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Figure 29 — In vitro Clye scaled using standard physiological scaling factors of 200 mg
protein and 40 g liver/kg bodyweight, calculated using methods 1, 2 and 3, along with
observed in vivo Clpjje for four cCompounds. .........eeeeeiiiiieicciie e 137
Figure 30 - CLint total Values, calculated using Equation 3, using biliary and sinusoidal efflux
data calculated using either methods 1, 2 or 3 and scaled using standard physiological
scaling factors of 200 mg protein/g liver and 40 g liver/kg bodyweight, as compared to
ClLint, invivo VAIUBS. w.eeeeeiiiee e s 139
Figure 31 - Observed Clint, in vivo Plotted against Clyptake (A),Clmet (B) and CLint, total USING
methods 1 (C), 2 (D) and 3 (E), scaled using standard physiological scaling factors of 200
mg protein/g liver and 40 g liver/kg bodyweight. Line of unity (solid line), and 2-fold under
and over-prediction (dashed line) are displayed. .......ccceveveeeieeiiciiireieee e 141
Figure 32 - Predicted Clint, in vitro against observed Clint in vivo fOr compounds in rat
hepatocyte assays scaled using maximum physiological scaling factors found in the
literature. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o 11 o] F1Y/<Tc RO UUPPRRRRNY 196
Figure 33 - Predicted Clin, in vitro against observed CLint in vivo fOr compounds in rat
hepatocyte assays scaled using minimum physiological scaling factors found in the
literature. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o T o] F= 177 e 1SS SUUPR 197
Figure 34 - Predicted Clint, in vitro against observed Clint, in vivo fOor compounds in rat
hepatocyte assays scaled using the mean required scaling factor, calculated from the in
vitro data. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are

(o 11 o] - 1Y =T 1R USRSt 198
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Figure 35 - Predicted Clint, in vitro against observed Clint, in vivo fOr compounds in rat
hepatocyte assays scaled using the median required scaling factor, calculated from the in
vitro data. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o 1T o] - 1Y =T 1RSSRt 199
Figure 36 - Predicted Clint, in vitro against observed Clint in vivo fOr compounds in rat
hepatocyte assays scaled using clearance derived scaling factors, calculated from the in
vitro data. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o T o] F= 177 15U SSPRRN 200
Figure 37 - Predicted Clint, in vitro @gainst observed Cliy in vivo for 20 compounds in rat
hepatocyte assays scaled using metabolic, uptake or CLjq:, app terms scaled using standard
physiological scaling factors (A) or Median required scaling factor (metabolism), CDSF
(uptake) or both (CLintapp) (B). Line of unity (solid line), and 2-fold under and over-
prediction (dashed line) are displayed........cccccuuiiiiiciiiiiiiiiie e 204
Figure 38 - Predicted Clint, in vitro @gainst observed CLint in vivo fOr compounds in human
hepatocyte assays scaled using maximum physiological scaling factors found in the
literature. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o Ty o] F= 177 e 150U SUPRR 205
Figure 39 - Predicted Clint, in vitro @gainst observed CLint, in vivo fOr compounds in human
hepatocyte assays scaled using minimum physiological scaling factors found in the
literature. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o Ty o] F= 177 150 SSPRR 206
Figure 40 - Predicted Clint, in vitro @gainst observed Clint, in vivo fOr compounds in human
hepatocyte assays scaled using the mean required scaling factor, calculated from the in
vitro data. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o T o] F= 177 e 1SS SUUPR 207
Figure 41 - Predicted CLint, in vitro @gainst observed CLint in vivo fOr compounds in human
hepatocyte assays scaled using the median required scaling factor, calculated from the in
vitro data. Line of unity (solid line), and 2-fold under and over-prediction (dashed line) are
(o 11 o] F1Y/<Tc AT UPPPRRRRRIRY 208
Figure 42 - Predicted CLint, in vitro @gainst observed CLint in vivo fOr compounds in human
hepatocyte assays scaled using CDSF, calculated from the in vitro data. Line of unity (solid

line), and 2-fold under and over-prediction (dashed line) are displayed..........c.ccccevuveennn. 209
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Figure 43 - Predicted Clint, invitro @gainst observed CLint, invivo for 15 compounds in human
hepatocyte assays scaled using metabolic, uptake or CLint, app terms scaled using standard
physiological scaling factors (A) or Median required scaling factor (metabolism), CDSF
(uptake) or both (CLintapp) (B). Line of unity (solid line), and 2-fold under and over-
prediction (dashed line) are displayed........cccccuueeeeeiiie e 215
Figure 44 - Substrate depletion-time profiles in rat hepatocytes at 1 uM in the
conventional depletion assay. Data fitted using Equation 9 and represents mean + SD
[ TR PP PR PRSP 226
Figure 45 - Substrate depletion-time profiles in rat hepatocytes at 1 uM in the media loss
assay. Data fitted using Equation 9 or Equation 10, as appropriate for a biphasic or
monophasic fit. Data represents mean £ SD (N=3). cccceeiiiiieieiiiiiiee e e 227
Figure 46 - Substrate depletion-time profiles in rat hepatocytes at 1 uM in the
conventional depletion assay. Data fits were generated using a two-compartment model,
described for the conventional depletion assay by Equation 14. Data represents mean *
YD (S ) TSP URORURRPRR 228
Figure 47 - Substrate depletion-time profiles in rat hepatocytes at 1 uM in the media loss
assay. Data fits were generated using a two-compartment model, described for the media
loss assay by Equation 14 to Equation 16. Data represents mean = SD (n=3). ................. 229
Figure 48 — Correlations between ClLyje or Clsinusoidal, €Stimated using methods 1 and 2,
with Clyassive data generated in the media loss assay (Chapter 4) or LogD7.4(Table 19). No
significant relationships Were NOted...........uuvieiiii i 240
Figure 49 - Correlations between Clpje Or Clginusoidal, ©Stimated using method 3, with
Clpassive data generated in the media loss assay (Chapter 4) or LogDy.4 (Table 19). No

significant relationships Were NOtEd.......cccvvveeiiiiiiiiiiiieeeee e e e e e eanes 241
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Plasma Clearance

Passive Uptake Clearance (Passive Diffusion)
Renal Clearance

Total Uptake Clearance

Cytochrome P450

Drug-Drug Interactions

Endoplasmic Reticulum

Sinusoidal Efflux Clearance

Food And Drug Administration

Fraction Of Unbound Drug In The Blood
Fraction Of Unbound Drug In The Cell
Fraction Of Unbound Drug In The Plasma
Gram Liver Per Kg Bodyweight

Geometric Mean Fold Error

Glutathione S-Transferase

Hank's Balanced Salt Solution

Hepatocytes Per Gram Liver

In Vitro to In Vivo Extrapolation

Elimination Rate Constant In The First Phase
Elimination Rate Constant In The Second Phase
Elimination Rate Constant

Inhibitory Constant
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Km Michaelis Constant

Kp Hepatocyte To Medium Partition Coefficient For Total Drug

Kp. Hepatocyte To Medium Partition Coefficient For Unbound Drug
LC-MS/MS Liquid Chromatography In Tandem With Mass Spectrometry

MAPEG Membrane Associated Proteins In Eicosanoid And Gluthathione Metabolism
ML Media Loss

ML:C Ratio Of CL;,; Between The Media Loss And Conventional Assay
MMPPGL Mg Microsomal Protein Per Gram Liver

MPPGL Mg Protein Per Gram Liver

MRP2 Multidrug Resistance Protein 2

MT Methyltransferase

NAT N-Acetyltransferase

NCE New Chemical Entities

NSAID Non-Steroidal Anti-Inflammatory Drugs
NTCP Na'-Taurocholate Co-Transporting Polypeptide
OAT Organic Anion Transporters

OATP Organic Anion Transporting Polypeptide
oCcT Organic Cation Transporters

PBPK Physiologically-Based Pharmacokinetic
PBS Phosphate Buffered Saline

P-gp P-Glycoprotein/Multidrug Resistance Protein 1
PK Pharmacokinetics

Qy Hepatic Blood Flow

Ry Blood To Plasma Ratio

Rfc Rifamycin SV

RMMA Relative Mean Microsomal Abundance
RMSE Root Mean Squared Error

Scell Substrate Concentration In The Cell
SCH Sandwich Cultured Hepatocytes

SDE Soluble Dimeric Enzyme

SLC Solute Carrier Superfamily

Simed Substrate Concentration In The Media
SULT Sulfotransferase

™T Thiol Methyltransferase

TPMT Thiopurine S-Methyltransferase

UGT UDP-Glucuronosyltransferase

Ve Cell Volume

Veellapp Apparent Cell Volume

Vmax Maximal Velocity

Vimed Media Volume

WME Williams’ Medium E



Abstract

Predictive pharmacokinetics now forms a critical part of the drug discovery process.
However, metabolic data has been demonstrated to under-predict in vivo clearance,
while no large scale analysis has been performed for hepatic uptake data. The primary
aim of this thesis was therefore to investigate the utility of various clearance parameters

generated in hepatocellular assays for the prediction of in vivo clearance.

Large scale literature analyses were performed for uptake data in both rat and human
hepatocytes. In the rat, it was highlighted that over-prediction was the predominant issue
for suspension and media loss hepatocyte assays. Conversely, monolayer and SCH assays
suffered from under-prediction. However, in human hepatocytes under-prediction was
observed in all assay formats. Use of empirical scaling factors improved predictions in

both species, and are recommended for future use.

The media loss assay, a method described by Soars et al™, was further developed in rat
hepatocytes through inclusion of transporter and metabolic enzyme inhibitors. Using a
two-compartment model, individual clearance parameters (Clmet, Clactive @nd Clpassive)
were estimated, and were also used to estimate binding and partitioning terms (Kp, Kpy
and fuce). IVIVE of data produced from this assay resulted in a lower bias than had been
noted from literature data. However, it was hypothesised that additional clearance

parameters could be used in a mechanistic approach to further improve predictions.

SCH assays were performed to generate estimates of uptake rates, as well as efflux rates
from both the sinusoidal and canalicular membranes. Combining clearance terms from
both the media loss and SCH assays using the Clinttotal term led to less bias when
predicting in vivo clearance than observed using uptake or metabolism data alone.
Additionally, the use of empirical scaling factors identified from the literature analysis led
to further reduction in prediction bias. Future work must now focus on the application of

this research to human hepatocytes.

It is concluded that the work presented in this thesis provides evidence for the usefulness
of both uptake and extended clearance terms, in conjunction with empirical scaling
methods, for the prediction of in vivo clearance. Adaptation of the media loss assay
allowed the estimation of several key pharmacokinetic parameters. Although some of
these are not always useful in a quantitative fashion, they remain essential properties of a
compound that must be considered when predicting behaviour within the body.
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Chapter 1. General Introduction

The development of new chemical entities (NCEs) is becoming an increasingly lengthy and
expensive process. Current cost estimates from target identification to launch are in the
region of £1.2 billion, of which £569 million is out of pocket expensem. Early termination
of candidate molecules destined to fail in clinical trials has been suggested as an effective
strategy to reduce overall costs of drug developmentm. It is believed as much as £178-
484 million could be saved in this manner, depending on the stage at which development
is terminated®. Between 1964 and 1991, poor pharmacokinetics (PK) was cited as the
primary reason for the failure of drug development in around 40% of cases®!. This
prompted a push for predictive methods to determine absorption, distribution,
metabolism and excretion (ADME) properties of a compound early in development. Initial
attempts focused on the use of allometric scaling following administration of drugs to
animals in vivo. While it was hoped that PK parameters could be directly scaled between
species, it quickly became apparent that the method had several variables, depending on

4 As an

drug properties and/or species of animal, leading to inaccurate results
alternative, in vitro assays were developed using liver homogenates and later hepatocytes
in order to generate predictions of in vivo metabolic clearance™ ®. This principle was
based on the use of liver models, which encompass the contribution of several
parameters and physiology of the liver to describe the overall rate of hepatic clearance!.
Combined with increasing knowledge of both enzymes and transporters, as well as the
advent of physiology-based pharmacokinetic (PBPK) modelling, the field of predictive
pharmacokinetics experienced an exponential growth in predictive capabilities. This has
contributed to a fall in the number of NCEs failing due to poor PK to just 10% by the year

2000[8], and now guides compound design, lead compound selection and preclinical

studies.

This introduction focuses on the liver, the primary site of drug elimination. Hepatocellular
processes, including hepatic transport, metabolism and efflux will be outlined, along with
detailed descriptions of in vitro techniques and data analysis commonly applied within

the field.
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1.1. The Liver

In humans, the liver is the second largest organ of the body, weighing approximately
1.4kg in the average male. Histologically, the liver has three key components
(hepatocytes, bile canaliculi and hepatic sinusoids) arranged into lobules (Figure 1).
Hepatocytes are highly specialised cells which account for approximately 80% of the
organ volume and perform a large number of metabolic and secretory tasks. They are
arranged in hepatic laminae, a complex three-dimensional structure, which ensures a one
cell thick border lines the hepatic sinusoids. Sinusoids allow oxygenated blood from the
hepatic artery to mix with the nutrient rich blood from the portal vein. Each sinusoid
flows into the central vein, which leads to the hepatic vein and is finally transported to
the rest of the body via the inferior vena cava. Bile canaliculi are ducts present between
hepatocytes which collect bile, a substance used for both secretion and excretion of
various products into the gastrointestinal tract. As with the blood flow, a series of
connections are formed from the bile canaliculi, eventually connecting to the gall bladder
in humans to form the common bile duct, which leads into the small intestine.

Bile Duct

Hepatic Portal Bile Canaliculi
Vein

Central
Vein

Hepatic Artery ' Sinusoid
Hepatocyte

Figure 1 — Diagram of the histological components of the liver!.

The liver is responsible for a number of highly important functions in vertebrates,
including carbohydrate, lipid and protein metabolism, protein synthesis, production of
digestive substances and detoxification and elimination of both exogenous and
endogenous substances from the body. The lobule structure ensures two distinct

hepatocyte membranes; the sinusoidal (basolateral) membrane in contact with the blood
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flow, and the canalicular (apical) membrane in contact with the bile duct. This structure
allows drug elimination through hepatic uptake (transport), metabolism and/or biliary

efflux.

