
various tissues. The red and blue lines are the standard curves for 3H- 
sucrose and 14C-creatinine, respectively. Data points have been omitted for 
clarity.

Table6-3
Estimation of background activity in 
dissolved tissues and fluids (n=3, mean+SD).

Background Activity (dpm/200mg)
Tissues JH Channel 14C Channel
Adipose 41 ± 5 44 + 5
Brain 40 + 5 44 + 5
Fluids 45 ± 6 50 + 5
Gut 42 ± 5 41 ± 6
Heart 54 ± 8 54 + 8
Kidney 44 ± 5 48 + 6
Liver 55 ± 5 72 ± 8
Lung 42 ± 4 45 + 5
Muscle 45 ± 5 56 ± 8
Spleen 53 ± 5 68 + 7
Skin 47 + 7 50 ± 6
Stomach 44 ± 6 48 ± 6
Testis 51 ± 6 58 ± 7

for tissue dissolution see the methods



6.3 Events Viewed from Plasma (Blood)

6.3.1 Data Analysis

6.3.1.1 Exponential Fitting

A biexponential equation (Equation 6.1) was found to best describe the blood and plasma 

concentration time data of both creatinine and sucrose. A computer program (Siphar; SIMED, 

France) was used and parameters Ci & C2 and were obtained. A weighting factor equal

to l/y2obseivcd was used.

C =C re"Xlt +  C r e ^ 21 (6.1)

Other pharmacokinetic parameters including elimination half-life (t 1,2), clearance (CL), initial 

volume of distribution (Vi), and steady-state volume of distribution (Vss) were calculated using 

the following equations.

In 2
ti/2=—— (6.2)

A  2

Dose
C L = ~777D (6 -3 )AUC

Dost 
(Ci + Cz)

Dose
W  (6.4)

V» »o.se U ’ D D  (6.5)

V d = -^  (6.6)

6.3.1.2 Moment Analysis

Statistical moment analysis was used to calculate the area under plasma concentration versus 

time curve (AUC; Equation 2.2) and mean residence time (M.RT; Equation 2.3).

6.3.2 Results

Blood and plasma profiles together with the biexponential fit for creatinine and sucrose are 

presented in Figure 6.2. The associated estimated parameters are presented in Table 6.4. As the 

administered dose of sucrose was larger than that of creatinine, a greater plasma concentration 

and Ci and C2 was achieved for sucrose compared to creatinine. The plasma half-life of sucrose
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Figure 6.2  Typical semilogarithmic plot of arterial blood and plasma 
concentration of creatinine and sucrose in rats after an intravenous bolus dose. 
The concentrations have been normalised for the maximum observed 
concentration. The symbols are the experimental observations and the solid lines 
are the best-fit curves.
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Table 6 .4
Pharmacokinetic parameters for creatinine and sucrose 
after intravenous bolus administration in rats (n=3).

Creatinine Sucrose
Biood Plasma B lo od Plasma

C1 Mean 1 4 3 0 0 4 2 0 0 0 6 9 2 0 0 1 8 0 0 0 0
dpm/g ±SD 1400 3500 4900 1 2000

CV% 9 8 7 7

C2 Mean 1 6 2 0 0 2 5 0 0 0 3 7 0 0 0 9 3 0 0 0
dpm/g +SD 1500 3300 37 0 0 8500

CV% 0.09 1 3 1 0 9

X I Mean 0 .2 74 0 .4 22 0 . 4 2 0.4
1 /min ±SD 0.05 0.08 0.061 0.057

CV% 1 8 1 8 1 4 1 4

X2 Mean 0 .0 35 0 .0 32 0 . 0 1 5 0 .0 1 7
1 /min ±SD 0.007 0.007 0.003 0.004

CV% 20 20 20 22

t 1 / 2 B Mean 20 2 2 4 8 4 0
min +SD 3 3 5 4

CV% 1 4 1 4 1 0 1 0

CL Mean 5 1. 5
ml/min ±SD 0.6 0.25

CV% 1 2 1 5

V1 Mean 7 0 35
ml ±SD 5 3

CV% 7 8

Vss Mean 1 60 8 6
ml ±SD 1 2 7

CV% 7 8

2 1 8



(40 min) was nearly twice that of creatinine (21 min). While plasma half-life of creatinine was 

marginally larger than its blood half-life, for sucrose blood half-life was larger than the plasma 

half-life. Clearance of creatinine (5 ml/min) was larger than that of sucrose (1.5 ml/min). The 

initial volume of distribution and volume of distribution at steady state of creatinine (70 and 160 

ml, respectively) were approximately twice those of sucrose (35 and 86 ml, respectively).

6.3.3 Discussion

Most of studies on creatinine have been conducted in relationship to the evaluation of renal 

function and muscular metabolism. However, there are several studies in which creatinine has 

been examined from a pharmacokinetic view point. Some aspects of transport kinetics of 

creatinine including its intestinal absorption and its in vitro membrane permeability through

erythrocytes and also the effect of temperature on its flux have been studied previously in this
358laboratory ' . Creatinine has also been included in a number of other studies evaluating the

Pharmacokinetics of distribution in man and animals. As the results of these studies on 

distribution properties of creatinine are sometimes in contradiction, the current studies conducted 

to extends the previous findings and elucidate the pharmacokinetics of creatinine more closely.

6.3.3.1 Volume of distribution

The apparent volume of distribution (Vd) usually has no direct physiological meaning and does 

not refer to a real volume. However, Vd contains the plasma (blood) volume as a real value and 

that Vd is related to the permeability of the biological membranes, such as blood capillary 

membranes to the daig. The apparent volume of distribution cannot take a smaller value than the 

plasma volume itself, and increases as tissue distribution of drugs increases 35}. In humans and 

rats the total aqueous space constitutes 60% of body weight; 40% representing the intracellular 

space and 20% representing the extracellular space. Acidic drugs have relatively low volumes of 

distribution, and basic drugs have high volumes of distribution 360 Drugs with larger partition 

coefficients take the larger Vd values. The apparent partition coefficient value for creatinine in an 

n-heptane-pH 7.4 phosphate buffer system was estimated to be 2.9x10 5 36*. The initial 

distribution space is generally conceived to represent drug distribution in the blood and in the
• I T9tissues that rapidly come into equilibrium with the blood, relative to the sampling times ' .
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Although the volume of distribution, Va, relates amount in body to plasma concentration during 

the terminal phase, its value is influenced by elimination. The faster a compound is eliminated, the 

greater is the ratio of drug in slowly equilibrating tissues to that in plasma during the terminal 

phase and the larger is the volume of distribution. The need to define a volume term to reflect 

purely distribution has led to the introduction of volume of distribution at steady state, Vss. The

value of Vss lies between the initial dilution volume, Vj, and the volume of distribution during the
243terminal phase, Vd '. In general, the difference between the values of Vss and Vd is small. 

Much depends on the disposition kinetics of the compound. The greater the extent of elimination 

before distribution equilibrium is achieved, the larger the difference would be. For creatinine, the 

difference between Vd (156 ml) and Vss (160 ml) is very small because negligible elimination 

occurs during the distribution phase (Table 6.5 and Figure 6.5),

Another view of distribution at steady state is to consider the ratio of amount in body (Ass) to 

amount in the initial dilution volume ( A ssj ) .  The ratio is V ss /  V j .  For creatinine this ratio is 

approximately 2.5 indicating that at steady state, this compound is nearly equally distributed 

between the initial dilution volume and the rest of the body.