1.2. Hepatic Transport

1.2.1. Uptake Transporters

While it is possible for substances to cross the plasma membrane of hepatocytes via
passive diffusion, many cannot do so efficiently without being facilitated by transporter
proteins. These transporters are members of the solute carrier superfamily (SLC), which
consists of a number of subfamilies. Of particular interest to drug transport are the
organic anion transporting polypeptide (OATP), organic cation transporters (OCT), organic
anion transporters (OAT) and Na'-taurocholate co-transporting polypeptide (NTCP).
Specific transporters within these subfamilies are known to be responsible for the
transport of many drugs, and will be discussed in detail. For the most part, rat orthologs
are highly similar to that of the human transporters, and are identified by the use of

lowercase letters within the transporter names (i.e. Oatp)[lo' nj,

1.2.1.1. Organic Anion Transporting Polypeptide (OATP)

Members of the OATP family have been identified as being the major transporter of a
large number of drugs. Eleven members of the OATP family have been identified in
humans, seven of which have been determined to be expressed in the liver through
detection of their respective mRNA™?. Structure and function of these transporters have
been extensively reviewed by Hagenbuch and Gui™!, whose findings are summarised
here. At present, structural information for these transporters are limited to predictions
from computational modelling. While it is estimated that they contain 9-12 domains, it is
generally accepted within the literature that there are likely 12 domains. Additional
extracellular loops act as N-glycosylation sites, believed to be important for both function
and localisation of the transporters. OATPs are typically involved in the uptake of
hydrophobic anions with molecular weights above 450 Da. However, substrate range is
broad and includes organic amphiphilic substances (bile salts, hormones, conjugates and
various drugs, see Table 1). While the exact mechanism of these transporters has yet to
be fully elucidated, it is believed that they function as anion exchangers[14' 131 0ATP1B1,
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1B3 and 2B1 have been identified as the family members of most importance to hepatic
drug disposition in human, while in rat it is Oatplb2 (the rat ortholog of human
OATP1B1/1B3) and Oatp2b1l (summarised in Table 1). While OATP1B1/1B3 and Oatp1b2
are almost exclusively located on the basolateral membrane of hepatocytes,
OATP2B1/0Oatp2bl has been found in almost all tissues, indicating a much broader

rolel*?,

With such a wide range of substrates and inhibitors, the effects of drug-drug interactions
(DDI) and genetic polymorphisms on these transporters must be considered, as both can
lead to important clinical implications. For example, a study performed on patients co-
dosed with cyclosporine and repaglinide (an OATP1B1 inhibitor and substrate,
respectively) resulted in area under the curve (AUC) increases of 244% for repaglinide ™.
Although a reduction in metabolism of repaglinide was suspected, the inhibition caused
by cyclosporine was reduced by 42% in patients with a SLCO1B1 reduced function gene
mutation, which codes for OATP1B1, strongly suggesting that the inhibition of the
transporter was the predominant cause of the AUC increase!*®. The effect of cyclosporine

and transporter mutations, have also been observed to affect exposure to many statins™

17], which are well known substrates of OATPs.

1.2.1.2. Organic Cation Transporter (OCT)

OCTs have been identified as having a range of substrates and are present in multiple
tissues. OCTs belong to the SLC22 family of transporters, and are divided into subtypes of
1-3. As with OATPs, the exact structure of OCTs are unknown, however it is predicted that
they too have 12 transmembrane domains with extracellular loops. OCT function is driven
by an electrochemical gradient, independent of sodium (Na®). As such, transport can be

bidirectional and is driven by the direction of the electrochemical gradient[lsl.

Only OCT1 (Octl in rat) appears to be relevant to drug uptake in the liver. OCT1 has been
identified in many mammalian species, and is localised to the basolateral membrane of
hepatocytes. Endogenous substrates include neurotransmitters, choline, creatinine and
guanidine. Generally, exogenous substrates are hydrophilic, low molecular weight and

organic cations, however some weak bases have also been identified. Examples include
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cimetidine, acyclovir and metformin (see Table 1)[18]. Inhibitors have a tendency to be
highly lipophilic, large molecular weights and a net positive charge[lsl, while in vitro
evidence exists for strong inhibition caused by clonidine, fenfluramine and imipramine[lg].
Several cases have been published demonstrating DDIs arising from the inhibition of
OCT1, however these typically involve reductions in renal excretion, rather than hepatic
uptake[zol. OCT1 polymorphisms have been recorded, and are believed to lead to reduced
function. For example, reduced therapeutic action of metformin has been noted in some
patients with such polymorphisms, and is thought to be caused by a decrease in hepatic

uptake*!

. Additionally, O-desmethyltramadol, the active metabolite of the opioid
analgesic tramadol, has recently been observed at significantly higher concentrations in
the plasma of patients carrying a loss of function polymorphism in OCT1 than that of

control patientsm]

. This is believed to be due to reduced hepatic uptake of the
metabolite. It should be considered, therefore, that reduction of hepatic uptake due to

DDlIs involving OCT1 may be clinically relevant.

1.2.1.3. Organic Anion Transporter (OAT)

OATs also belong to the SLC22 family, with OAT1-4 being the most significant human
isoforms. It is predicted that the transporters consist of 12 transmembrane domains and
functions via an exchange of intracellular 2-oxoglutarate for the substrate, resulting in

transport being bidirectional in some instances!*.

Only OAT2 (Oat2 in rat) has high expression in the liver and is localised on the basolateral
membrane, while OAT1 and 3 are highly expressed in the basolateral membrane, and
OAT4 in the apical membrane of the kidney proximal tubule cells*?, Examples of OAT2
substrates include allopurinol, methotrexate, and bumetanide!®! (Table 1), while
probenecid has been suggested to inhibit OAT2"* In cases where OATSs are thought to be
involved with DDIs, this is due to reduced renal clearance caused by inhibition of renal

OAT1, 3 and 4[15], while no clinically relevant interactions have been attributed to OAT2.

1.2.1.4. Na’-taurocholate co-transporting polypeptide (NTCP)
NTCP (Ntcp in rat) is localised on the basolateral membrane of hepatocytes. Thought to
consist of seven transmembrane domains and an extracellular loop essential for correct

function of the transporter, NTCP utilise the Na* gradient to drive transport of substrates
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into the cell, requiring two Na" atoms per molecule of substrate!®. NTCP is responsible
for the majority of bile acid uptake into hepatocytes, and so regulates the correct removal
of bile acids from the blood. It is this role that must be considered for possible clinical
implications arising from drug administration. Cyclosporine A and bumetanide inhibit
NTCP and have been demonstrated to lead to cholestatic liver injury if administered for
extended periods of time®. As well as bile acids, there is evidence that NTCP contributes
to the active transport of micafungin®® and rosuvastatin in humans, but not rats®?”.. NTCP
has also been identified as the cellular receptor for Hepatitis B virus, allowing its entry

into the hepatocyte!?®.

1.2.2. Efflux Transporters

Active transport of substrates from hepatocytes into the bile canaliculi is mediated by the
ATP-binding cassette (ABC) family of transporters. As the name suggests, these
transporters utilise ATP hydrolysis to drive transport. While 48 ABC genes have been
identified in human, three are of particular importance to hepatic disposition; breast
cancer resistance protein (BCRP), multidrug resistance-associated protein 1 or P-

glycoprotein (P-gp) and multidrug resistance-associated protein 2 (MRP2).

1.2.2.1. Breast Cancer Resistance Protein (BCRP)

BCRP (Bcrp in rat) is expressed in a range of tissues, acting to efflux substrates out of the
cell from the apical membrane. BCRP structure differs from that of other transporters, in
that the gene codes for half of a transporter. This includes six transmembrane domains
and an extracellular loop. It is believed that disulphide bonds form between two of these
protein structures to make a complete transporter[zgl. Its main physiological role in the
liver appears to be the extrusion of porphyrins from hepatocyteslls], but in vitro assays
have demonstrated an affinity for a broad range of exogenous substrates (summarised in
Table 1). Significant changes to PK profiles due to effects of DDIs or genetic
polymorphisms on BCRP has prompted several drug regulatory bodies to recommend that
drugs be tested as both substrates and inhibitors®®. Rosuvastatin has been identified as
the most appropriate probe for BCRP, while curcumin and lapatinib were identified as the

most potent inhibitors%.
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1.2.2.2. P-glycoprotein (P-gp)

P-gp, also known as Multidrug Resistance Protein 1 (MDR1 in human, Mdrla/b in rat), has
been studied extensively due to its ubiquitous tissue distribution and broad substrate
range, making it highly influential on the kinetic profile of many drugs. P-gp has been
imaged to a resolution of 3.4 Angstréms in Caenorhabditis elegans, and is thought to be
46% identical to human P-gp. It is therefore estimated that human P-gp possesses 12
transmembrane domains, as well as intracellular loops thought to be involved in drug
binding, or to act as hinges allowing the opening of the transporter, a structure believed
to be similar across all ABC transporters®. It is hypothesised that the main physiological
function of the transporter is to protect tissues from toxic substances through extrusion
from the cell®. However, the influence of the transporter on drug profiles became
apparent following the discovery that, along with other transporters, efflux of anti-cancer
drugs from the targeted cancerous cells was one of the main causes of
chemoresistance®. It is now evident that P-gp can influence distribution and elimination
of many drugs throughout the bodsz]. In respect of the liver, P-gp is expressed at the
apical membrane where it acts to eliminate substrates via biliary excretion. Substrates are
typically amphiphilic cations or anionic conjugates, and there is considerable substrate
overlap with BCRP®*? (see Table 1). DDIs have been noted for compounds primarily
eliminated via P-gp mediated biliary excretion. For example, digoxin has been observed to
have a reduction in non-renal clearance when co-dosed with the P-gp inhibitor
quinidine[34]. In addition, it is believed that genetic polymorphisms of the P-gp gene are
responsible for population differences in expression and activity of the transporter. This
can have significant effects on the ADME of P-gp substrates. For example, plasma digoxin
levels have been observed to be significantly higher in patients possessing the CasssT

single nucleotide polymorphism, which results in lower P-gp expressionBS' 361,

1.2.2.3. Multidrug Resistance-Associated Protein 2 (MRP2)

MRP2 (Mrp2 in rat) has been localised to the apical membrane of cells in the liver, kidney,

placenta and small intestine where it acts as an ATP-dependent export pump[37].

Computational models have predicted the transporter to contain 17 transmembrane

(38]

domains™™, which signifies a key difference between the MRP family and other ABC-

transporters[37]. Physiological roles include the extrusion of endogenous substances into

[39, 40]

the bile or urine, such as conjugated forms of bilirubin , as well as having several
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identified drug substrates, including methotrexate and a number of statins!** 42 (see
Table 1). MRP2 is potently inhibited by elavirdine, efavirenz, and emtricitabine in vitro[43],
however no significant DDIs appear to have been identified. There are several examples
of genetic polymorphisms leading to altered kinetic profiles. Single nucleotide
polymorphisms (SNPs) in the MRP2 gene have been associated with increased exposure

to pravastatin'**!, methotrexate!*? and doxorubicin(*.
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Table 1 — Summary of localisation, direction of transport, substrates and inhibitors of hepatic uptake and efflux transporters

Transporter Transporter Membrane Direction of Driving Force Example Example Reference(s)
(Human) (Rat) Localisation transport [11, 46] Substrate(s) Inhibitor(s)
Statins Saquinavir
OATP1B1 Basolateral Unidirectional Repaglinide Cyclosporine [32]
Valsartan Rifampicin
Oatplb2 . Un.der' Statins . .
investigation. Digoxin Ritonavir
OATP1B3 Basolateral Unidirectional ATP-and Na* g . Cyclosporine [32]
independent Fexofenadine Rifampicin
P Valsartan P
e Statins Cyclosporine
OATP2B1 Oatp2bl Basolateral Unidirectional . ) . [32]
Fexofenadine Rifampicin
Cimetidine -
- . . . Clonidine
OCT1 Oct1 Basolateral Bidirectional Electrochemical Acyclovir ) . [18, 19]
. Imipramine
Metformin
o-ketoglutarate Allopurinol
OAT2 Oat2 Basolateral Bidirectional g Methotrexate Probenecid [23, 24]
exchange .
Bumetanide
NTCP Ntcp Basolateral Unidirectional  Na® co-transport Rosuvastatin Cyclosporine [25, 27]
c ;
BCRP Bcrp Apical Bidirectional ATP Rosuvastatin urcu-m.m [15, 30]
Lapatinib
L Quinidine
P- Mdrla/b Apical Unidirectional ATP Digoxin Verapamil [32]
&P Fexofenadine .
Cyclosporine
Etoposide Elavirdine
MRP2 Mrp2 Apical Unidirectional ATP Methotrexate Efavirenz [40, 43]
Statins Emtricitabine
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1.3. Hepatic Metabolism

Metabolism allows removal of drugs from the body through modification of the parent
compound to a biochemical structure which favours their entry into either bile or urine.

Traditionally, metabolism has been split into two sequential phases, phase | and 111471,

1.3.1. Phase | Metabolism

Phase | includes three main enzymatic reactions: oxidation, reduction or hydrolysis.
Metabolites formed in phase | reactions are much more polar, and therefore hydrophilic,
than the parent compound. Some drug metabolites are sufficiently hydrophilic after
phase | metabolism to be removed in the urine!®®. Cytochrome P450 (CYP) enzymes are
responsible for the vast majority of phase | drug metabolism, and are the most
extensively studied molecules in drug metabolism™. The liver contains a number of CYP
isoforms, which are localised to the endoplasmic reticulum (ER) within hepatocytes, and

relative proportions of each subfamily protein expression are demonstrated in Figure 2.

CYP4 CYP1
6% 7%

Figure 2 — Relative protein expression of drug metabolising enzyme subfamilies
within liver microsomal fractions®®

It should be noted that a number of tissues express CYPs and are able to metabolise

drugs, including the lung, kidney and brain, however the majority of metabolism occurs in

[51

the liver®. 57 cyp genes have been identified in humans®?, however it is believed that
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only certain members of the CYP subfamilies are responsible for the metabolism of most
drugs (Table 2). A number of substances are also known to cause either inhibition or
induction of CYP enzyme family, which may lead to clinical implications. The catalytic
cycle of CYP enzymes follow several steps, and inhibition can arise when any one of these
steps is hindered or prevented. Most frequently, this can occur at the start of the cycle
through prevention of binding to the active site, but can also include steps that allow
binding of oxygen and the oxygenation of the substrate!®®. Typically clinical inhibition will
follow reversible behaviour, which occurs when there is competition between two
substrates for the active site. However, in some cases irreversible inhibition may occur if
catalytic binding forms a permanent bond between the substrate and the haem group
within the CYP enzyme[53]. A number of inhibitors are listed for each CYP isoform in Table
2. In vivo, inhibition of CYPs may lead to increased exposure to a drug, which may have
both therapeutic and toxicological implications. In some cases, this method has been used
purposely in order to “boost” a drug which otherwise has poor bioavailability due to
extensive metabolism. This has been used to great effect in HIV therapy, where ritonavir
is frequently co-dosed with other, more effective antiretroviral drugs due to its known

inhibitory effect on cyp3a4by,

CYP induction is a much slower process, and is often regarded as a physiological
adaptation in order to protect the body from chronically administered substances.
Typically this is due to an increase in transcription leading to higher enzyme expression,
but may also involve stabilization of the enzyme or its mRNAP®! This phenomenon can
lead to the loss of therapeutic effect of drugs, since clearance is increased. St. John’s Wort
is a prominent example, which has been recorded to reduce the AUC of midazolam by

79% due to induction of CYP3A4P®,

Members of the CYP2 and CYP3A account for the vast majority of CYP expression, and so
warrant further introduction. Since many preclinical studies are performed in rats, it is
important to note that although orthologs exist across species, the specificity of each is
not necessarily identical to those in human, and will be discussed in further detail in

1.3.1.3.
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1.3.1.1. CYP2 Family

The CYP2 family consists of 16 genes, the three largest of which contain the sub-families
most important for drug metabolism, specifically CYP2A6, 2B6, 2C8, 2C9, 2C19 and 2D6.
The family as a whole account for approximately 68% of the total hepatic CYP protein in

)[50]

humans (Figure 2 and are responsible for the metabolism of a number of compounds

(examples and further breakdown of hepatic expression provided in Table 2).

CYP2AG6 is highly expressed within the liver, accounting for approximately 15% of the total
hepatic CYP content. It has been credited as the major enzyme involved in the
metabolism of nicotine and coumarin (see Table 2)[57’ 58, Rifampicin and phenobarbital
are known to induce CYP2AG6 through activation of pregnane X receptors, which stimulate
expression of the CYP2A6 mRNAP?. There is little evidence to suggest that increased
enzyme expression has any impact on clinically administered drugs, however there are
links to increased nicotine dependence and severity of withdrawal in individuals who

[60]

smoke'™". Reduced CYP2A6 activity caused by polymorphisms or inhibitors have been

implicated in the reduced bioavailability of the prodrug tegafur, which is primarily

661

metabolised to its active form by CYP2A6™", while inhibitors have also been suggested as

a supplement to anti-smoking therapy through inhibition of nicotine metabolism©,

CYP2B6, while only accounting for approximately 2% of the total hepatic CYP pool, has a
diverse range of substrates, including clinically prescribed drugs (for example S-
mephenytoin and cyclophosphamide, see Table 2), recreational drugs (for example 3,4-
methylenedioxymethamphetamine) and a number of pesticides, chemicals and
poIIutants[57’ 631 As with other enzymes, polymorphisms have been identified that lead to
either increased or decreased activity or expression. For example, CYP2B6*4 has higher
activity towards efavirenz, while CYP2B6*27 has up to 85% reduced activity, and is
associated with extreme elevations in efavirenz plasma concentrations®” ®*. Inhibitors

and inducers are listed in Table 2, but have little clinical relevance.

The CYP2C subfamily has several highly homologous genes encoding for CYP2C8, 2C9 and
2C19, accounting for approximately 30% of the total hepatic CYP pool[sol. Despite sharing

greater than 80% of DNA and protein sequencing[57], each of the enzymes display a
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diverse range of substrate specificity. Due to the number of 2C family members, | refer to
Zanger and Schwab®” for a comprehensive review of substrates, genetic polymorphisms

and clinical impacts, summarised in Table 2.

Despite forming only 5% of the total hepatic CYP pool, CYP2D6 is believed to metabolise
between 15-25% of all clinically administered drugs, spanning a vast array of drug
classes®”. CYP2D6 has been extensively investigated in the field of pharmacogenetics,
due to the number of polymorphic variants discovered and the degree of influence these
have on in vivo pharmacokinetics of substrates. As a result, carriers of polymorphisms are
classified as poor, intermediate or rapid/extensive metabolisers, depending on the effect.
For example, CYP2D6*4 leads to incorrect splicing, ultimately resulting in the complete
loss of expression from the liver, and the phenotype of a poor metaboliser®®. At the
other end of the spectrum, rapid or extensive metabolisers are typically found to have
duplications of the CYP2D6 gene, leading to much higher expression of the enzyme, and
hence a higher activity towards substrates'® . Substrates, inhibitors and inducers of

CYP2D6 are listed in Table 2, however no clinically relevant DDIs have been noted.

1.3.1.2. CYP3A Family

CYP3A family members are accredited with the metabolism of approximately 50% of
clinically prescribed drugs[67]. Subfamily members expressed in the adult liver include
CYP3A4, 3A5, and, in approximately 20% of the population[67], 3A75% %8 Members within
the CYP3A subfamily share greater than 85% of their sequence identity and span large

51]

sections of DNA! , and, on average, account for around 19% of total P450 protein

expression (Figure 2)[501.

At approximately 85% of the total CYP3 microsomal protein expression[5°], CYP3A4 is the
most abundantly expressed in the liver. However, substantial variability exists within the
population, and has been linked with a correlation to overall P450 expression levels'®. It
is also found at high levels within the intestinal cells, where it contributes significantly to
the first-pass effect”’?. Due to both the size and flexibility of the active site, CYP3A4 has a

broad substrate range including both large and small molecules (for example cyclosporine

and midazolam, respectively; see Table 2)[71]. A number of substances are also known to
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cause either inhibition or induction of CYP3A4, with suitable examples outlined in 1.3.1.
Identified polymorphisms now run into the hundreds, and are thought to be minor
contributors to the large degree of variability in activity observed throughout the human

[67]

population®””. Only one mutation, CYP3A4*20, results in a complete loss of enzyme

721 The patient in which this was identified had approximately 2-fold lower

activity
clearance of midazolam compared to other patients. Other polymorphisms appear to
have limited clinical impact, likely due to overlap of substrates between CYP3A family

members®” 7],

CYP3A5 has much lower expression within the liver compared to CYP3A4, and is also
expressed within the gastrointestinal tract where it contributes to the first-pass effect®”.
Expression appears to be particularly low in Caucasians, and higher in Africans/African
Americans®”. Since CYP3A4 and 3A5 share almost identical substrates, it is believed that
CYP3A4 is able to adequately metabolise administered drugs, should CYP3A5 be
compromised via genetic polymorphisms, thereby preventing serious clinical

implications[57]. Equally, inhibition and induction of CYP3A5 have not been noted to have

any clinical effect.

CYP3A7 is a foetal enzyme that is typically silenced after birth”*!. However, in some cases
a mutation in the CYP3A7 gene leads to continued expression into adulthood®™”.

However, due to a large substrate overlap, it is not believed to be clinically relevant.
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Table 2 - Hepatic CYP isoforms along with their Relative Mean Microsomal
Abundance (RMMA) and examples of identified substrates, inhibitors and inducers in
humans. Adapted from [47, 53, 74, 75].

CYP RMMA (%) Substrate(s) Inhibitor(s) Inducer(s)
Caffeine
Phenacetin Furafylline
1A2 7 -Napthofl
6 Acetaminophen a-Napthoflavone B-Napthoflavone
Theophylline
IA6 15.0 Co.umgrln Tranylcypromine leamplu.n
Nicotine Methoxsalen Phenobarbital
2B6 1.8 S-Mephenyt0|.n Phencyclidine Phenobarbital
Cyclophosphamide
Taxol Montelucast . .
28 8.0 Amiodarone Quercetin Rifampicin
Diclofenac Sulfaphenazole
209 20.3 Tolbutamide P Rifampicin
) Fluconazole
S-Warfarin
Propranolol
2C19 1.4 Mephenytoin Ticlopidine Rifampicin
Diazepam
Bufuralol
D6 46 Dextro'meth(')rphan anldl.ne Paracetamol
Imipramine Fluoxetine
Codeine
Dextromethorphan Cimetidine .
2E1 17.6 Phenobarbital Diclofenac Diazepam
Midazolam
Cyclosporine Ketoconazole Dexamethasone
3A4 16.1 Erythromycin Troleondomycin Rifampicin

Lovastatin
Verapamil

Itraconazole

Carbamazepine
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1.3.1.3. Cross-species differences in rat P450 specificity

Although rat orthologs of human hepatic transporters share similar substrate specificity,
the same is not true of the P450 enzymes. This is exemplified by a study by Kobayashi et
al.”® who analysed the catalytic activity of rat CYPs against well characterised probe
substrates for specific human CYP isoforms. Differences in CYP specificity are displayed in
Table 3. Differences have also been documented in levels of expression and activity, and
so caution must be exercised for any study intended to predict effects in human using rat

data, such as toxicity screening or DDI predictionsm].

Table 3 — Comparison of primary CYP isoforms responsible for the metabolism of a
selection of drugs in rat and human, demonstrating cross-species differences!’®.

Human CYP Isoform Drug Rat CYP Isoform
Phenacetin

1A2 1A2/2C6
7-Ethoxyresorufin

2A6 Coumarin 2A2/2C6/2C12/2D2/3A1/3A2

2C9 Diclofenac 2C6

2C19 S-Mephenytoin None detected
Dextromethorphan

2D6 2D2

Bufuralol

p-Nitrophenol
2E1 2E1
Chlorzoxazone

3A4 Midazolam 3A1/3A2

3A5 Midazolam 3A1/3A2
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1.3.2. Phase Il Metabolism

Phase Il metabolism comprises of conjugation reactions, where groups are added to the
molecule in order to further increase polarity and molecular weight, while toxicity caused
by drugs is typically reduced through prevention of activity’®.. The increase in weight and
charge to the molecule often necessitates the contribution of transporter proteins to
allow passage across cellular membranes. Phase |l reactions are controlled by the
transferase enzymes and are split into methylation, sulphation, acetylation,
glucuronidation and glutathione or glycine conjugation reactions. Due to significant
overlap of substrates, clinically relevant DDIs mediated by inhibition or induction of phase

Il enzymes are rarel’®,

Table 4 - Hepatic phase Il enzyme isoforms relevant to drug metabolism in humans,
along with the reactions they catalyse, cell localisation and examples of
substrates!’®.

Cell
Enzyme Isoform Reaction 'e . Substrate(s)
Localisation
1A2 ER Bilirubin,
Paracetamol
1A3 ER NSAID, .
Chloropromazine
UGT 1A4 Glucuronidation ER NSAID
1A6 ER Paracetamol
1A9 ER NSAID,
Paracetamol
2B7 ER Opioids, NSAID
Paracetamol
LT 1A1 Ifati | !
SU Sulfation Cytoso Minoxidil
GST SDE Glutathione Cytosol Busulfan
MAPEG conjugation ER Busulfan
Sulfamethoxazole,
! Cytosol Caffeine
NAT Acetylation ..
5 Cytosol Isoniazid,
Hydralazine
™1 ER emcimmine
MT Methylation 6-rFr)1eca topurine
TPMT Cytosol pPropurine,

Azathioprine

UGT, UDP-glucuronosyltransferase; SULT, Sulfotransferase; GST, Glutathione S-
Transferase; NAT, N-Acetyltransferase; MT, Methyltransferase; SDE, Soluble Dimeric
Enzyme; MAPEG, Membrane Associated Proteins in Eicosanoid and Glutathione
metabolism; TMT, Thiol methyltransferase; TPMT, Thiopurine S-methyltransferase ER,
Endoplasmic Reticulum (membrane bound); NSAID, Non-Steroidal Anti-Inflammatory
Drugs
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1.4. Experimental methods for prediction of hepatic drug disposition

In vitro hepatocellular systems have been developed over several decades, intended to
provide predictions of drug pharmacokinetic properties at the discovery stage of drug
research and development, prior to in vivo animal studies. Traditionally, these methods
have been designed to investigate individual elimination mechanisms. In some cases,
however, multiple clearance parameters can be determined from a single assay. This

section will provide an overview of the common techniques that are applied.

1.4.1. Microsomal Fractions

Liver microsomal fractions are a simple in vitro tool to examine drug metabolism by
metabolic enzymes found in the ER. They enable the exposure of test compounds to a
metabolic environment similar to that seen in vivo, since the complete array of hepatic
CYPs and UGTs are present. However, due to the loss of a tightly controlled cellular
environment, the addition of cofactors is required for enzymatic reactions to occur.
Microsomes are prepared by differential centrifugation of liver homogenate, resulting in
the precipitation of the vast majority of cellular material into a solid pellet. After several
spin cycles at increasing speeds, the remaining pellet contains only hepatic enzymes from
the ER. Fractions can be stored at -80°C without loss of activity for 2 years, making them

t[80, 81]

highly convenien . Typical uses of fractions include the identification of CYP

involvement in metabolism, to determine inhibitors of CYPs and for the prediction of

metabolic intrinsic clearance (CLmet)[S’ 57,81]

To identify the contribution of individual CYPs to the metabolism of a drug, potent and
specific inhibitors are required for each isoform. Knowledge of the specific enzyme(s)
contributing to the metabolism of a drug can be used to predict the risk of clinical DDIs
and prevent their occurrence. Typically inhibition is measured using the inhibitory
constant (K;), defined as the concentration of inhibitor required to reduce the reaction
rate of a probe substrate by half. Generally, K; values less than 1 uM represent strong
inhibitors, while greater than 20 uM are considered weak inhibitors; values falling

between are typically open to interpretation[gl].
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Microsomal fractions are most commonly used for the prediction of Clne, with
pharmaceutical companies now utilising automated high-throughput screening processes
at the initial stages of drug discovery[sz]. The most common method measures loss of the
parent compound from the media at low concentrations (€1 uM) over a period of time
821 Use of low concentrations prevents excess inhibition from metabolites or through
enzyme saturation. If a measure of the maximal velocity (Vmax) or Michaelis constant (K.,)
is desired, metabolite formation studies are typically used®. This approach is less

common due to the additional complications involved with quantifying specific

metabolites.