The body fluid space through which creatinine is distributed has been the subject of some 

dispute. While some workers believe it is only distributed in extracellular fluid " ', others 

state that it is distributed evenly in total aqueous fluid in order to ascertain the

distribution characteristics of creatinine, it was necessary to include one reference marker in the 

study. As sucrose has been extensively used as an extracellular marker in this project and other 

work and it is available in tritiated form, it was selected as reference. If creatinine is to be 

distributed into only the extracellular space, its volume of distribution must approximate that of 

sucrose. For a non-eliminating substance which distributes only into the extracellular space, the 

steady-state volume of distribution (Vss) should approximate 20% of body weight (80-90 ml for 

a 400 g rat). This was the case for sucrose with a V^ of 86 ml. The estimated Vss of creatinine 

was 160 ml (38% body weight) indicating that this compound has been distributed into a larger 

space than only the extracellular space, but less than the total-aqueous space (60% body weight; 

240-280 ml for a 400 g rat). As creatinine has been nearly reached steady state by 60 min (time 

frame of the experiment) in most tissues (see the next section where tissue distribution of
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creatinine is evaluated), it is conceivable that it is distributed into a part, and not all, of the total 

aqueous space.

The earliest determination of the volume of distribution of creatinine was earned out by
365Dominguez et al . These workers studied the disappearance curve after a single intravenous 

injection, and estimated the volume of distribution to be 76% of body weight, a value was 

recognised to be greater than total body water. In the analysis of the disappearance curve, they 

assumed that with the passage of time, creatinine became homogeneously distributed throughout 

its entire volume of distribution, that is to say, that the "tissue" creatinine concentration became 

identical with the "plasma" creatinine concentration after sufficient time had elapsed. This 

assumption is invalid for two compartment systems.

The average volume of distribution of creatinine in dogs calculated by Greenberg el al 366 (by 

dividing its plasma level at steady-state into the total amount subsequently lost in the urine) was 

estimated to be 49% of body weight. They stated that this value was significantly larger than that 

of the extracellular marker (inulin) which averaged 20% of body weight.

Sapirstein et al 367 determined the volume of distribution of creatinine in the dog after a single 

intravenous injection. Mannitol was used as extracellular marker. They assumed that creatinine is 

distributed between two compartments and moves between the first and second in proportion to 

the concentration difference between them, while being excreted from the first in proportion to 

its concentration there. The estimated value of V(i for mannitol was 20%. Initially, creatinine 

distributed into a volume which corresponded to that of mannitol However, the final volume of 

distribution of creatinine varied from 29% to 45% (mean 36%). These workers assumed that the 

compartments penetrated by creatinine are arranged in series rather than in parallel. Therefore, 

penetration of the second compartment could only occur by way of the first. This implies that the 

entire volume of distribution of creatinine becomes homogeneously mixed before the second is 

significantly penetrated. The Va of creatinine found by these workers is in close agreement with 

that of 36-40% found in the current work or that of 33% found by others 767'-168'358 Whether 

this similarity indicates the existence of a true compartment (presumably including the 

extracellular and a restricted portion of the intracellular fluid) or is simply a coincidence, is 

uncertain. Sapirstein 367 also stated that the inter-compartmental clearance is related to the
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permeability of the barrier between the two compartments. Since the volume of distribution of 

the first compartment appears to correspond to the extracellular fluid, it seems likely that inter- 

compartmental clearance is related to the permeability of the cell surface. However, these models 

are only used to describe the data and are not representative of actual anatomical spaces.

Edwards 363 found the creatinine volume of distribution to be equivalent to total body water in 

anuric rabbits and anuric humans. He disputed the claim of Sapirstein, that the creatinine space 

was similar to the thiocyanate space (extracellular space), stating that it was based on a 

mathematical analysis, which assumed that creatinine was distributed through only two fluid 

compartments.

Recently, Pappenheimer 362 calculated Vd for both males and females, with the following results: 

Females=0.64 L/Kg; Males=0.5»7 L/Kg. These values compare well with those obtained by Jones 

and Edwards 363: Females=0.46 L/Kg; Males=0.62 L/Kg, and Hankins et a l 370: Females=0.49
371L/Kg; Males=0.51 L/Kg. Goldman ' has quoted that the average volume of distribution of 

creatinine is assumed to be 50 L, which is rather large compare to the total volume of body 

water 42 L. This implies a degree of tissue binding which is not documented in the literature.

372Boroujerdi & Mattocks ' analysed the specific activity data, obtained from both urinary and 

plasma samples, produced from a single intravenous injection of radiolabelled creatinine to 

rabbits by several means and found the best fit to be a biexponential equation, thus indicating that 

a two-compartment body model was required to describe the system In a separate study, 

Watanabe 361, suggesting a similar model, stated that compartment I represented the blood and 

rapidly perfused tissues, and compartment 2 the less rapidly perfused tissues, which in this case 

was thought to be largely the muscle, where high concentrations of creatinine are present. Also, 

the major source of creatinine is thought to be creatinine phosphate of the muscle, thus indicating 

that production occurs in compartment 2. Although models are only used to described the data 

and cannot be used to actually identify specific physiologically recognisable compartments, it 

may be inferred that creatinine passes into at least some parts of cellular compartments. The 

extent to which this occurs obviously cannot be determined from a simple model.
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A point that should be noted regarding all these reports, is the credibility of creatinine 

measurement. In most studies, particularly in the past, cold creatinine was being used, which is 

measured by a colourimetric method. The limited precision and accuracy associated with this 

method is not compatible with that required for disposition kinetic studies and volume 

estimations. In recent years, radiolabelled creatinine has become available. The great accuracy 

and precision associated with the radioanalysis, which was applied in the present work, puts a 

greater confidence on the results.

6.3.3.2 Distribution in erythrocytes (RBC)

In order to study the diffusion of organic solutes within blood, it is necessary to have an 

understanding of those factors which have an influence, such as plasma-erythrocyte solute 

distribution and diffusive transport through the erythrocyte. The diffusion of organic solutes

through the erythrocyte membrane is also of fundamental importance in other circumstances
373such as the performance of artificial kidney ' '. Due to the relative ease of its experimental 

handling and its general availability, the erythrocyte has been one of the favourite study objects 

for the study of transport processes. In fact earlier and present plasma membrane models rely to 

a considerable extent on evidence obtained from the erythrocyte membrane. Most studies on 

solute transport in red blood cells usually use tracer solutes, which are labelled with 14C. 

Although there has been no independent confirmation that the tracer permeability, or membrane

diffusivity, evaluated in these experiments is equivalent to the permeability of the solute of
374interest ' . In the present study the permeability of red cells to creatinine is evaluated. Using

both radiolabelled and cold solute, it has been confirmed that the 14C-radiolabelled is equivalent
3 t Sto the permeability of creatinine ' ~ .