In terms of predicting in vivo clearance, microsomes are often seen to produce under-

(83]

predictions™™. In particular, poor predictions have been noted for drugs that are

accumulated in the hepatocytes through either active transport or trapping processes[84].

This limits their use for novel compounds, where some of these aspects may be unknown.

1.4.2. Hepatocytes in Suspension

The use of primary liver cells is seen as a more physiologically relevant approach
compared to microsomal fractions, since they retain an intact plasma membrane, express
the full range of phase | and Il metabolic enzymes (both ER-bound and cytosolic) and co-
factors, and have functional basolateral membrane transporters[gzl. In suspension studies,
this allows prediction of both passive and active uptake rates along with rates of
metabolism to determine intrinsic clearance®. Hepatocytes must first be isolated from
the liver, typically performed using a well-established collagenase perfusion method
developed by Berry and Friend®®. Cells are suspended in media or buffer and viability is
established. For freshly isolated hepatocytes, the cut off for acceptable viability ranges
between 80-90%5* %% since values below this range generally indicate a poor isolation
procedure, and could result in inconsistent results and a higher degree of non-specific
binding of drugs. From this point, protocols vary depending on the methodology of

individual groups.

For uptake studies, the most common method is a two-step method to determine uptake

kinetics. Uptake is initiated by the addition of drug solution to cells at both 37°C and 4°C.
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At designated time points the experiment must be ceased rapidly by centrifugation
through a layer consisting of a mixture of silicone oils, followed by snap freezing to allow
separation of the cells and medial®* %> %! At 4°C, active transport is prevented due to a
lack of ATP generation and protein activity, giving a measurement of passive uptake
clearance (Clpassive)- Clpassive is subtracted from the total rate of uptake clearance (CLyptake)
noted at 37°C to leave a measurement of active uptake clearance (CL,cive). A more recent
adaptation of this technique uses pan inhibitors of transporter proteins, such as
cyclosporine and rifampicin, to replace the need to incubate cells at 4°C to determine
CLpassive[97]. Evidence exists that plasma membrane characteristics vary depending on

temperature!®”!

, Which may influence Clyussive at 4°C compared to 37°C, potentially
resulting in inaccurate measurements. At present there are no inhibitors or substrates
available that are both potent and specific to individual transporter isoforms, which
prevents the identification of specific transporters involved in the active transport of a
compound using suspended hepatocytes. Additionally, since hepatocytes are believed to
rapidly internalise some apical efflux transporters, this system cannot be used to assess
biliary efflux®®®. This does not exclude passive efflux from the membrane, as well as active
efflux from basolateral efflux transporters, which should be considered when interpreting

uptake rates®,

For metabolism studies, as with microsomes, measuring depletion of the parent
compound from the incubation is the most commonly employed method to evaluate rate

of metabolism!®Z,

Metabolite formation studies can still be performed, however the
presence of phase Il enzymes must be considered. Without adequate steps to release the
metabolite from the conjugate, for example by hydrolysis using B-glucuronidase[sn, total
rate of metabolism is likely to be under-predicted. Metabolism studies in suspension are
initiated by addition of substrate to cells, and are ceased by snap freezing in liquid
nitrogen, dry ice, or cooled ethanol®” 99], or by quenching in suitable solvents (for
example methanol or acetonitrile). Samples can then be analysed in the same fashion as
uptake studies to estimate CLyt. Addition of specific probe substrates and inhibitors can
also be used in suspension to determine the inhibitory effect of drugs on metabolic
enzymes, and has been used to provide comparable results to those obtained using

microsomal fractions!®.
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The media loss assay, developed by Soars et al™ can be used to estimate both hepatic
uptake and metabolism using hepatocytes in suspension. In this methodology, dual
incubations are performed. In one set of incubations, the conventional parent depletion
assay, used to determine drug metabolism, is performed. In the second set of
incubations, samples are centrifuged immediately prior to sampling of the media. This
step allows for analysis of total loss from the media alone, and therefore reflects both
metabolic and uptake clearances. The methodology was further investigated by lJigorel
and Houston®. In this study, the authors were able to estimate values for the K,,, and
using a two-compartment model further separated Clptuake into its active and passive

components.

A drawback of hepatocytes in suspension formats is the rapid decline in cell viability and
enzyme function, leading to the recommendation that experiments be completed within
4 hours of hepatocyte isolation®!. This prevents the use of hepatocytes in suspension for
drugs with low metabolism or uptake clearance, as well as reducing reliability of results
the longer experiments continue. In comparison to microsomes, hepatocytes in
suspension are seen to generate comparable CLmetllol’ 102], however fold under-
predictions tend to increase for high clearance compounds (where in vivo intrinsic
clearance (CLint, invivo) >1000 mL/min/kg) 831 Recent evidence has suggested that this may
be due to rate-limiting diffusion through the unstirred water layer and/or plasma

membrane/®,

1.4.3. Hepatocytes in monolayer cultures

Plated or monolayer hepatocytes follow the same principles as suspended hepatocytes,
creating a system with an intact plasma membrane, as well as a full array of hepatic
enzymes and functional basolateral transporter proteins. Although falling short of the full
3D structure of the liver, culturing hepatocytes recreates an environment more akin to
that seen in vivo. As a result hepatocytes retain their morphological shape and cell-cell

contacts, in turn leading to increased life-span following isolation!**

. Hepatocytes,
isolated as described in 1.4.2, are diluted to an appropriate density and plated at a known

number of cells per well. As an example, Ménochet et al. 57} used 240,000 viable cells per
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well in a 24-well plate. Cells are left for a minimum of 2 hours to allow adhesion, after

which they can be used for experimentation.

Uptake transporter expression reduces over time in culture in both human and rat
primary hepatocytes in monolayer. After 3 days in culture rat Oatpla2/1b1/1b3/2b1,
Oct1, Oat2 and Ntcp mRNA expression has been observed to be below 20% of that found
in freshly isolated hepatocytes. In humans, mRNA expression was maintained to a greater
degree than that seen in rat, but reductions were still substantial for some of the
transporters[losl. After 3 days significant reductions in transporter function are also noted,
determined through reduced accumulation of transporter probe compounds[1°5]. For rats,
significant reductions in tetraethylammonium and taurocholate accumulation (Octl and
Ntcp substrates, respectively) were seen after 24 hours when compared to 4 hours!'%%,
Expression of efflux transporters is believed to be reduced to a low level following
isolation and after 1 hour in culture, although they are still present in areas of the cell

(98]

membrane in contact with other cells¥*. It should be noted, however, that this

observation is disputed by authors who demonstrate function and activity of these

[106, 107]

transporters after isolation . CYP expression is also seen to reduce dramatically

across multiple species, with a 50-80% reduction after 24 hours reported for rat

hepatocytes compared to that obtained from the intact liver°8l,

Overall, monolayer systems offer some advantages over hepatocytes in suspension, such
as a simpler experimental technique and an extended duration of hepatocyte viability.
There is currently a lack of a holistic assessment of their capability to predict in vivo
clearance using metabolism or uptake rates, and so it is not known if they are suitable for

this purpose.

1.4.4. Hepatocytes in sandwich culture

Sandwich culture hepatocytes (SCH) are a further adaptation of the monolayer system,
generated through the addition of a gel overlay following adherence of hepatocytes.
Hepatocytes adopt the typical cuboidal shape observed in vivo, and re-establish many
features that are lost in both monolayer and suspension formats. Of particular interest is

the formation of functional bile canaliculi and tight junctions. SCH therefore allow the
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measurement of uptake, metabolism and efflux within the same system. Furthermore,
SCH improves the length of time cells are able to survive in culture, particularly with the

[109]

addition of a second collagen overlay Methodology and culture conditions for this

system (such as type of gel, media, plating density and recommended supplements), have

(1191 3nd are paramount to produce high

been reviewed extensively by De Bruyn et al
quality cultures. In general, it is accepted that using Biocoat™ (type | collagen gel) as the
basement gel with a Matrigel™ overlay produces hepatocyte cultures that best mimic the

3D shape and cytoskeletal structures seen in vivo, with well-formed bile canaliculi.

Uptake clearance can be determined in SCH by assessment of total accumulation of
compound into the cells and canaliculi, while biliary efflux clearance (Clyje) must be
determined through use of a Ca**-free buffer. Ca®*-free buffer causes tight junctions to
become disrupted, thereby exposing the bile canaliculus to the media. Compound
recovered from these studies are therefore accumulated within the cells only. The
concentration of compound found in the bile is calculated by subtracting the
concentration in cells, obtained in Ca*'-free buffer, from that obtained in standard buffer.
In practice, in vivo biliary clearance is often under-predicted using SCH, likely due to
reduced expression of both uptake and efflux transporters, similar to that seen in
monolayer cultures™2 To address this issue, correction factors have been suggested
to improve the accuracy of in vitro predictions[m]. Despite the absolute values leading to
under-prediction of in vivo biliary clearance, correlations have been noted between in
vitro and in vivo values, as well as some success in prediction of rank order. A selection of
sartans and statins studied by Abe et al. [113] displayed good correlation between in vitro
biliary clearance and published in vivo biliary excretion data, while Ghibellini et al.1114
reported good correlation of in vitro and in vivo biliary excretion data for Tc-99m
sestamibi, Tc-99m mebrofenin and piperacillin. Overall, while there have been a number
of successful predictions of biliary clearance in relation to rank order or in terms of their
correlation to in vivo values, SCH may be limited by the amount of time required for
correct formation of cultures. This delay results in reduced expression of transporters,

and may be the reason for the under-prediction of biliary clearance values.
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SCH can also be used to determine sinusoidal efflux (CLsnusoidal) from the basolateral
surface through preincubation of cells with the compound of interest. Once the cells are
preloaded, media is removed and standard buffer is applied to cells. Aliquots of buffer
can be taken over time periods to determine concentration, which can then be analysed

much like accumulation studies to determine the rate of efflux*'?,

SCH also have many other applications, which have been reviewed extensively by Swift et

al."* and De Bruyn et al."*2 SCH have allowed the study of active uptake, metabolism

[115]

and biliary excretion within the same assay ", and in some cases with additional

consideration of basolateral efflux processes[m]. The assay has also proven to be useful
for compounds that undergo phase Il metabolism, such as morphine and naloxone!**” 18,
Elevation of bile acid levels in the blood have been correlated with hepatic damage

[119]

caused by hepatotoxic drugs'~=, which has been shown to be, at least in part, due to

inhibition of efflux transporters[m]

. SCH therefore has the potential to be a tool for
identification of hepatotoxic drugs early in development processes. Traditional CYP and
uptake transporter DDI studies can be performed in SCH, using the same methods as
other in vitro systems[m]. Overall, SCH are a promising and useful system, however it has
limitations due to poor transporter and enzyme expression, low throughput and
variability caused by differences in culture conditions which may in turn cause differences
between results obtained in different laboratories. As with other hepatocellular systems,

an extensive overview regarding the performance of the assay in the prediction of in vivo

clearance is currently lacking, which prevents a true assessment of its utility.

1.4.5. Summary of in vitro systems

Current hepatic in vitro systems generally follow a continuum for their throughput and
physiological relevance. Microsomal fractions are the most economical and highest
throughput, but are limited only to estimations of metabolic clearance, and require
cellular conditions to be artificially generated in order to function. Suspended
hepatocytes maintain the cellular environment, and allow measurement of both uptake,
metabolism and sinusoidal efflux. However, the free movement of hepatocytes differs
greatly to 3D structures observed in the liver. Plated hepatocytes and SCH attempt to

bridge this gap, using hepatocytes that are attached to a surface, which better reflects the
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in vivo environment. Both assays can be used to measure uptake, sinusoidal efflux and, to
a lesser extent, metabolism. SCH can additionally provide predictions of biliary clearance,
due to the reformation of bile canaliculi. However, the additional culture time causes
both systems to suffer from a reduction in enzyme and transporter expression/function,

as well as reducing throughput.

1.5. Methods of in vitro to in vivo extrapolation (IVIVE)

The purpose of IVIVE is the conversion of in vitro or in vivo clearances into a common
term, allowing a comparison to be made between the two. Since in vivo clearance
comprises of several processes, simple allometric scaling is now avoided in favour of more

physiologically based methods involving models of the liver.

1.5.1. Scaling from assay to whole body

Since in vivo clearance is representative of the whole body, units of in vitro data must be
scaled in order to be comparable. All methods begin with the scaling of in vitro data from
that of the cellular level to that of the whole organ. This requires known values for
hepatocellularity (10° cells/g liver, HPGL), protein content of hepatocytes (mg protein/g
liver, MPPGL) or, when using microsomes, the microsomal recovery (mg microsomal
protein/g liver, MMPPGL). The weight of the liver relative to the total bodyweight (g
liver/kg bodyweight, GLKB) for the species in question can then be used to make the step
from the level of the organ to that of the whole body. A number of papers have produced
estimates for scaling values, which are species specific, and are commonly used when

performing IVIVE!22125],

1.5.2. Liver Clearance Models

Following this initial conversion, although data are presented in the same units
(mL/min/kg), in vitro CL;n; is not directly comparable to the in vivo hepatic clearance (CLy).
To bridge this gap, liver clearance models are applied to take into account factors which,
along with intrinsic clearance (CLy:), determine CLy. This includes physiological
parameters such as hepatic blood flow (Qy) and the fraction of unbound drug in the blood

(fup). Three liver clearance models have been developed, known as the well-stirred,
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parallel tube and dispersion model. Each model assumes that distribution into the liver is
perfusion limited, is unrestricted by barriers, that only unbound drug is available for entry

into the hepatocytes by transporter and diffusion processes, and that transporter

proteins and metabolic enzymes are evenly distributed throughout the whole liver*?®!.

The well-stirred model presents a scenario whereby drug distribution in the liver is

instantaneous, representing the liver as a single compartment with an equal

t[126]

concentration throughou , shown in Equation 1.

_ Qu - fup - Clint )
Qu + fup - CLiny Equation 1

CLy

The parallel tube model encompasses a much different view in regards to the physiology
of the liver. Instead of a whole compartment, the liver is represented as a series of tubes,
each surrounded by hepatocytes. Since each hepatocyte has equal capacity for drugs to
enter and for metabolism to occur, the concentration is presumed to decline

exponentially from the beginning of the tube to the end, reflected in Equation 2.
[fub'CLint]
CLy = Quyl|l—el @u Equation 2

The dispersion model is mathematically much more complex than both the well-stirred
and parallel tube models, and was developed by engineers to be consistent with liver
physiology by combining the concepts of both the well-stirred and parallel tube model.

However, a study by Houston and Carlile!*®

analysed the utility of each model in terms of
providing accurate in vivo predictions, and found there to be no inherent advantage to
any of the models across all compounds. In light of this, the dispersion model will not be
considered. The well-stirred model has typically been the most popular choice, due to its

mathematical simplicity.

47



1.5.3. Extended Clearance Terms

For the purpose of IVIVE, in vitro CL; is the general term used to describe a clearance
process, and can relate to uptake or metabolism depending on the assay performed. An
alternative method is the use of so called extended clearance terms, which integrate
multiple clearance parameters to determine a total CLint value (Clinttotal). Taking into
account all clearance processes, and based on a recirculating liver perfusion model,

CLint total is determined using Equation 373,

CLmet + CLbile
CLmet + CLbile + CLsinusoidal

CLint,totar = CLuptake Equation 3

where Clypuake is the total uptake clearance, CLme: is the metabolic clearance, Clyje is the
biliary clearance and Clgjnusoidal iS the sinusoidal efflux clearance. The widespread use of
CLint total is generally hampered by the relatively large amount of in vitro data required. As
an alternative, apparent intrinsic clearance (CLintapp) can be used, described by Equation

4,
CLactive + CLpassive
CLpet + CLpgssive Equation 4

CLint,app = CLpes -

where Clacive i the active uptake clearance and Clpassive IS the passive uptake clearance.
Equation 4 is a derivative of Equation 3, assuming efflux clearances to be negligible. This
term is typically applied to data from suspension, media loss or monolayer assays, where
there is evidence that apical efflux transporters are rapidly internalised®®. While CLint total
has been demonstrated to result in improved in vivo predictions[ml, further application
of both terms is required to properly assess if they are beneficial for the prediction of in

vivo clearance.
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Chapter 2. Aims

For several decades, in vitro metabolism was the key focus of scientists attempting to
predict in vivo clearance at an early developmental stage. However it has been frequently
demonstrated that use of metabolic clearance data generally under-predicts in vivo
clearance® Y. The importance of uptake transporters to the clearance of some drugs
has now been well documented, and has led to a surge in papers using in vitro uptake
assays for many different applications. Despite the abundance of uptake data now
available, there is a clear lack of a holistic analysis, similar to that performed for
metabolism data, in order to determine the overall prediction tendencies of the assays.
Additionally, the lack of a high throughput uptake system has severely limited the
feasibility of using these assays at the early stages of drug development. As our
knowledge of cellular processes grows, it is becoming increasingly apparent that a simple
cellular approach, where data are scaled directly from in vitro assays, may be insufficient
for the accurate prediction of drug pharmacokinetics. A more mechanistic approach,
taking into account several factors affecting the overall clearance of a drug, may be
instead be required. The overall aim of this thesis, therefore, was to further refine current
in vitro assays and data analysis procedures in order improve the accuracy of predictive
pharmacokinetic data they provide, and to explore the merits of cellular and mechanistic

approaches to predict in vivo clearance.

The first aim (Chapter 3) was to provide the first large scale assessment of the prediction
of in vivo clearance using in vitro uptake data. Since multiple assay formats are available
to measure uptake clearance, each were compared to establish differences and
determine their applicability. In addition, empirical data scaling techniques were

investigated in an attempt to improve predictions.

The second aim (Chapter 4) was to further investigate the utility of the media loss assay
from the observations of Jigorel and Houston!®® Initially, the assay will be transitioned
into a higher throughout system. This was intended to address the current issues
surrounding the low-throughput nature of uptake assays, and to allow the inclusion of

inhibitors of both CYP-mediated metabolism and OATP-mediated uptake. An in silico
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model was developed in order to estimate several individual clearance parameters, in
turn allowing an estimate of binding and partitioning properties of the compound.
Initially, a cellular scaling approach was used to assess the predictions compared to that

seen previously in Chapter 3.

The final aim (Chapter 5) was to integrate both biliary and sinusoidal efflux data,
generated using SCH, into data obtained in Chapter 4. This was done using the total
intrinsic clearance term, which utilises multiple clearance parameters to determine an
overall intrinsic clearance. It was hypothesised that this approach, in conjunction with
data scaling techniques investigated in Chapter 3, would further improve predictions of in

vivo clearance.
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Chapter 3. Assessment of the predictive ability of CL,ptake

3.1. Introduction

As highlighted in Chapter 1, prediction of in vivo drug PK has become an important aspect
of the drug discovery process, leading to the development of an array of in vitro
methodologies aimed at generating accurate predictions of in vivo clearance, as well as
assessing the potential for clinical implications such as DDls. Houston™ was the first to
assess this cellular approach, using in vitro metabolic clearance data to predict in vivo
clearance in the rat. Whilst it appeared successful initially, recent literature analyses have
demonstrated in vitro assays typically generate a clearance-dependent under-prediction
of in vivo clearance, both in human and rat microsomes/hepatocytes[83’ 132 addition,
the changing environment of the drug discovery process has led towards a tendency for
metabolically stable compounds. As such, the utility of metabolic assays alone to predict
in vivo clearance has declined. In cases where metabolic clearance plays a minor role,
hepatic uptake has become widely appreciated as being a more accurate indicator of in

vivo clearance'™.

In vitro uptake assays have allowed quantitative clearance predictions and, with the
application of Michaelis-Menten kinetics, aid in determining the compound’s route of
entry into the cell, being via transporter-mediated and/or passive diffusion processes.
With increased awareness of the importance of drug transport, as well as several well
documented cases of DDIs caused by transporter inhibition, the Food and Drug
Administration (FDA) has now implemented recommendations and guidance for in vitro
testing of NCEs in order to identify transporter substrates. In vitro transport assays are
now routinely performed to determine the affinity of NCEs for particular drug
transporters, to evaluate the potential risk of DDIs and to provide predictions of in vivo
clearance. In terms of drug clearance, several methods have been investigated and are
continuing to advance in complexity, including novel approaches such as 3D cultured
systems. However, despite the increase in literature data it is apparent that a holistic
analysis, similar to that performed for metabolism data over two decades ago by

Houston™, is currently lacking for uptake clearance data.

Without a comprehensive analysis of literature in vitro uptake data, it is impossible to

properly assess the utility of current in vitro methodologies. While many studies provide a
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comparison to in vivo clearance for their own data, much larger data sets are required to
assess the overall accuracy of the various in vitro systems, as well as to identify trends
and to understand why they may occur. This information is vital for the selection of an
appropriate in vitro assay for novel compounds, and for aiding the interpretation of in

vitro data.

3.2. Aims

The primary objective of this chapter was to assess the utility of in vitro uptake data as a
predictor of in vivo hepatic clearance. In order to do this, uptake clearance data will be
compiled from in vitro studies using both rat and human hepatocytes and IVIVE
performed. Since multiple assay formats are available to determine uptake clearance,
statistical analysis and comparisons will be performed for each of the selected assay
formats to allow an assessment of their performance. This information is intended to fill
the current gap in knowledge that is evident from the literature. In addition, studies will
be further sorted by either their ionisation character or grouping within the

)[133], to determine if

Biopharmaceutics Drug Disposition Classification System (BDDCS
specific groups of compounds have any trends in their predictions. If such patterns were
to exist, it may be informative for future selection of in vitro assay, or interpretation of in

vitro data.

A secondary objective was to attempt to improve in vivo clearance predictions using
various scaling methods. Of particular interest is the use of empirical scaling factors,
which will be implemented and analysed for their effects on the bias and precision of
each assay format. In addition to static empirical scaling factors, data will be analysed for
trends in the magnitude of their required empirical scaling factor relative to their in vitro
uptake clearance. It is hypothesised that the use of trendline equations may allow for

specific scaling factors to be generated for drugs based on their in vitro clearance.

Finally, the uptake clearance predictions will be combined with other available literature
datasets in order to test the apparent intrinsic clearance term (CLintapp). This parameter
incorporates multiple clearance processes into one intrinsic clearance value for a drugm].
The utility of this parameter with both uptake and metabolism data will be investigated. It
is hypothesised that this it is more reflective of the total hepatic in vivo clearance, and will
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result in less bias and greater prediction accuracy compared to using a single clearance

parameter.

3.3. Methods

3.3.1. Data Collation

3.3.1.1. Rat

For in vitro data collection, CLypake Was defined as the total uptake clearance, which is a
summation of both the active and passive processes. Data were obtained from drug
uptake assays using hepatocytes freshly isolated from rats in suspension (31 drugs, 50
entities), media loss (12 drugs, 15 entities), monolayer (18 drugs, 33 entities) and SCH (17
drugs, 41 entities) formats. No restriction was placed on the use of a single or range of
concentrations. Data for media loss assays were only included if a distinction was made
between uptake and metabolism. In vivo PK parameters were collated for rats dosed
intravenously via a bolus or infusion. Parameters collated, where available, included
plasma clearance (CL,), unbound fraction in the plasma (fup), blood clearance (CLy),
unbound fraction in the blood (fu,) blood to plasma ratio (R,) and renal clearance (CLg).

See Table 30 (Appendix 7.1) and Table 31 (Appendix 7.2) for full list of values and sources.

3.3.1.2. Human

Data collation was performed as described in 3.3.1.1, with the exception that
cryopreserved, rather than freshly isolated, hepatocytes were included. Data were
collected from suspension (21 drugs; 81 entities), monolayer (12 drugs; 26 entities) and
SCH (11 drugs; 30) assay formats. No in vitro studies were identified that performed the
media loss assay using human hepatocytes. See Table 32 (Appendix 7.3) and Table 33

(Appendix 7.4) for full list of values and sources.
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3.3.2. Basic IVIVE of ClL;,;, in vitro and Determination of in vivo CL;,;
3.3.2.1. Rat

CLint was scaled to that of the whole body (CLint in vitro) @and converted to units of

mL/min/kg using Equation 5,

CLiy: " MPPGL - GLKB
CLint in vitro = 1000 Equation 5

Where MPPGL is the mg protein/g liver and GLKB is the grams of liver/kg bodyweight.
Standard physiological scaling factors were defined as values of 200mg protein/g liver and
40 g liver/kg bodyweight!**>'*®! for MPPGL and GLKB, respectively. To convert CLi values
in uL/min/10° cells to pL/min/mg protein, a Bradford protein assay was performed which

determined that 1 mg protein was equal to 1x10° cells.

3.3.2.2. Human

IVIVE was performed as described in 3.3.2.1 using standard physiological scaling factors
defined by values of 120 mg protein/g liver and 21.4 g liver/kg bodyweight[m' B34 for
MPPGL and GLKB and where necessary CL;,; expressed in uL/min/lO6 cells was converted

to pL/min/mg protein assuming 1 mg protein/10° cells®.

3.3.2.3. In Vivo Cljy;

All blood clearance data were initially corrected for renal clearance. In vivo CLin (CLint, in
vivo) Was then calculated from in vivo CLy, fu, and hepatic blood flow (Qy, set at 100 and
20.7 mL/min/kg[135] for rat and human, respectively) using the well-stirred model
(Equation 6). Where necessary, CL, and fu, were calculated using Ry, (CLo/Rp and fuy/Rp,

respectively).

CL,

CLint,in vivo —

fup - ( — %) Equation 6

It is important to note that the CLin in vivo term does not resolve the contribution of

individual processes to the clearance of a drug. For this analysis, it is assumed that uptake

is the predominant process.
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3.3.3. Variation in Scaling Factor and Effect on Determination of CLjut in vivo

Literature data regarding the hepatocellularity, protein content of the liver, weight of the
liver relative to the bodyweight and conversion factor between protein content per
million cells were collated for both rat and human. From this, a maximum and minimum
scaling factor was determined and applied to the data sets. Data were then analysed as

described in 3.3.6. See Table 34 (Appendix 7.5) for values.

3.3.4. Data and Clearance-Derived Scaling Factors

All observed CLjqt invivo data were divided by the corresponding experimental CL;,; data to
determine the required empirical scaling factor for each study, individually. For data-
derived scaling factors, the arithmetic mean and median was determined from all
empirical scaling factors for each assay format. All clearance values were then scaled
using the arithmetic mean or median scaling factor, with bias and precision calculated as

described in 3.3.6.

For clearance-derived scaling factors, the drug specific required empirical scaling factor
was plotted against in vitro Clyptake, and a trend line fitted using least squares regression
of the power function. The equation of this line was then used to generate an empirical

scaling factor for each compound individually, based on the measured in vitro clearance.

3.3.5. Application of apparent intrinsic clearance

Clint,app is derived from the extended clearance term (see 1.5.3), and incorporates
multiple clearance parameters (Equation 4)°",
CLactive + CLpassive

CLiper + CLpassive Equation 4

CLint,app = Clpet

where Clnet is the total metabolic clearance rate, Cliuive is the active uptake rate and
Clpassive is the passive transmembrane diffusion rate. Only the suspension assay was
analysed using this approach, as it is well documented that CYP activity is reduced in

[99], which has led to a lack of metabolism

cultured (monolayer and SCH) assay formats
data, and there is no consistent distinction between active and passive transport in the
media loss assay. In this study, CL,et data were acquired from a database assembled by

Wood et al'®Y. Where possible CLye: data were taken from suspended hepatocytes,
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however where this information was lacking, data from microsomes were used instead.
Uptake data collected in 3.3.1 were used to determine Clacive and Clpassive, Where
possible. In this instance, efflux clearance was assumed to be negligible given the current
lack of data in this area, as well as previous evidence to suggest internalisation of efflux

]

transporters following isolation®®. Predictions were compared between uptake or

metabolism data alone and when combined within the CLin, 5pp term.