The plasma-erythrocyte solute distribution and diffusive transport through the erythrocyte can be

described by measuring the solute concentration in both plasma and erythrocytes which is best

conducted in vitro. However, it is possible to estimate the values of solute concentrations in

RBCs from in vivo experiments using the following equation:

Cblood ~ (0.55 x ( pjasmo ) 
m c=    (67>

The above equation assumes a hematocrit value of 0.45.
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As depicted in Figure 6.4, the concentration of creatinine in erythocytes rose fast and reached its

maximum at approximately 5 min and declined gradually afterwards. In an in vitro experiment,
358  ■ ■ * *conducted by Bumstead ' in this laboratory, the time to reach equilibrium for creatinine in

human erythocytes was found to be around 50 min. The noticeable difference between the two

experiments could be due to two reasons. First, some permeability differences may exist between

human and rats erythrocytes. Therefore, it would be beneficial to repeat the in vitro experiment

using rat erythrocytes. Second, the environment of RBC in an in vitro experiment may be

different to that in vivo conditions. It is possible that in an artificial environment, the permeability

of erythocytes membranes, perhaps as a protective response, are reduced. Similar situation has

been observed by Skalsky et a! 264 who showed that the erythrocyte membrane permeability of

uraemic cells was significantly lower than that of non-uraemic cells, but that the equilibrium

partition coefficient was unaffected. The investigators attributed this decrease in permeability to

an alteration in the red cell membrane associated with the uraemia. It has been concluded 141 that

as the transport of creatinine across the red blood cell membrane is primarily by passive diffusion

through the lipid bilayer, then any alteration in the membrane structure, especially to the lipid

content, would affect creatinine transport. Thus the increase in lipid content results in a higher

resistance against creatinine diffusion, which is reflected in the observed decrease in permeability.

It has been demonstrated 141 that the permeability of uraemic cells could be returned to normal

values by incubating the cells in normal plasma for several hours, but not if the cells were
358mcubated in buffer (as was conducted by Bumstead ' ). The mechanism for reversing the 

effects of uraemia are uncertain, but it is known to be linked to the rapid exchange of lipids and 

cholesterol between the plasma and the erythrocyte membrane.

It should be noted that creatinine concentrations used in the current experiments were different 

from those used in the aforementioned in vitro experiment. The creatinine flux across the 

erythrocyte membrane is proportional to the concentration and creatinine is transported by
37 Ipassive diffusion (suggested by the lack of evidence of a saturable ' “. This together with the fact 

that arterial blood concentrations achieved in these experiments (0.5 mg/d!) were much lower 

than the range studied in the in vitro experiments (2-75 mg/dl) may indicate that plasma 

concentration has been not high enough to force the creatinine through the erythrocyte 

membrane. But the concentration of creatinine in plasma was always much greater than that in
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erythocytes implying a strong driving force for creatinine diffusion which is necessary for passive 

diffusion.

ICO
Bumstead ~ established that it is possible for creatinine to enter cells and demonstrated that it

traverses the intestinal epithelium via the paracellular pathway rather the transcellular pathway.
375Their findings rejected suggestions by Lansdorf et, a l ' that creatinine diffuses through the lipid 

bilayers in erythrocyte membrane. They also demonstrated that there was no significant 

difference in the bi-directional flux rates, which is as expected for a passively transported solute.

The creatinine flux across erythrocyte membrane is temperature-dependent A relatively small

change in temperature (eg from 37UC to 15°C) has a dramatic effect on the rate of creatinine
358transport across red blood cell membrane " . Over this temperature range the half-life increases

from approximately 10 min to more than three hours, with a corresponding 20-fold decrease in 

the permeability coefficient. In the present work, blood samples obtained from the animals were 

immediately cooled so that the diffusion of creatinine between erythrocytes and plasma after 

blood sampling was effectively stopped. Therefore, blood and plasma profiles reflect the events 

in blood and plasma in vivo.

The equilibrium ratio of a solute concentration in erythrocytes to that in the fluid phase is 

determined experimentally and is defined as the equilibrium partition coefficient (K Cq) in which 

the solute concentration is based on the entire volume of each phase. In the current study for 

erythrocytes the Keq value for creatinine was 0.45 (Figure 6.5) which is in general agreement to 

the values of 0.7 found for erythrocytes suspended in buffer at 37T  and the literature values 

The distribution of solute between the eiythrocytes and buffer can also be expressed in terms of 

the water phase equilibrium distribution coefficient, R, in which solute concentration is based on 

the volume of water in each phase. If the creatinine concentration in cells is corrected for the 

reduced fraction available for dissolution, the system is in a state of thermodynamic equilibrium 

and that each phase is inert towards creatinine, ie there is no creatinine binding. Assuming that 

the water content of erythocytes available for dilution is 0.8 'oX, the value of R for creatinine is 

expected to be 0.85 which is close to the value was found in this work (0.7).
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The erythrocyte studies in this project and those performed by Bumstead 358 demonstrated that 

creatinine can traverse erythrocyte membrane. Despite the fact that the volume fraction of water 

in the cells was taken into consideration, the concentration in both compartments were not equal 

at equilibrium, suggesting that creatinine does not distributes into total available aqueous space.

Taking into account the inter-subject variability in erythrocytes and experimental error, the 

equilibration of creatinine between the erythocytes and the suspending medium follows the 

kinetics expected for a single exponential 264,358 The mean permeability coefficient value 

reported by Bumstead 358 was 9.6x 10 7 cm/min at 37°C. No correlation was found between the 

permeability coefficient and initial concentration, suggesting that permeability is concentration 

independent. Skalsky el a! 264 demonstrated that there was a significant inter- and intra-subject 

variability in creatinine transfer rates across normal human erythrocytes. The influx rate for 

creatinine through the erythrocytes is relatively slow compare with the permeability values of

other solutes such as urea (0.0252 cm/min), tritiated water (0.59 cm/min) and glucose (9xl0-6
, ■ 358 cm/mm

The difference between kinetic profiles of sucrose and creatinine in eiythrocytes is noteworthy. 

The concentration of sucrose in eiythrocytes did not attain equilibrium by 60 min. This difference 

in diffusional properties of the two molecules can be explained by their different chemical 

structures. Creatinine is an linear inert small molecule (MW=113) which can easily traverse 

through intercellular routes in erythrocyte membrane an achieve equilibrium quickly. In contrast, 

sucrose is a larger molecule (MW=330; includes two aromatic rings). Therefore, compared to 

creatinine, it traverse the membrane with difficulty and reaches equilibrium at a latter time. The 

difference in the diffusional properties of the two compounds in blood has been stressed in 

Figures 6.3 to 6.6, Blood to plasma concentration ratio of creatinine reached its maximum 

around 5 min whereas that of sucrose continued to rise and did not reach the climax by 60 min.

After intravenous administration, the fraction of dose in blood and fraction of dose

eliminated for creatinine and sucrose at each time point were estimated using the following 
243equations
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blood concentration x total blood volume
Fraction of dose in blood = ------------------------------------------------------

Dose
( 6 .8 )

Fraction of dose eliminated = fi [ l-e'^11] + f2 [l-e'^2t]

C\ ( \('

(6.9)

w h e r e ■—— and f? = — 7 (6 . 10)

Respective values are listed in Table 6.5 and displayed in Figure 6 .6 . Although the profiles of 

cumulative amount eliminated for creatinine and sucrose were similar, at time=60 min a greater 

fraction of administered creatinine (0.82) was eliminated compared to sucrose (0.62). At time=l 

min, a larger fraction of sucrose remained in blood (0.49) compared to creatinine (0.33). As 

represented in Table 6.5, at time=60 min, it appeared that compared to creatinine, a larger 

fraction of sucrose remained in tissues. Considering the distribution properties of sucrose, this 

was unexpected. This issue is further discussed subsequently. The results indicated that at 

time=l, the ratio of blood to plasma for sucrose approximated the hematocrit value (~0.45) 

while that of creatinine was greater than the hemetocrit value (—0 52). This was another 

indication of the rapid influx of creatinine and slow influx of sucrose into the erythrocytes.
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6.4 Events Viewed from Tissues

6.4.1 Data Analysis

The amount (A) of labelled creatinine and sucrose in each tissue was estimated using the

following relationships.