In addition, CLint, app Was analysed using clearance parameters scaled using the methods
described in 3.3.3 and 3.3.4 to determine if further improvements could be made. For
CLmet, NO correlations were noted between in vitro CL;,: and required scaling factor. As a

result, mean and median required scaling factors were calculated as described in 3.3.4.

3.3.6. Calculation of Prediction Bias and Precision

The bias and precision of CLint invitro tO CLint invivo fOr €ach system was assessed using the
absolute geometric mean fold error (GMFE, Equation 7) and the root mean squared error
(RMSE, Equation 8), respectively[83]. Qualitative assessment of predictions were judged as
being well predicted when CLint, invitro fell within 2-fold of the observed CLint, in vivo- Clint, in
vitro Values above or below this threshold were determined to be over-predicted and
under-predicted, respectively.

1 ¥y Clint,in vitro]

GMFE = 10 n CLint,in vivo Equation 7

1
RMSE = EZ(predicted — observed)? Equation 8
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3.4. Results

3.4.1. Basic IVIVE and calculation of CLjut, in vivo
3.4.1.1. Rat Hepatocytes

3.4.1.1.1. Suspension

In the suspension format, CLint, invitro ranged over several orders of magnitude (10 — 23,800
mL/min/kg, n=50) using standard physiological scaling factors. Of the CLint in vitro data
collected, only 20% resulted in an accurate prediction of CLint, invivo, While 60% were over-
predicted and 20% under-predicted (Figure 3). A high degree of bias was evident (GMFE =
4.08), while precision (RMSE = 3688) was low relative to other assay formats and methods

of analysis seen throughout this study. For summary of data, see Table 5.

Data were further inspected for trends in both the BDDCS (being class 1-4, as defined by
Benet et al™*®) and the ionisation character (being acidic, basic, neutral or zwitterionic),
and is also summarised in Table 5. When grouped based on BDDCS, class 2 compounds
had a clear tendency toward over prediction (81% of data). No other clear trend was
noted. This analysis is hindered by the relative lack of data on both class 1 and 4

compounds, which accounted for only a small proportion of the dataset.

Grouped by ionisation character, over predictions of both basic and neutral compounds
were identified. Too few basic compounds were available to substantiate any findings,
however there were sufficient neutral compounds to suggest the trend towards over
prediction should be considered. It is also interesting to note that neutral compounds
would be expected to have a high degree of passive permeability, a characteristic also
associated with BDDCS class 2 compounds. It was observed that of the 10 studies using

class 2 neutral compounds, all were over-predicted.

3.4.1.1.2. Media Loss

CLint, in vitro ranged between 15 — 17,300 mL/min/kg (n=15) for the media loss assay, similar
to that seen in suspension. Predictions also remained consistent with suspension, with
13% of data being accurately predicted, 60% over-predicted and 27% under-predicted

(Figure 3). Substantial bias was noted within the assay format (GMFE = 5.83), as well as
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poor precision compared to other formats in the rat (RMSE = 6443). Data are summarised

in Table 5.

No BDDCS class 1 compounds and only one class 4 compound were recorded for media
loss, which prevented any insight into the patterns of their prediction. As was seen
previously with suspension, a trend towards over-prediction was noted for class 2
compounds. Neutral compounds also had a high proportion of over predictions. Further
analysis again determined that class 2 neutral compounds were over-predicted. However
in this case, only two compounds were identified, and so the link cannot be

substantiated.

3.4.1.1.3. Monolayer

Monolayer Clint, in viro had a narrower range of 21 — 6,000 mL/min/kg (n=33) in
comparison to both suspension and media loss assays. Monolayer was seen to be the
most accurate of the four rat hepatocytes assays tested in this study, with 40% of studies
accurately predicting CLint, invivo- Unlike suspension and media loss, there was a tendency
for under prediction of clearance (48%), while only 12% were over-predicted (see Figure
3). Less bias and higher precision were noted for monolayer (GMFE = 3.41, RMSE = 2897)

compared to both suspension and media loss. See Table 5 for summary of data.

Studies in monolayer were more evenly distributed across BDDCS classes 1, 2 and 3,
compared to previous assay formats. Class 1 compounds were particularly well predicted,
while proportions of under-predictions increased for each of the remaining classes. The
vast majority of studies using acidic compounds were under-predicted. Although fewer in
number, the remaining ionisation character saw even distributions between under-

predictions and successful predictions, as summarised in Table 5.

3.4.1.1.4. Sandwich Cultured Hepatocytes

SCH displayed the narrowest range of CLint, invitro Of between 0.4 — 780 mL/min/kg (n=41),
representing a maximum value approximately 8-fold lower than that seen in monolayer,
and 22-fold lower than both suspension and media loss. As a result, 93% of data resulted
in an under prediction of CLiy invivo, While 7% were predicted well (Figure 3). With such a

clear bias towards under prediction, bias was the highest of the four assay formats (GMFE
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= 14.5). Despite this, precision was the highest of the four assay formats in rat (RMSE =
1032). Empirical scaling of the data may therefore be a viable option to correct for the

heavy bias towards under-prediction.

On inspection of BDDCS groups, it is apparent that the proportion of data collected on
class 3 and 4 compounds is higher in SCH than had been seen in other assay formats. It is
likely that the application of the SCH assay to measure efflux may lend to the tendency to
select compounds which are known to be substrates of efflux transporters, which are
predicted properties of class 3 and 4 compounds. Beyond this there are no clear patterns
observed for either BDDCS group or ionisation character, since almost all compounds are
under-predicted regardless of classification, or have too few data entries (see Table 5 for

summary).
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Table 5 - Summary of drug predictions in rat hepatocyte assays and when grouped by BDDCS class and ionisation character.

Suspension Media Loss Monolayer SCH
Number of drugs 31 12 18 17
Number of entities 50 15 33 41
GMFE (RMSE) 4.08 (3688) 5.83 (6443) 3.41 (2897) 14.5 (1032)
Range (mL/min/kg) 10-23,800 15-17,300 21-6,000 0.4-780
% well predicted 20 13 40 7
% over-predicted 60 60 12 0
% under-predicted 20 27 48 93
BDDCS group 1 2 3 4 N/C/1 2 3 4 N/C|1 2 3 4 N/C| 1 2 3 4 N
% of studies 6 52 32 6 4 |0 53 33 7 7 |12 36 36 3 13 | 18 29 41 6 6
% well predicted 33 15 25 33 - 0O 13 0 o© - |75 42 42 O - 20 14 5 O -
% over-predicted 33 81 31 33 - 0 63 60 100 - 0O 8 8 O - 0O 0 0 O -
% under-predicted 33 4 44 33 - 0 24 40 O - |25 50 50 100 - 80 86 95 100 -
lonisation character A B N Z A B N Z A B N Z A B N Z
% of studies 58 4 28 10 - |53 7 40 O - 173 6 15 6 - 65 12 17 -
% well predicted 28 0 0O 40 - |25 0 0 O - 133 50 60 50 - 0 33 67 O -
% over-predicted 41 100 100 40 - |50 100 67 O - 117 0 O 0 - 0O 0 O 0 -
% under-predicted 31 0 0 20 - |25 0 33 O - |50 50 40 50 - 100 67 33 100 -




3.4.1.2. Human Hepatocytes

3.4.1.2.1. Suspension

As was seen for rat data, CLi, invitro ranged over several orders of magnitude from 2 —
1,580 mL/min/kg (n=81) in human suspension assays. CLint invitro data predicted CLint invivo
accurately in 28% of studies, while 31% were over-predicted and 41% under-predicted
(Figure 4). Although the majority of studies resulted in under-prediction, the proportions
of accurate, under- and over-predictions were more equally distributed than were
observed with assays performed using rat hepatocytes. Bias remained relatively high
(GMFE = 4.3), while precision was better than that observed in the rat (RMSE = 1855).

Data are summarised in Table 6.

Compounds studied in human hepatocytes were evenly distributed among BDDCS groups.
Predictions appear to be uniform across most of the BDDCS classes (
Table 6), with the exception of class 3 compounds, which have a larger proportion of

under-predictions.

When grouped based on ionisation character, acidic compounds formed the majority of
the dataset. Both basic and neutral compounds appeared to have tendencies to
successfully predict in vivo clearance, although only a small number of studies used drugs

from these species. Acidic and zwitterionic drug had no clear prediction trends.

3.4.1.2.2. Monolayer

With CLint, invitro ranges of between 2 — 340 mL/min/kg (n=26), human monolayer cultures
appear consistent with their rat counterparts in that the range is both lower than
suspension and spans only two orders of magnitude. Data from monolayer assays were
more heavily biased (GMFE = 4.73) than that observed for suspension assays, while
precision was almost identical (RMSE = 1835). Patterns of prediction also remained
broadly consistent with rat hepatocytes, with a clear tendency towards under-prediction
(66% of studies). The remainder were split between good and over predictions (19% and

15%, respectively; Figure 4). Data are summarised in Table 6.

Studies largely appeared to focus on class 2 and 3 compounds, which accounted for 42%
and 33%, respectively, of the studies using the monolayer assay. Class 3 compounds were
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seen to almost exclusively under-predict in vivo clearance, an observation that remains
consistent with both human suspension and rat monolayer assays. Under-prediction
predominated for all three of the ionisation character for which there was data, while no
basic compounds were studied. Data are summarised in

Table 6.

These patterns agree with observations in rat monolayer cultures, indicating a degree of
similarity between species. In particular it highlights a potential issue with under-
prediction of both low and high permeability compounds expected to have some degree
of affinity for uptake transporters (i.e. class 2 and 3 compounds). This is contested by the
majority of studies using class 4 compounds being well predicted, however the number of

studies is much lower.

3.4.1.2.3. SCH

SCH CLint, in vitro ranged between 0.9 — 370 mL/min/kg (n=30) which, unlike rat hepatocytes,
remained equivalent to that seen in human monolayer cultures despite the additional
culture time required. Although an improvement, the Clint invitro Ffange remains an order
of magnitude lower than that seen for hepatocytes in suspension. Under-prediction was
evident for the majority of studies using SCH (73%). However, with 23% of studies
predicting in vivo clearance successfully and 7% being over-predicted, human hepatocytes
appear less affected by the extended culture period than their rat counterparts (Figure 4).
A high degree of bias was observed within the system (GMFE = 6.91), although not to the
extent seen in rat hepatocytes, as well as the lowest precision of the three human

hepatocyte systems (RMSE = 1948). Data are summarised in Table 6.

With such clear bias towards under-prediction, it is not possible to identify any patterns in
prediction based on either BDDCS classes or ionisation character (

Table 6). Only class 2 compounds appeared to have a smaller proportion of under-
predictions, with all of these studies found to be using acidic compounds, a pattern that

was also observed in monolayer.
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Table 6 - Summary of drug predictions in human hepatocyte assays when grouped by BDDCS class and ionisation character.

Suspension Monolayer SCH
Number of drugs 21 12 11
Number of entities 81 26 30
GMFE (RMSE) 4.3 (1855) 4.73 (1835) 6.91 (1948)
Range (mL/min/kg) 2-1,580 2-340 0.9-370
% well predicted 28 19 23
% over-predicted 31 15 7
% under-predicted 41 66 73
BDDCS group 1 2 3 4 1 2 3 4 1 2 3 4
% of studies 19 39 32 10 7 33 48 12 18 36 36 10
% well predicted 47 18 23 50 0 33 8 33 0 29 6 100
% over-predicted 6 44 19 50 0 23 8 33 0 29 0 0
% under-predicted 47 38 58 0 100 44 84 33 100 43 94 0
'c"h"a'::;:? A B N z A B N z A B N z
% of studies 67 7 14 12 58 0 25 17 73 0 9 18
% well predicted 20 50 45 40 21 - 20 0 20 - 100 0
% over-predicted 34 33 36 0 16 - 20 0 8 - 0 0
% under-predicted 46 17 18 60 63 - 60 100 72 - 0 100

A; Acid, B; Base, N; Neutral, Z; Zwitterion
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3.4.2. Variations in Scaling Factor and Data Derived Scaling Factors

3.4.2.1. Rat Hepatocytes

3.4.2.1.1. Minimum and Maximum Literature Scaling Factors

Throughout the literature, various physiological values for liver protein content,

hepatocellularity and liver weight were found to have been used to calculate scaling

factors. Using these data, maximum and minimum scaling factors were determined using

combinations of physiological values, summarised in Table 34 (Appendix 7.5). The

maximum scaling factor was 15.5, and the minimum was 3.46.

Table 7 - Effect of varying physiological scaling factors on the bias and precision of
CLint, in vivo predictions of rat hepatocytes.

Scaling Factor Standard Maximum Minimum

Scaling Value 8 15.5 3.46
Suspension GMFE (RMSE) 4.17 (3782) 6.16 (4978)  3.23 (1549)

% well predicted 21 19 40

% over-predicted 60 77 32

% under-predicted 19 4 28
Media Loss GMFE (RMSE) 4.89 (6065) 6.72(7943) 4.12(2414)

% well predicted 18 12 24

% over-predicted 59 65 41

% under-predicted 23 24 35
Monolayer GMFE (RMSE) 3.25(3012) 2.78(2988)  5.75(3211)

% well predicted 38 38 17

% over-predicted 10 28 7

% under-predicted 52 34 76
SCH GMFE (RMSE) 14.5 (1032) 6.84 (1090) 27.25(1172)

% well predicted 7 14 3

% over-predicted 0 6 0

% under-predicted 93 80 97
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Data collated in 3.3.1.1 were reanalysed using both of these scaling factors, as displayed
in Table 7 (see Figure 32 and Figure 33, Appendix 7.6 for corresponding graphs). Both
suspension and media loss assays benefitted from the minimum scaling factor, which
reduced both GMFE and RMSE in comparison to using standard physiological scaling
factors. Use of the maximum scaling factor had the opposite effect, with the vast majority
of compounds being over-predicted. Conversely, the monolayer and SCH formats
benefitted from the use of the maximum scaling factor, with reductions in GMFE.
However, in terms of the number of compounds that were predicted well, little change
was seen. Use of the minimum scaling factor resulted in a heavy bias towards under-

prediction in both assays, while RMSE remained consistent regardless of scaling factor.