Amount in g tissue =

count(dpm) per g Tissue -  (fraction of blood in Tissue x C blnod) (6 11)
1 -  fraction of blood in Tissue

Total amount in tissue (Ax)= Amount in g tissue x Total Tissue Weight (LKdudii.gbiood) (6.12)

The physiological literature values in Table 6.6 were used for the estimation of total amount in 

tissues and other parameters.

6.4.2 Results and Discussion

The temporal profiles for creatinine in 12 tissues are presented in Figure 6.7. In well-perfused 

tissues such as liver, lung and spleen, while the initial concentration was high, the concentration 

decayed rapidly with time. Other tissues such as adipose, testes and brain showed a slower rise in 

concentration and a lower maximum value. The fall in creatinine tissue concentration after 15 

min indicated that creatinine achieved equilibrium in all tissues fairly quickly. For sucrose, 

although the rise in tissue concentration was fast, the time needed to reach equilibrium was 

noticeably longer than for creatinine (Figure 6.8), Although the sucrose concentration in none of 

the tissues had fallen by 60 min (except kidney), most of the tissues were close to achieving an 

equilibrium. The Simulation studies demonstrated that for a two-compartmental system with 

elimination occurring from the central compartment, the final slope of decline in concentration of 

solute in tissues is in parallel to the decline in plasma concentration and this was clearly 

demonstrated for creatinine in these experiments (Figure 6.6). Plot of the ratio of concentration 

of materials in tissue to that in plasma provides an opportunity to compare the temporal tissue 

profiles in all the tissues. Simulation studies demonstrated that for the two-compartmental system 

with elimination used, as the fall in plasma and tissue concentration becomes eventually parallel, 

the ratio of tissue-to-plasma concentrations approaches a plateau. Plots of this ratio for various 

tissues have been demonstrated in Figures 6.9 and 6.10,
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It was also possible to estimate the amount of each compound in cells using the following 

equation:

Amount in cell = Ay -  (fraction of interstitial volume in tissue x Cp|asma) (6.13)

The temporal profiles of creatinine cellular concentrations are depicted in Figure 6.11. The 

concentration in cells in all tissues, after a considerable delay (-3-10 min) rose rapidly to a peak 

and then fall gradually. As for the plot of tissue concentrations, the delay for rise in cellular 

concentration for adipose tissue was longer (-20 min). Given the poor perfusion of adipose 

tissue, this observation was not surprising. For sucrose, several differences were observed in the 

cellular concentration profiles (Figure 6.12). First, the lag times for the appearance of sucrose in 

cells not only were longer compared to creatinine, more variation was observed amongst the 

various tissues (-5-30 min). Second, by the end-point time of the experiment (60 min) the 

sucrose cellular concentrations were not quite at equilibrium.

In creatinine tissue concentration profiles, apart from the large initial concentration, another peak 

concentration is observed. Comparison between tissue profiles and cellular profiles reveals that 

the large initial concentration stems from creatinine concentration in plasma perfusing the extra­

cellular space of the tissues, which is high at earlier times. The second peak is due to the rise in 

creatinine cellular concentration. Comparison between tissue and cellular concentration profiles 

of creatinine with those of sucrose, where tissue profiles lack the early peak, indicates that 

creatinine was able to traverse the vascular membranes fairly rapidly whereas sucrose passage 

through vascular membranes took place with difficulty. Therefore, the permeability barrier for 

creatinine is located at the cellular membrane which is expected from an inert small molecule. For 

sucrose, however, the data indicate that in some tissues a barrier may be present at vascular 

membrane. Similar behaviour have been observed previously in capillaries with poor permeability 

to sucrose such as the coronary circulation in the dog 236. In this capillary system there is a non­

linear dissociation of sucrose molecules and even large molecules such as albumin because 

sucrose molecules cross the capillary membrane in a barrier-limited manner to diffuse in the 

extra-vascular space. Thus, when sucrose molecules reach the outflow they emerge at a latter 

time than albumin. This situation may be likened to the extensive capillarisation of sinusoids in 

hepatic cirrhosis (Chapter 4) which renders diffusion of sucrose barrier-limited.
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6.4.2.1 Estimation of equilibrium distribution ratio

The equilibrium distribution ratio, Kp, and volume of distribution at steady state (blood), Vss, and 

the distribution rate constant, kx, were calculated using moment analysis:

in which A U C x , A U C p , V x, Vb, and Q x are the area under tissue concentration curve, the area 

under plasma concentration curve, volume of tissue, blood volume, and blood flow perfusing the 

tissue, respectively.

The above equations assume that tissue and cellular profiles have reached a plateau 

(equilibrium), For creatinine, as demonstrated in Figures 6.13, where the ratios of tissue and 

cellular concentrations to plasma concentrations are depicted, the ratios reached a plateau for all 

tissues by 30 min. For sucrose, in several tissues, as the ratios did not completely reached the 

plateau by 60 min (Figure 6.14), the ratio at the last time was used to give an estimate of Kp. The 

values of Kp- Vb.ss, and Kx of creatinine and sucrose for various tissues are presented in Table 

6.7. In each tissue, the Kp values of sucrose approximated the value of interstitial space in that 

tissue. In all tissues, the Kp values of creatinine are greater than those of sucrose indicating the 

entrance of creatinine into the cells.

The rate of drug uptake into the tissues depends on several parameters, including the rate of

tissue perfusion with blood, the mass of tissue, and the partition characteristics of the compound

between blood and tissue. The latter involves such factors as membrane permeability, intra and
132extracellular pH, and plasma and tissue drug binding " . From the physicochemical properties of 

creatinine and sucrose described before, it was expected that sucrose could achieve equilibrium 

sooner than creatinine, yet the time to reach plateau occurred much latter. The continuous rise in 

tissue and cell concentrations of sucrose, even after 30 min, is surprising. For a solute which 

distributes only in extra-cellular fluids, the equilibrium in an in vivo animal experiment is usually 

achieved within 30 min, as has been shown for inulin Recall that radiolabelled

AUCt

A U C P
(6.14)

Vb,ss=ZKp,b.Vx + Vb (6.15)

(6.16)
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sucrose was used in the current experiments. Sucrose is a disaccharide comprising of two 

molecule glucoses. 14C-atoms are situated 011 glucose molecules. There is strong evidence that
. . .  377

when sucrose is administered intravenously in rats, it is metabolised in a time-related manner 

This metabolism most probable occurs at the brush borders in kidneys5 proximal tubules, so that 

the glucose molecules produced are reabsorbed very quickly ' and through the general 

circulation reaches the cells. This is the reason for a longer lag time and steeper rise in the 

concentration profiles of sucrose in tissues and cells.

The current findings that creatinine enters the cellular space of all tissues studied is contrary to
^62 36^the claim that creatinine does not diffuse through the cells ' ” ) . However, these findings also 

contradict the findings of some other workers who described a volume of distribution equal to 

total aqueous space for creatinine 365. In experiments conducted by Bumstead el a! 358 in this 

laboratory, the mechanism by which creatinine passes the cellular membranes was investigated. It 

has been concluded that creatinine traverses the membranes through intercellular pathways and 

that no significant transcellular route for intestinal absorption of creatinine exists ~ . In 

conclusion, creatinine is able to enter cells and distribute into a considerable proportion of total 

aqueous space. Compare to sucrose, less variation is observed for the distribution of creatinine 

between different tissue.

6.4.2.2 Notes on experimental procedures

6.4.2.2.1 Sampling times: In the plan of the experiments, it was anticipated that the time for 

creatinine and sucrose to reach distribution equilibrium would vaiy between body tissues. It was 

therefore crucial to choose tissue sampling times that would allow the study of its distribution 

into both highly and poorly perfused tissues in vivo. The results indicated that such a optimum 

sampling times were chosen in this study.

6.4.2.2.2 Method of sacrifice: A quick method of sacrifice is essential to prevent further 

distribution of drug so that results collected reflect events at the sampling lime. Exsanguination

via the carotid artery takes approximately 3 minutes, making this procedure more applicable to
27steady state experiments ; it is unsuitable for kinetic tissue distribution studies due to the time

243



lag involved. Decapitation, although a quick method, is undesirable and eventually cervical 

dislocation was chosen as the method of sacrifice as it is quick and clean.

6.4.2.2.3 The administered dose: It was decided to administer to each rat a double-component 

mixture containing creatinine and sucrose. This should reduce the inter-rat variability and 

therefore improve the probability of detecting real differences in the Pharmacokinetics between 

the model compound and the reference substance. The associated number of sample assays 

required per investigation can also be reduced. The complexity of the assay is increased, 

however, as two different radionucleotides need to be assayed for each tissue sample at the same 

time.

6.4.2.2.4 Calculation of creatinine: The initial assumption made was that creatinine does not bind 

to plasma and tissue proteins and is freely distributed throughout the body fluids, with a volume 

of distribution of 60% of body weight. Thus for a 400-g rat its volume of distribution would be 

240 ml. The minimum plasma concentration that could be reliably measured was considered to 

be 1000 dpm/250 pi. The time span of the whole in vivo experiment was assumed to be 1 hr. 

Thus, for the creatinine having an elimination half-life of -20 min, in order to reach the 

concentration of 1000 dpm/250 pi within 1 hour, its bolus dose should be - 15 pCi. After a pilot 

plan experiment, the calculated dose proved to be satisfactory.

6.4.2.2.5 Calculation of sucrose: Sucrose is restricted to extracellular fluids, with a volume of 

distribution of approximately of 20% of body weight. This corresponds to 80 ml for a 400 g rat 

The minimum sucrose plasma concentration was chosen to be 1000 dpm/250 pi. With an 

elimination half-life of -40 min, after 1 hr, the initial bolus dose had to be 8 pCi to produce such 

a minimum count. However, in order to minimise the error in measurement of TI due to energy 

overlap of the 14C in the 5H window, the amount o f3H radiolabelled material should be at least 3 

times higher than the amount of 14C substances. For this reason, although the dose of sucrose 

was theoretically correct, it was increased to provide a reasonable count at later times.

6.4.2.2.6 Correction for blood ding content: 51Cr-labelled erythrocytes (20 pCi, suspended in 0.5 

ml normal saline; Section 3.3,7), were administered via the jugular vein to 4 rats. After 20 min, 

the rats were sacrificed by cervical dislocation and the tissues excised All dissected organs were
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lightly rinsed with sodium chloride (0.9%) and dried. Systemic blood was collected via the 

carotid artery, into heparinised tubes, immediately prior to sacrifice. The volume of blood 

remaining in each tissue, expressed as grams of jul blood/g tissue, was calculated as the ratio

between the measured activity dpm/g tissue and dpm/g blood. Values were converted into ml of
22blood/g tissue using 1.05 g/ml as the density of blood . The residual drug in blood was 

subtracted from determined samples and a correction for blood volume was made, using values 

obtained above. There was a good agreement between values so obtained and literature values 

(Table 6.6).

Table 6.6 Blood volumes in various tissues in rat.
Tissue Blood volume (jLil/g)

This study (400g rat) Literature (250g rat)
Adipose* 4 1-4
Brain* 22 17-24
Gut* 22 12.5-25
Heart* 180 61-300
Kidney* 90 66-100
Liver** 120 100-115
Lung** 250 220-260
Muscle* 7 7.2-25
Skin* 8 7.1
Spleen** 260 282-336
Stomach* 19 13-25
Testes* 12 6-34

* 22, 27
** Pharmaceutical Research, 1993-1994
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CHAPTER SEVEN: STUDIES WITH CREATININE 

Section Two: Studies in Isolated Perfused R at Liver

7.1 Introduction

In contrast to other organs where the capillary can present a substantial barrier between the

vascular and interstitial space, the hepatic capillaries possess open fenestrae. Therefore, free

exchange of fluid and solute between blood and the space of Disse indicates that the first barrier

encountered by a substance entering the liver is the hepatocyte membrane 3I'\ For lipophilic

compounds, as membrane permeability is high enough to ensure rapid exchange between

vascular and cellular compartments, the distribution is perfusion rate-limited. However, when the

hepatocyte membrane may form an effective barrier to hydrophilic and large molecules, the
243distnbution may become permeability rate-limited

In the previous chapter, the distribution kinetics of creatinine in vivo was evaluated. This and 
358other work ' demonstrated that creatinine traverses cellular membrane and enters the cells in a 

permeability-limited fashion. However, the value of membrane permeability of creatinine could 

not be determined from such in vivo experiments. The in situ perfused liver provides an 

opportunity to evaluate the permeability of a cellular membrane to creatinine in an intact organ 

system. Originally, an impulse-response experiment alone was designed. However, for the 

following reasons it was decided to perform a set of steady-state experiments in the same liver 

preparations and study the events after stopping continuous infusion. First, it was anticipated that 

output profiles obtained in impulse-response mode alone would not be enough to fully evaluate 

the disposition kinetics of creatinine in the liver. Second, simultaneous analysis of the outflow 

data from bolus (calculation of DN) and steady-state (measurement of permeability) experiments 

would allow to achieve a greater confidence on the estimation of both permeability and 

dispersion.
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7.2 M ethods

7.2.1 In situ perfused liver preparations

Vasin situ perfused rat liver preparations were obtained as described in Section 3.3.2. Briefly, a 

group of 5 male Sprague-Dawley rats weighing 360+20 g were anaesthetised and the hepatic 

vein, bile duct and vena cava were cannulated. These preparations were then used for both 

impulse-response and steady-state experiments.