3.4.2.1.2. Mean and Median Required Scaling Factor

The required scaling factor was determined for each data entry by dividing the observed
CLint, in vivo Value by the measured CL;, value from each in vitro assay. The mean and
median values were calculated and applied to reanalyse the data from 3.3.1.1 for each
assay format. Results are displayed in Table 8, and see Figure 34 and Figure 35 (Appendix

7.6) for corresponding graphs.

The mean scaling factor was found to be greater than the standard physiological scaling
factor in all assay formats. For suspension and media loss, which had an overall tendency
for over-predictions of in vivo clearance, this was due to the extent of under-predictions
causing a skew in the required scaling factor. As a result, using the mean scaling factor led
to increased bias and reduced precision in both the suspension and media loss assays,

while causing a reduction in both for monolayer and SCH.

The median scaling factor was much lower than the mean in all cases, resulting in values
below the standard scaling factor for suspension and media loss, while it remained higher
for both monolayer and SCH assays. The median scaling factor reduced bias to a greater
extent than the mean, as well as leading to an improvement in precision in all assay
formats. In terms of successful predictions of in vivo clearance, only SCH saw a noticeable
difference between any of the scaling factors. Use of the mean scaling factor increased

the percentage of successful predictions from 7% to 29%, although at the expense of
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producing a large proportion of over-predictions. Use of the median scaling factor

produced more successful predictions (42%), with fewer over-predictions.

Table 8 - Effect of mean and median empirical scaling factors on the bias and
precision of CLint in vivo Predictions in rat hepatocytes.

Scaling Standard Mean Median
Factor
Suspension Scaling Value 8 9 3.2
GMFE (RMSE) 4.17 (3782) 4.45 (4328) 3.21(1438)
% well predicted 21 28 38
% over-predicted 60 62 30
% under-predicted 19 11 32
Media Loss Scaling Value 8 23 35
GMFE (RMSE) 4.89 (6065) 8.28 (18632) 4.11 (2422)
% well predicted 18 6 24
% over-predicted 59 76 41
% under-predicted 23 18 35
Monolayer Scaling Value 8 339 18.9
GMFE (RMSE) 3.25(3012) 3.08 (5140) 2.76 (3361)
% well predicted 38 41 41
% over-predicted 10 48 31
% under-predicted 52 10 28
SCH Scaling Value 8 234 92.4
GMFE (RMSE) 14.5 (1032) 3.96 (5152)  2.96 (1841)
% well predicted 7 29 42
% over-predicted 0 54 29
% under-predicted 93 17 29

3.4.2.1.3. Clearance-Derived Scaling Factors

For all formats, a weak to moderate, negative but significant (p < 0.05) correlation was
observed between CLint, invitro and required empirical scaling factor (Figure 5), indicating
that a lower scaling factor was required as CLiy invitro increased. Using the equation of

each trendline, scaling factors were then generated for each study individually, defined as
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clearance-derived scaling factors (CDSF) and data were reanalysed as described in 3.3.6.

Results of this analysis are displayed in Table 9, along with that of standard scaling factors

for means of comparison. See Figure 36 (Appendix 7.6) for corresponding graphs. In all

assay formats, both GMFE and RMSE were reduced, along with an increase in the number

of successful predictions in each assay format.
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Table 9 - Effect of CDSF on the bias and

precision of CLint,

in vivo predictions in rat

hepatocytes.
Scaling Standard CDSF
Factor
Suspension GMFE (RMSE) 4.17 (3782) 2.69 (867)
% well predicted 21 38
% over-predicted 60 28
% under-predicted 19 34
Media Loss GMFE (RMSE) 4.89 (6065) 2.15 (880)
% well predicted 18 53
% over-predicted 59 24
% under-predicted 23 24
Monolayer GMFE (RMSE) 3.25(3012) 2.42 (2893)
% well predicted 38 55
% over-predicted 10 14
% under-predicted 52 31
SCH GMFE (RMSE) 14.5 (1032) 2.54 (780)
% well predicted 7 44
% over-predicted 0 29
% under-predicted 93 27
3.4.2.1.4. Application of apparent intrinsic clearance

Due to multiple studies being available for some compounds, average values for each
drug were taken when necessary. As a result, 20 drugs were included in this analysis.
Details of the individual studies can be found in Table 35 (Appendix 7.6). Using standard
physiological scaling factors, CLint, app ranged from 28 — 11,300 mL/min/kg. Following
IVIVE, the majority of compounds over-predicted in vivo clearance (Table 10). GMFE for
CLint, app (4.85), was similar to that using uptake data alone (5.62), but was lower than
metabolism alone (9.35). Precision remained comparable between the use of uptake data
and CLint, app (RMSE = 3949 and 2975, respectively), while using metabolism data had the
lowest precision recorded in this study (RMSE = 23,298). Each clearance parameter
resulted in the over-prediction of in vivo clearance for the majority of the drugs in this

analysis.
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As a final exercise the various empirical scaling methods described in this chapter were
applied to uptake data prior to input into the CLiyt, app term. These included mean, median
and CDSF calculated in sections 3.4.2.1.1 - 3.4.2.1.3. For metabolism, similar analyses
were performed on the metabolism database developed by Wood et a3y however no
relationship was identified between the required empirical scaling factor and in vitro
clearance. As a result, only mean and median required scaling factors were investigated.
The use of clearance-derived scaling factors for uptake, along with the median required
scaling factor for metabolism data prior to the calculation of CLint, app produced predictions
with the lowest bias (GMFE = 2.65). However, this was similar in terms of both bias and
precision to using uptake data alone, scaled using CDSF (GMFE = 2.72). Results are

summarised in Table 10, and see Figure 37 (Appendix 7.6) for corresponding graphs.

Table 10 - Summary of Clint, app in terms of bias and precision for the prediction of

CLint, in vivo in rat hepatocytes.

Scaling Standard CDSF Median Mean
Metabolism  Scaling Value 8 N/A 34 274
GMFE (RMSE) 9.35(23298) - 13.7 (101553) 39.5(818922)
% well predicted 20 - 6 11
% over-predicted 45 - 61 78
% under-predicted 35 - 33 11
Uptake Scaling Value 8 Varied 3.2 9
GMPFE (RMSE) 5.62(3949) 2.72(903) 3.06 (1475) 6.17 (4505)
% well predicted 10 42 53 6
% over-predicted 80 32 37 83
% under-predicted 10 26 11 11
CLint, app Scaling Value 8 Varied* Varied Varied
GMFE (RMSE) 4.85(2975)  2.65(926) 2.83 (1361) 5.35(4126)
% well predicted 20 42 53 11
% over-predicted 55 26 32 78
% under-predicted 25 32 16 11

*CLmet scaled by median scaling factor
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3.4.2.2. Human Hepatocytes

3.4.2.2.1. Minimum and Maximum Literature Scaling Factors

As with rat hepatocytes, a number of physiological values used to calculate scaling factors
have been referenced for human hepatocytes within the literature, although with a
narrower range. The maximum scaling factor was determined to be 3.47, and the
minimum scaling factor was 1.18 (see Table 34, Appendix 7.5). Results of the application
of these scaling factors to the data are displayed in Table 11 (see Figure 38 and Figure 39,
Appendix 7.7 for corresponding graphs). The maximum scaling factor had little effect on
the suspension assay, with only a 10% increase in the number of over-predicted studies.
Monolayer and SCH saw improvements to both GMFE and RMSE, as well as an increase in
successful in vivo predictions. The minimum scaling factor led to an increase in bias, and
reduction in precision and number of successful predictions in all assay formats. This was

particularly evident for monolayer and SCH, where under-predictions increased.

Table 11 - Effect of mean and median empirical scaling factors on the bias and
precision of CLint in vivo Predictions in human hepatocytes.

Scaling Standard Maximum Minimum
Factor

Scaling Value 2.57 3.47 1.18
Suspension GMFE (RMSE) 4.04 (1466) 4.09 (1462) 4.85 (1490)

% well predicted 31 24 22

% over-predicted 28 38 24

% under-predicted 41 38 54
Monolayer GMFE (RMSE) 4,85 (1831) 3.71(269) 7.98 (1908)

% well predicted 20 24 16

% over-predicted 16 19 8

% under-predicted 64 57 76
SCH GMFE (RMSE) 6.19 (1934) 5.81(1924) 13.5(1985)

% well predicted 23 23 7

% over-predicted 7 7 3

% under-predicted 70 70 90
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3.4.2.2.2. Mean and Median Required Scaling Factor

Mean and median scaling factors were calculated, as described in 3.3.4, and applied to
the data as shown in Table 12 (see Figure 40 and Figure 41, Appendix 7.7 for
corresponding graphs). The mean value exceeded that of the standard scaling factor in all
assay formats, leading to a reduction in under-predictions. It also led to a reduction of the
bias and an increase in precision, with the exception of the suspension assay, for which it
had the opposite effect. The median value was lower than the mean in all assay formats,
and in the case of suspension was slightly lower than the standard scaling factor. As a
result, no changes were noted for the suspension assay in comparison to standard
physiological scaling. Monolayer and SCH assays saw a more substantial improvement
when using the median over the standard scaling factor, with reduced bias, improved

precision and an increase in the number of successful predictions.

Table 12 - Effect of mean and median empirical scaling factors on the bias and

precision of CLint in vivo Predictions in human hepatocytes.

Scaling Factor Standard Mean Median
Suspension Scaling Value 2.57 10.05 2.53
GMFE (RMSE) 4.3 (1855) 5.5(1757) 4.3 (1858)
% well predicted 28 26 28
% over-predicted 31 59 31
% under-predicted 41 16 41
Monolayer Scaling Value 2.57 19.05 9.4
GMFE (RMSE) 4.73 (1835) 4.02 (1490) 3.27 (1671)
% well predicted 19 35 42
% over-predicted 15 50 31
% under-predicted 66 15 27
SCH Scaling Value 2.57 44.1 13.53
GMFE (RMSE) 6.19 (1934) 4.9 (1329) 3.65 (1677)
% well predicted 20 23 33
% over-predicted 7 63 30
% under-predicted 73 13 37




3.4.2.2.3. Clearance-Derived Scaling Factors

For human data, no significant correlations were noted between required empirical

scaling factor and CLint, in vitro (Figure 6). Despite the lack of statistical significance, CDSF

were tested as empirical scaling factors to determine if improvements could be made.

CDSF resulted in a reduction in GMFE and an increase in successful predictions for

monolayer and SCH, while precision saw no change (Table 13, see Figure 42, Appendix 7.7

for corresponding graphs). SCH had the largest improvement, where successful

predictions were increased by 20%. Data from suspension remained relatively unchanged.
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100 4

10 4

0.1

int, in vitro

Suspension
100
' ] ]
]
10 1) ®
.. ® ] ...
L) 9% ® ° ®
e ©° )
1 """"""" ‘ o T e o ""--=="
° % ° :‘ o €9 = 1505250059
‘ R? = 0.0029
e © °
01 9 )
'.
[
0.01 : : : \
1 10 100 1000 10000
Monolayer SCH
100
A
=]
o
Bl A A N
o =] 10 AA
° o A
=]
o A a
w N
________________________ - I O
a o o [ IN
y = 4.316x015? B y=12.160020 4
R?= 0.0246 5y R?=0.1095
T T | 0.1 T |
1 10 100 1000 1 10 100
CL (mL/min/kg)

Figure 6 - Empirical Scaling factor required in addition to physiological
scaling, plotted against CLjnt, in vitro fOr compounds in suspension, monolayer
and SCH for human hepatocytes. Line of best fit for required scaling factor

(solid line) and the static physiological scaling factor (dashed) are
displayed.
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Table 13 - Effect of CDSF on the bias and precision of CLint, in vivo Predictions in human

hepatocytes.
Scaling Factor Standard CDSF
Suspension GMFE (RMSE) 4.3 (1855) 4.28 (1850)

% well predicted 28 22

% over-predicted 31 37

% under-predicted 41 41
Monolayer GMFE (RMSE) 4.73 (1835) 3.41(1798)

% well predicted 19 32

% over-predicted 15 32

% under-predicted 66 36
SCH GMFE (RMSE) 6.91 (1947) 3.49 (1949)

% well predicted 20 43

% over-predicted 7 23

% under-predicted 73 33
3.4.2.2.4. Application of apparent intrinsic clearance

A total of 15 drugs were identified which had sufficient data to calculate CLint, app (se€

Table 36, Appendix 7.7). Of these, only one required metabolism data from microsomes

as no data were available from hepatocytes in suspension. Using standard physiological

scaling factors, Clint, app ranged between 1.4 — 130 mL/min/kg. An overall tendency

towards under-prediction was noted (Table 14, see Figure 43, Appendix 7.7 for

corresponding graphs), with GMFE calculated as 6.32 for CLintapp. This was substantially

worse than using uptake data alone for this set of compounds (GMFE = 3.05), while using

metabolism data alone resulted in the highest amount of bias (GMFE = 15.1). Precision

remained relatively high regardless of the data that was used, with RMSE values of 516,

604 and 600 for uptake, metabolism and CLixtapp, respectively.
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Table 14 - Summary of Clint, app in terms of bias and precision for the prediction of

CLint, in vivo in human hepatocytes.