7.2.2 Impulse-response Experiments

The liver was perfused with Krebs-Henseleit buffer (pH 7.4, 37°C). After stabilisation period of 

20 min, the flow rate was checked and a 50 pi sample containing 0.1 pCi NC-creatinine and 0.3 

pCi 3H-sucrose was rapidly injected into the hepatic portal vein and samples collected from the 

outflow cannula into a carousel. Initially, samples were collected every two seconds for 2 min, 

then every 30 sec for a further 2 min (collection time 5 sec), and a final sample collected 5 min 

after the injection was made (collection time 5 sec). A 200 pi aliquot from each sample was 

measured using a dual channel 3H/14C counting program (see Section 3.3,6),

7.2.3 Steady-state Experiments

After the bolus experiment, creatinine was infused into the stream perfusing the liver at the 

constant rate of 0.1 pCi per min for 20 min using a motor-driven syringe. Samples were collected 

from the outflow cannula during the last 5 min of the infusion and after stopping the infusion, 

initially into a carousel (collected every second for 60 min) and then into the test tubes for a 

further 8 min (collection time 5 sec) At the end of the experiment, the flow rate was determined 

to ensure consistency and then the liver was immediately excised and weighed. A 200 pi aliquot 

from each sample was measured radio chemically (Section 3.3.6).

7.3 Data analysis

7.3.1 Impulse-response Experiments

In order to compare the outflow profiles for creatinine and sucrose, the outflow activity (dpm) 

were expressed as a fraction of the dose (fractional output, per ml). Statistical moment analysis 

(Equations 2.1-2.8) was used to calculate the area under the output activity versus time (AUC), 

mean transit time (MTT), relative dispersion (CV2) and hepatic volume of distribution (Vn) of 

radiolabelled creatinine and sucrose. The one- and two-compartment dispersion models
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(Equations 2.10-2.20), allowing for the correction of tubing effect, were fitted to the frequency 

output of sucrose and creatinine, respectively, and the kinetic parameters including k |2, k2|, and 

Dn were subsequently calculated.

7.3.2 Steady-state Experiments

The outflow concentration at steady state (Css) and after stopping the infusion was normalised 

for Css. The two-compartment dispersion model (Equation 7.1) was fitted to the hepatic output 

profiles of creatinine after stopping infusion and the relevant pharmacokinetic parameters were 

calculated.

, I l + 4A v.E i

k 12 hi* x exp
l + k2i 1 //

V 11 s + k-2i
2 / Dfrr

!< | 2

7.4 Results

7.4.1 Impulse-response Experiments

Figure 7.1 shows the output profiles of 3H-sucrose and 14C-creatinine from a representative 

liver, On a normal scale the creatinine profile appears to mirror that of sucrose. However, when 

viewed on a semilogarithmic plot it can clearly be demonstrated that although initially the profiles 

are identical, at latter time points marked differences become apparent. After the first 25 sec the 

sucrose concentration appearing in the outflow cannula is slightly higher relative to that of 

creatinine. After approximately 80 sec the sucrose concentration continues to decline steeply, 

whereas in contrast the creatinine concentration becomes fairly constant, with the difference 

between the two solutes increasing with time.

Parameters estimated from moment analysis for sucrose and creatinine are listed in Table 7.1.

The recovery of radioactivity after injection of each solute was complete. (0.96+0.03 for sucrose 

and 0.98+0.03 for creatinine). The extrapolated fraction was negligible (3% for sucrose and 5% 

for creatinine). The values of MTT, CV2, and normalised Vh of creatinine (37. i sec, 1.2, 0.66
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ml/min/g, respectively) were more than twice of those of sucrose (13,5 sec, 0,39, 0.26 ml/min/g, 

respectively).

Figure 7.2 demonstrates the fit of the dispersion model equations to the frequency outflow 

profiles of sucrose and creatinine. While the one-compartment dispersion model adequately 

described the outflow data for sucrose, the two-compartment form of dispersion model was 

needed to fit satisfactorily the outflow profiles of creatinine. The model parameter estimates for 

both compounds are presented in Table 7.2. The average coefficient of variation for the estimates 

were all less than 20%. The value of creatinine (0.69+0.14) was greater than that of sucrose 

(0.26+0,05).

7.4.2 Steady-state Experim ents

Following stopping the infusion, after approximately 12-14 sec, creatinine output activity started 

to decline exponentially (Figure 7.3). First there was a sharp fall in concentration and then after 

50 sec, the concentration continued to decrease smoothly. The fit of the two-compartment 

dispersion model to the normalised output concentrations has been depicted in Figure 7.4. The 

related pharmacokinetic parameters have been presented in Table 7.3.
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Table  7.1
O bservational and statistical param eters of creatinine and sucrose  
outflow profiles in isolated perfused rat liver preparations  (n=5).

F( t )max 

1 /sec

"tmax

sec

MTT

sec

V

ml/g

CV2 F

%
Sucrose mean 0.041 6.5 13.5 0 .29 0.4 96

±SD 0 . 0 0 7 0.7 1.1 0 . 0 5 0 .06 3
%cv 1 7 1 0 8 1 7 1 5 3

Creatinine mean 0 . 0 4 6.5 37.1 0 .6 6 1 .4 99
±SD 0 . 0 0 7 0.8 6.1 0.1 0 .25 4
%CV 1 7 1 2 1 6 1 6 1 7 4

Table 7.2
Param eters  obtained by applying the d ispersion model to the  
outflow profiles of sucrose and creatinine after bolus injection  
of each into the isolated perfused rat liver p reparations  (n=5).

d n VH
ml/g

1̂2
1 / s e c

Ka,
1 / s e c

PS Kp

Sucrose mean 
±SD 
%CV

0.29  
0 .0 5  

1 7

0 .32  
0 .06  

1 8
NA NA NA NA

Creatinine mean 
±SD 
%CV

0 .55  
0 .09  

1 7

0 .68  
0 .12  

1 7

0.071 
0 . 0 1 4  

1 8

0 . 0 4 4  
0 . 0 0 8  

1 9

1 .05 
0 .15  

1 4

1 .7 
0.3 
1 7

NA: not applicable

252



N
or

m
al

ise
d 

Ou
tfl

ow
 

Co
nc

en
tra

tio
n 

(C
0u

t/C
ss

)

0.8

0.2

0 100 200 300 400 500

.1

0 100 200 300 400 500
Time (sec)

Figure 7.3 Normalised outflow concentration profiles of creatinine after continuous inlusion to 
steady state in all liver preparations in isolated perfused rat liver.

253



X
§
1 a

>  c o <0 
o
'■5
IV
ft
so
O

0 100 200 300 400 500

Tim e (sec )

5o00 .

_><_

E
a

£>
I ^  -o
IBa:
5o
S
3o

500400300100 2000

Tim e (se c )

Figure 7.4 Fit of two-compartment dispersion model (lines) to the observed outflow profile of 
creatinine (markers) in a representative isolated perfused rat liver after stopping continuous 
infusion for 45 min. Top graph: linear, Bottom graph: semilogarithmic
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Table 7.3
Pharm acokinetic  param eters  obta ined by applying
tw o-com partm ent d ispers ion m odel to the outflow profiles of creatinine
in isolated perfused rat livers after stopping continuous infusion (n=5).

D m ^12 ^2( C i X-i C i X2 fo <

0 . 69 0 .0 7 0 .03 7 1 0 0 0 .0 7 1 4 0 0 0 1 80 1 .5

7.5 Discussion

7.5.1 M om ent Analysis and Dispersion M odel

The fact that the value of Vh of creatinine was much larger than that observed for sucrose (which 

is believed to access only the extracellular space) indicates that creatinine is not confined to the 

vascular space and is able to penetrate hepatocyte membrane. Also, the value of CV of 

creatinine was much larger than that of sucrose suggesting the existence of non-equilibrium of 

creatinine distribution between the vascular and cellular spaces 54.

The Dm value of creatinine was greater than that of sucrose, indicating that creatinine has a 

greater relative degree of axial spreading in the liver. While both the k12 and k2i values were 

small, indicating a slow creatinine cellular influx and efflux, k2j value was considerably smaller 

than k |2 value indicating a greater influx of creatinine compared to efflux. Quantitative analysis 54 

has revealed that uptake is rate-limited by permeability when the ratio of effective permeability- 

surface product to blood flow (/e /ii|, PS/Q) is less than 0.06, and is perfusion rate-limited when 

/u^.PS/Q is greater than 5.7. For 0.06 < /ubPS/Q < 5.7, both permeability and flow rate are 

important in determining uptake In the current study, an estimate of the permeabiiity-surface 

area product (PS) for creatinine was obtained from k12 using a rearrangement of Equation 2.16, 

given that / m, is E and that V|, value equals the volume of distribution of sucrose The value of 

PS/Q ratio (PS= I 05 ml/min/g and Q-1 4 ml/min/g liver) for creatinine was around 0 7 indicating



that while the hepatic uptake of creatinine is a function of both membrane permeability and 

perfusion flow rate, it is influenced by permeability to a greater extent than by flow rate. .

The two-compartment dispersion model which was first fitted to the creatinine bolus and steady- 

state data separately, described the observed data well giving confidence to the predicted rate 

constants and dispersion number. However, as sometimes the confidence in the estimation of 

dispersion model parameters, due to poor fitting, from bolus experiments alone may not be great, 

a modified form of dispersion model was developed to fit to both the bolus and steady-state data 

simultaneously. The obtained parameters were similar to those obtained from the previous 

fittings. This indicated that, as creatinine is not eliminated in liver, its dispersion in a single-pass 

journey in liver is similar to that following constant-rate infusion.

The Vh values for sucrose and creatinine (non-eliminating solutes) estimated using statistical 

moment analysis (Table 7.1) were similar to the values obtained using the appropriate dispersion 

model (Table 7.2). This gives some indication of the goodness of the fitting. Recall that model 

parameters can be estimated without curve fitting, using Equations 4.18 and 4.19 where the

effect of a permeability barrier on the relative dispersion value (CV2) of a non-eliminating solute
2 2 was described. From various parameters that influence the CV of a non-eliminating solute, CV

of solute within the vascular space and membrane permeability are important in the case of

creatinine. The fact that creatinine PS value (1.05 ml/min/g) was smaller than the perfusion flow

rate (1.4 ml/min/g) indicates that a barrier exists between the vascular and cellular compartment.

Therefore, the effective permeability is sufficiently low such that transport becomes non-
2 2 instantaneous, and hence the CV of creatinine becomes greater than CV of sucrose (vascular

marker).

The values of model parameters (DN, k and k2i) determined for creatinine in this study (0.55, 

0.071, and 0.044, respectively) were consistently greater than those obtained by Bumstead 35S 

(0.12, 0.026, and 0.039, respectively). A possible explanation for the lower estimate of DN lies in 

the sensitivity of this parameter to the fitting procedure used to describe the creatinine dilution 

curves; the model tended to underestimate the peak and end stage tailing portions of the 

creatinine outflow curve. Failure to accurately characterise the throughput portion, especially the 

upcurve and f(t)in;ix, could lead to an underestimate of the true value of DN. In practice, this
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problem arises when the collection interval of liver effluent is relatively large compared to the 

time taken for the throughput component to eluent. More frequent sampling times by this 

worker, particularly at the beginning of collection, could improve the estimate of DN.

7.5.2 Volume of Distribution

It was possible to calculate the steady-state volume of distribution of creatinine using the 
243following relationship : 

k io  x
V s s = V b ( l  +  - ^ )  

k 21

The Vss value obtained from these experiments (0.7 ml/g liver) approximates the total aqueous 

hepatic volume. This value was larger than that obtained from the in vivo studies (Vss =0.38 ml/g 

body weight). Furthermore, the volume of distribution of creatinine calculated from in vivo 

experiments (Chapter 6) was 0.36 ml/g body weight. In the present study, the mean VH value 

estimated from impulse-response and steady-state experiments was about 0.67 ml/g liver which 

approximates the total aqueous volume of the liver. These differences could be due to two 

reasons. First, on calculating the steady-state volume of distribution from in vivo studies using 

plasma measurements alone (Equation 6.14), the volumes of all tissues including bones, skin and 

soft tissues are lumped together. Clearly, the distribution of creatinine in bones and skin is much 

less than that in soft tissues like liver and spleen. Second, the cellular membrane permeability may 

play an important role on the magnitude of the volume of distribution during the terminal phase 

(Equation 6.6). In the early phase of the in vivo experiments, creatinine is distributed primarily in 

its initial volume of distribution, which is the extracellular space. At later times, it is distributed 

further into the cellular space at a rate which is influenced by %2- The rate constant for the uptake 

of creatinine into the hepatocyte membrane (k!2=0.071 1/sec) is greater than the overall rate of 

cellular membrane penetration of creatinine in the whole body (A,2=0.032 1/sec). This finding

reject claims that the distribution volume estimated from a single-pass bolus injection would be
54less than that of in vivo studies .

7.5.3 Distribution Kinetics after Steady-state

In the impulse-response experiments, the activity (concentration) of creatinine in samples in the 

tailing region of output profiles was low. Thus, the confidence in the pharmacokinetic parameters
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obtained from this region was not great. Furthermore, as there was little difference between the 

output profiles of sucrose and creatinine obtained in these experiments, the hepatic distribution of 

creatinine could not be fully explained from bolus experiments alone, using the distribution 

kinetics of sucrose. Occasional poor description of the observed data by modelling also lessened 

the confidence in calculated parameters. Therefore, to overcome these problems, it was necessary 

to do a second set of experiments in the same liver preparations in winch the events after 

constant rate infusion and upon stopping infusion was evaluated. Simultaneous evaluation of 

both sets of data should get more insight into the mechanisms that influence the hepatic 

dispersion of creatinine.

7.5.4 Creatinine Binding Properties

The intracellular hepatic volume of distribution of creatinine (the difference between creatinine

total hepatic volume of distribution and the volume of extracellular marker sucrose) was

calculated to be 0.45 ml/g liver, which is similar to the values found for water in normal livers

(Chapter 4). This indicates that creatinine is not bound to intracellular components of hepatocytes

and confirms the general view about creatinine, that this compound does not bind to plasma 
373 379 114proteins ’ . Hirate , who developed a theoretical model to describe creatinine mass

transfer through erythocytes, stated that his model was based upon the assumption of negligible 

creatinine-protein binding in either the erythrocytes or plasma. However, others (Bickel 62) have 

stated that in view of the reported binding of guanidine, nitrate, urethane, and uric acid (all 

nitrogen compounds), one may infer that a fraction of plasma creatinine is protein bound.