Scaling Standard CDSF Median Mean

Metabolism  Scaling Value 2.57 N/A 34.5 393
GMFE (RMSE) 15.1 (605) - 5.15 (615) 4.38(579)
% well predicted 20 - 47 47
% over-predicted 7 - 33 33
% under- 20 20
predicted /3 )

Uptake Scaling Value 2.57 Varied 2.56 9.63
GMFE (RMSE) 3.05 (517) 3.1(511) 3.05(517) 6.16(919)
% well predicted 47 47 47 13
% over-predicted 33 40 33 80
% under- 20 7
predicted 20 13

CLint, app Scaling Value 2.57 Varied* Varied Varied
GMFE (RMSE) 6.32 (602) 3.46(570) 3.57(556) 4.17(553)
% well predicted 27 27 33 40
% over-predicted 6 40 13 40
% under- 33 54 20
predicted 67

*CLmet scaled by median scaling factor, since no CDSF was available for CLet

CDSF, mean and median scaling factors were used to assess if bias and number of

successful predictions were improved, as described in 3.4.2.1.4. It was observed that the

least degree of bias (GMFE = 3.05) was seen when using uptake data alone, scaled using

the median required scaling factor or the standard physiological scaling factor. For CLiy,

apps the lowest bias was noted when using uptake and metabolism data that had been

scaled using CDSF and the median required scaling factor, respectively, prior to input into

the equation. This resulted in a GMFE of 3.46, with a slight tendency towards over-

prediction. Use of the mean required scaling factor resulted in a larger reduction in bias

compared to using the median for metabolism only.
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3.5. Discussion

The primary focus of this chapter was to compile and analyse literature data in order to
provide an assessment of both the accuracy and precision of in vitro uptake data for the
prediction of in vivo hepatic clearance. It is important to note that, for the broad purpose
of this analysis, it is assumed that in vivo hepatic clearance is mediated by the uptake of
drug into the liver. It is to be expected that, given the diversity of drugs covered, this is
not always true. However, this method provides a platform to assess the utility of in vitro
uptake data as a predictor of in vivo clearance, as well as allowing for comparisons
between assay formats and investigating various methods of improving in vivo predictions

using scaling factors.

3.5.1. Database overview and prediction of CLint, in vivo

3.5.1.1. Rat Hepatocytes

In rat hepatocytes, the suspension format was identified as the most popular, both in the
number of studies and the number of unique drugs covered within the literature.
However, in general this assay had a clear tendency to over-predict in vivo clearance, an
aspect also shared with the media loss assay, although less data are available in this
format. Since hepatocytes are in the same suspended state in both the suspension and
media loss assays, they are both termed “non-cultured” formats. The non-cultured
formats displayed a large degree of bias, while precision was seen to be lower than that

seen for monolayer and SCH.

From these observations, it would be implied that the non-cultured assay formats cause
hepatocytes to display uptake rates above that which is typically seen in vivo. Inspection
of the BDDCS grouping and ionisation character of the dataset suggests passive diffusion
could be the process affected. Two observations have led to this hypothesis. First, in the
suspension and media loss assay, 79% and 60% of the class 2 compounds had an over-
prediction of their in vivo clearance, respectively. These compounds are typically
expected to have high permeability and metabolism, but have the potential to be
substrates of uptake transporters. Second, all neutral compounds were over-predicted in
suspension, and the vast majority in media loss. Neutral compounds are known to be able

to diffuse more readily across the plasma membrane and, taken with the BDDCS
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observation, indicate that it is possible non-cultured assays exhibit higher rates of passive
diffusion. This is further supported by the observation that all class 2 compounds that
were also neutral were over-predicted in both assays (n=10 and n=2 for suspension and
media loss, respectively). Although this provides a potential link, this hypothesis cannot
be tested further with the current data set, since no distinction was made between active
and passive uptake rates in many of the studies. This prevents analysis of the over-
predicted compounds to determine if passive diffusion plays a significant role in their

total uptake rate.

Both the monolayer and SCH assays require cells to be cultured for some time before
commencing the experiment, and as such are termed “cultured” formats. The
observations of the cultured formats directly contrasted that of the non-cultured formats,
with predictions largely falling short of the observed in vivo values. In terms of overall
bias, monolayer was seen to produce the lowest GMFE value (3.25) of the four assay
formats, while SCH produced the highest (14.5). Precision was higher than the non-
cultured formats for the monolayer assay, and SCH had the lowest observed RMSE value
of the four assays. The concordance of the SCH assay would suggest that this system

would benefit greatly from an empirical scaling factor.

In monolayer cultures, compounds with assumed higher permeability (BDDCS class 1 and
2) led to reasonable predictions of in vivo clearance, while low permeability compounds
that are expected to rely on uptake transporters for entry into the cell (BDDCS class 3 and
4) typically produced under-predictions. No distinct patterns were observed when
grouping based on ionisation character. It is therefore difficult to hypothesise the cause of
under-prediction. Since class 1 and 2 compounds aren’t seen to be over-predicted, an
issue noted for non-cultured assays, it would seem likely that passive diffusion in
monolayer cultures is more in line with that which occurs in vivo. The under-prediction of
class 3 and 4 compounds may suggest that culture time could lead to a reduction in
uptake transporters present at the cell membrane, and therefore a decreased uptake of

[136], However,

actively transported compounds, as has been hypothesised previously
without the distinction between active and passive uptake rates within this database, it is

again difficult to pinpoint where the source of error is likely to originate from.
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Due to the extent of under-prediction found in SCH, no particular patterns could be
identified. SCH assays are typically very similar to the monolayer assay in terms of their
culture and assay methodology, with the key difference of a much longer culture time
prior to commencement of the assay. It has been demonstrated previously that over time

[137]

in culture, the abundance of influx transporters in the membrane decreases~" ", and is

likely a key factor in the observed under-prediction of in vivo clearance.

Overall the monolayer assay appears to be useful for predicting in vivo clearance of
BDDCS class 1 and 2 compounds, and on average produces the least amount of bias for
any compound. Class 3 and 4 compounds will typically be expected to be under-predicted
in this format, therefore a non-cultured format may be preferable. SCH in its current form
is considered unsuitable for prediction of in vivo clearance, as compounds were almost

exclusively under-predicted by several fold.

3.5.1.2. Human Hepatocytes

Analysis of data from human experiments displayed some clear differences to that which
was seen in rat, as well as some similarities. No literature data were found for human
hepatocytes in the media loss format. It is not clear if this is due to methodological
incompatibilities, or simply due to the tendency to use hepatocytes in suspension by
default when using human hepatocytes (particularly when considering the high financial
cost and the novelty of the media loss assay). Hepatocytes in suspension again had the
highest frequency in the literature, the majority of which resulted in an under-prediction
of in vivo clearance. Despite this difference to rat hepatocytes, overall bias was found to
be very similar, while precision was better in human. BDDCS class 1 compounds were
particularly well predicted, while class 2 suffered the same over-prediction issues seen in
the rat. lonisation character did not appear to have any influence on predictions for

human hepatocytes, unlike observations for neutral compounds in rat hepatocytes.

Human hepatocytes in monolayer maintained similar results to that in the rat, with a
large majority of studies under-predicting in vivo clearance. Both bias and precision were
found to be worse in human monolayer than the human suspension format. For both
BDDCS and ionisation character no clear pattern to distinguish the cause of under-

prediction was observed.
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Similar to rat, human SCH saw the vast majority of studies resulting in an under-
prediction of in vivo clearance. GMFE (6.19) was greater than both the suspension and
monolayer formats, however, it was a marked improvement over that observed in the
rat. SCH had the highest RMSE value, indicating the lowest precision, of the three human
assay formats. As would be expected, all BBDCS classes tended to be under-predicted,
with the exception of class 4 compounds which showed good predictions (although there

was insufficient data within this class to draw any conclusions).

Overall, when using human hepatocytes the least amount of bias was noted when using
the suspension format. Compared to rat, human hepatocytes tended to show an under-
prediction of in vivo clearance. Human monolayers displayed more bias than was seen in
their rat counterparts, however the percentage of good, over and under predictions
remained similar, with a strong tendency towards under-prediction. Human SCH were
again seen to heavily under-predict in vivo clearance, although not to the same degree as
was seen in rat. Despite this, the assay appears to be inappropriate for estimating in vivo
clearance as a standalone assay. Empirical scaling or integration with other systems
would be required before this assay is suitable for use in such a manner. In this particular
study, no comparison was made between common drugs within each assay format. This
was due to data being tabulated individually, rather than through calculation of an
average for each drug. As such, comparison of common drugs was not considered to be
informative, given the disproportionate number of paired data relative to the actual

number of common drugs.

3.5.2. Variability in scaling factor and the use of empirical values to improve Cliyt, in vivo
predictions

3.5.2.1. Rat Hepatocytes

Analysis of data in 3.4.1 was performed using scaling factors reported in the literature.
Physiological values of 200 mg protein/g liver and 40g liver/kg bodyweight were selected,
which equated to a scaling factor of 8. However, during the construction of the database
it became apparent that the choice of values for these scaling parameters varied
substantially. As such, the next aim of this study was to determine to what extent the

choice of values for the physiological scaling factor affected the outcome of predictions.
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Using various combinations of physiological factors quoted in the literature, maximum
(15.5) and minimum (3.46) scaling factors were calculated and applied to the data. As was
expected, non-cultured assay formats, which were previously seen to produce over-
predictions, benefitted from the use of the minimum scaling factor. Indeed, it was noted
that the majority of studies in the literature that had performed IVIVE using data from
hepatocyte suspensions or media loss assays opted for a scaling factor below that of
which was selected for this study. Most commonly this would be composed of a
hepatocellularity of 120 x 10° cells/g liver and a liver weight of 40 g liver/kg bodyweight,
which results in a scaling factor of 48191 136, 138, 139] Conversely, cultured formats
benefitted more from the maximum scaling factor. It was particularly evident that IVIVE
of SCH data more frequently opted for the physiological scaling factor of 8% 1401431

which was applied in this study.

Following from this initial analysis of physiological scaling, several methods were applied
to generate empirical scaling factors, a principle that has been employed for some time in
order to aid IVIVE. In particular, this method has been used in order to combat the
clearance-dependent under-prediction of metabolic data****** but has also been used

previously in smaller uptake datasets to improve accuracy of in vivo predictions[146' 147

The first method employed in this study was to calculate the arithmetic mean and median
required scaling factor for each assay format. This led to the unexpected result of non-
cultured assay formats having a greater mean empirical scaling factor value (9 and 23 for
suspension and media loss, respectively) than the standard physiological scaling factor
value of 8. As a result, application of the mean empirical scaling factor led to an increase
in GMFE, as well as a greater number of over-predictions for each of these assays. Upon
further investigation, it became apparent that these high mean values were caused by a
small number of studies which produced predictions which were in some cases greater
than 100-fold lower than the observed in vivo clearance. In comparison, the largest over-
prediction was only 7-fold greater than the observed in vivo clearance, which led to a
skew in the mean value. In the case of both monolayer and SCH, the overall effect was an
improvement in terms of bias, but at the expense of a decrease in precision and a large

increase in the amount of over-predictions generated.
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As an alternative to the mean scaling factor, the median value was also calculated in
order to counteract the skew caused by extreme values. The resulting scaling factors for
non-cultured formats were lower than the physiological scaling factor, while cultured
formats had much higher values. This led to a reduction in bias for all assay formats, while
precision increased for non-cultured formats but decreased for cultured formats. Overall,
it would appear that the median required scaling factor would be the best choice for
increasing accuracy, despite the mean or standard scaling factors in some cases leading to

a higher percentage of successful predictions.

The second method employed was termed “clearance-derived” scaling factors (CDSF).
This principle involved plotting the required scaling factor against the measured CLint, in
vitro- Upon fitting a trendline, it became apparent that for all assay formats, as Clint in vitro
increased, the required scaling factor to equal the observed CLint invivo decreased. This
would mean that when using a static scaling factor, high clearance compounds were more
likely to be over-predicted than lower clearance compounds. This directly contradicts

findings that have been reported for metabolism data!!

, Where the scaling factor
required increases as Clintin vivo iNcreases. For rat, it was found that all correlations
between required scaling factor and the CLint invitro Were significant for uptake data, but
not for metabolism data. Using the line equations for each assay, scaling factors were
then generated based on each compound’s CLint, in vitro- When applied, large improvements
were noted to the bias, precision and percentage of successful predictions for each assay
format. CDSF incorporated both an empirical scaling factor, as well as combating the

observed clearance-based over-prediction. As a result, each of the assay formats

displayed a similar degree of bias when predicting in vivo clearance.

3.5.2.2. Human Hepatocytes

A repeat of the analyses described in 3.5.2.1 were performed for data collected from
human hepatocytes. In terms of literature scaling factors, human physiological
parameters saw much less variation. Despite this, the fold difference between the
minimum and maximum scaling factors, compared to the most frequent literature values,

was very similar between human and rat.
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In general, cultured formats benefitted from the use of the maximum scaling factor,
which led to a reduction in bias and an increase to the proportion of successful
predictions for both assay formats. The suspension assay was not heavily influenced by

either scaling factor, with the standard scaling factor providing the most accurate results.

Overall it was concluded that the choice of physiological scaling factor had less impact
when calculating human clearance than was noted in the rat. That being said, it would not
be recommended to apply the lowest scaling factor, due to the negative effect on
cultured formats. If using these assays, the maximum scaling factor would likely result in

better outcomes for predictions.

In terms of the mean and median required scaling factors, the same occurrences were
observed for human as for rat. When calculating the mean, extreme under-predictions
again inflated the value of the mean, resulting in an increase in bias for the suspension
assay, while both cultured formats saw modest improvements (at the expense of large
increases to the proportion of over-predictions). The median required scaling factor was
more suitable, resulting in the largest improvements to bias and successful predictions in
the cultured formats. Interestingly, the median required scaling factor value was almost
identical to the standard physiological value for the suspension assay, and as such no
change was noted. As was shown in 3.5.2.1 it appears that the use of median scaling
factors is preferable when generating static empirical scaling factors. With the huge
variability in predictions, this approach helps to even out the skew caused by extreme
values. In addition, use of the median scaling factor only had positive effects on the bias

of each system tested in both rat and human, indicating it to be a very reliable method.

When generating CDSF in human, correlations between CLiy, in vitro @and required scaling
factors were found not to be significant. Regardless of the lack of statistical significance, it
was concluded that this method produces an empirical scaling factor, and could still
therefore be useful. This was indeed seen to be the case for monolayer and SCH, as the
application of a CDSF resulted in a greater improvement to bias and successful predictions
than was noted for any of the previous empirical scaling methods. For suspension, no
change was noted between use of the CDSF and the standard physiological scaling. It is

therefore concluded that the use of CDSF appears to be an effective method to improve
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CLint, in vitro predictions for all assay formats, as at worst they will produce the same

predictions as using standard physiological scaling factors.

3.5.3. Use of the CLint, app term to improve Clin, in vivo predictions

3.5.3.1. Rat Hepatocytes

Althoug