7.5.5 Membrane Transport of Creatinine

Hepatic uptake of some organic anions and organic cations is mediated by well-characterised 

transport systems 20’165’166 por most compounds, however, such carrier-mediated transport 

systems have not been demonstrated, and permeability occurs mainly by passive diffusion. The

impact of a transmembrane barrier on the distribution kinetics of various solutes has been
58 249 257evaluated both theoretically and experimentally ’ ’ . However, the quantitative contribution

of such factors as the microenvironment surrounding the surface of the hepatocyte membrane 

and the physicochemical properties of the compound are still poorly understood.
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Various pathways have been proposed for the uptake of creatinine. According to the results
358obtained from human intestinal epithelial monolayer experiments , creatinine appears to

traverse the intestinal epithelial barrier via the paracellular pathway. In vitro, creatinine can pass

from the suspending medium into the erythrocytes via water-filled pores, albeit at a relatively

slow rate compared with the permeability values of other solutes such as urea (P=0.0252

cm/min), tritiated water (P=0.59 cm/min, and glucose (P^Qx 10“6 cm/min) 88°. The in vitro efflux 
358experiments has indicated that a bi-directional flow exists and that the two rate constants and 

permeability coefficients are equal. The permeability of erythrocyte membrane to creatinine is 

much greater in vivo experiments compare to in vitro conditions which may be due to the 

difference between human and rat erythocytes properties. In normal conditions of renal function, 

creatinine is only filtered through glomemlous and is neither secreted nor reabsorbed 184 In renal

* * 184insufficiency, it is secreted into the proximal tubules, which is a sign of active transport
375Passage via cellular membrane lipid bilayers has also been suggested . The route of creatinine 

transport across an epithelial barrier would therefore depends on which pathway provides the 

least resistance to diffusion.

7.5.6 Comparison with Extracellular Marker (Sucrose)

The distribution of creatinine within the liver was examined to determine whether it can enter 

hepatocytes, in order to ascertain if erythrocytes can be taken as representative of the majority of 

cell types. Marked differences were observed when the sucrose and creatinine output profiles 

from the single-pass liver experiment were compared suggesting that the two solutes are not 

interchangeable as volume markers. The fractional outflow of each solute appealing in the output 

cannula were initially identical, although after approximately 25 sec the sucrose concentration 

began to increase relative to that of creatinine, giving the impression that a small proportion of 

the creatinine was retained in the liver. This view was further substantiated by the fact that 

although the creatinine concentration initially declined in an exponential manner, as expected for 

an extracellular marker, at later time points the profile began to level out to a fairly constant 

value, consistent with a slow release of the previously retained creatinine. These differences 

reflect the ability of creatinine to traverse hepatocyte membranes: the initial decrease in the 

outflow concentration of creatinine, relative to sucrose, can be explained in terms of creatinine 

uptake into the hepatocytes along a concentration gradient. However, as the creatinine
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concentration in the vasculature begins to decline the concentration gradient is reversed and 

therefore creatinine is slowly released from the cells, thus accounting for the maintenance of a 

reasonably constant output level at the later time points. These differences are reflected in the 

mean transit times (MTT) for each solute.

Several investigators have used creatinine together with other compounds such as inulin as 

extracellular markers. Itoh et a l ~ who studied the ratio of extracellular space to the plasma 

space for creatinine and inulin in the rat kidney found that, on average, inulin distributed to only 

62% of the volume which is available for creatinine, suggesting that the distribution volume for 

creatinine is greater than that for inulin. They stated that the difference may not be due to cellular 

uptake of creatinine, but to the small excluded volume of creatinine in the interstitial space

(reflective of the fibrillar structure of the extracellular space which is related to the molecular
83 90weight ’’ compared with inulin. Consequently, they stated that the distribution of creatinine 

may be restricted to the plasma and interstitial space similar to inulin. From these findings Itoh et 

a l 126 concluded that creatinine was a better extracellular marker than inulin. Bumstead 'l3S who

studied the distribution of creatinine and inulin in the isolated perfused rat liver and found that, in
13(>agreement to the findings in the present study and findings of Itoh et al in kidney, sucrose is 

only distributed into approximately 45% of the space available to creatinine Although this 

worker rejected the interpretation of Itoh et al, stated that “whether this volume represents 

creatinine uptake into hepatocytes or distribution into extracellular spaces that are inaccessible to 

sucrose cannot be determined from a single experiment”. This doubt has probably been caused by 

the in vitro erythrocyte experiments of this worker in which creatinine showed a relatively low 

equilibrium rate constant and led to the conclusion that within the period of the single pass 

experiment, equilibration of creatinine into its total volume of distribution would not be expected. 

However, as this worker stated, there should be signs of uptake into the hepatocytes as shown by 

the hepatic volume of distribution of creatinine being greater than that of inulin The greater 

values of V|-i and CV“ in the current studies indicated that creatinine is distributed into a much 

larger volume of distribution than extracellular space. The results of the steady-state experiments 

clearly demonstrated that creatinine does enter hepatocytes and is distributed into the total water 

space.
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7.5.7 Calculation of Rate and Time of the Infusion
From the bolus experiments, the ! ■. ; of creatinine (0.693/k.2i) was calculated to be approximately 

15 min. Thus, the time needed to reach 90% of plateau would be around d5 inin The minimum 

acceptable count (at the tailing of the profile) was chosen to be at least 10 limes of the 

background activity (usually 150 200 dpm/ml) and at least 5% of the maximum count. 

Therefore, the steady-state concentration to be achieved was 40000 dpm/ml Having the 

perfusate flow rate (Q), the concentration at plateau (Css), and duration of the infusion ( t ),  the 

dose was calculated .Assuming cieatinine is distributed into total cellular space (70% of liver 

weight), then the concentration of creatinine eluting from cells after the infusion stopped, was 

anticipated to be approximate^ 25000-30000 dpm/ml. The observed concentration was 

26000±2000 dpm/ml which was within the anticipated range.

The plateau is reached when rate of ding elimination matches rate of infusion. K,, The plasma 

concentration, Cs>1 is given by this relationship:

c  -  R °v - 'S S

Clearance

Thus, having the clearance, the rate of infusion needed to produce a given steady-state 

concentration can be calculated In the present work, given that creatinine is not metabolised in 

the liver, the clearance is equal to the rate of perfusion, Q.

From bolus experiments, the fraction of creatinine associated with the terminal phase can be 

calculated using the following equation.

A U C = %
k

As the frequency concentration at the beginning of the terminal phase (Cu) and k were 

approximately 0.0014 1/sec and 0 009 1/sec, respectively, the fraction of creatinine that entered 

into the cells is about 16% Ob\ lously this mass was not enough to maintain an acceptable 

outflow concentration in terms of measurement and hence confidence. Therefore, was necessary 

to increase the fraction of dose entering the cells by constant-rate infusion

From steady-stale experiments :iie f action of creatinine dose that enters the cell can be 

calculated using the following relationship.
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AUCtola|= - f i  + ^ -
A\  a  2

From values quoted in Table 7.3, fraction of dose that enters the cells and fraction that remains in 

the extracellular space were approximately 76% and 24%, respectively. Therefore, using the 

continuous infusion protocol, a high level of intracellular creatinine was achieved which was 

enough to maintain an acceptable outflow concentration for the duration of the experiments.
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