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Abstract

Abstract

Horses are extensively exposed to various kinds of medication. However,
limited information is available about how these medications are
metabolised in this species. Hence, the development of strategies and
methods that provide a better understanding of different metabolic
pathways for different drugs is of major importance.

Although, the horse is considered as a monogastric animal, it is also a hind
gut fermenting animal, i.e. most of the feed is degraded in the cecum and
colon. Thus, it is hypothesised that this could result in an evolutionary
difference in xenobiotic metabolising enzymes between human and horses
which may lead to different pharmacokinetics.

Therefore, the main aim of this study is to develop an in vitro model as a
preclinical testing system of newly developed substances for horses using
freshly isolated, cryopreserved equine hepatocytes and liver microsomes.
Fresh hepatocytes were isolated and liver microsomes were prepared using
livers which were obtained from horses, post slaughter. Part of the freshly
isolated hepatocytes were cryopreserved.

A comparison metabolic study was carried out to compare the three in vitro
systems. The intrinsic clearance (Clint) of three drugs used in equine
medicine omeprazole, flunixin and phenylbutazone, was determined via the
substrate depletion method. The determined Clint values were extrapolated
to in vivo hepatic clearance (Cly) using two in vitro liver models, namely,
well stirred and parallel tube models. To perform the extrapolation step, the
values of microsomal protein per gram of liver (MPPGL) and the number of
hepatocytes per gram of liver in the horse (HPGL), also known as the
hepatocellularity, key scaling factors in both the well-stirred and parallel
tube models, were obtained for horse. These scaling factors were
determined by comparing the CYP P450 content in microsomes and

cryopreserved hepatocytes against the CYP P450 content of the liver.
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Additionally, HPGL was also calculated from the ratio of liver protein
concentration to matched hepatocyte suspension protein concentration.
Effects of ageing on CYP P450 content, MPPGL and HPGL values were also
investigated. Furthermore, chloramphenicol’s potential effect on the in vivo
AUC for omeprazole was predicted using microsomes.

In the present study, freshly isolated equine hepatocytes were successfully
cryopreserved and the viability of recovered cells, after a 30% Percoll
gradient, was 77 £ 11% and estimated recovery rate was approximately
27%. MPPGL and HPGL values ranged 41-73 mg/gram of liver (mean= 57
mg/gram of liver, n=39) and 146 - 320 x 10° cells/g of liver (Average =
227x% 106 cells/g of liver, n=18) using CYP P450 method; and 156 - 352 X
108 cells/g of liver (Average = 232x 10° cells/g of liver) using protein
method. It was found that increase in age had no effect on CYP P450/mg
microsomal protein content.

This study successfully predicted the in vivo clearance for omeprazole,
flunixin and phenylbutazone using, both, freshly isolated and cryopreserved
equine hepatocytes. Meanwhile, microsomes significantly underpredicted
the in vivo hepatic clearance Clu. However, microsomes were used in present
study to perform drug-drug interaction (DDI) in vitro study between
omeprazole and chloramphenicol. The average of ICso and the inhibitor
constant Ki of the three horses were 17.7+5.8 pM and 15.4+5 puM,
respectively.

The work presented in this thesis paves the way to develop in vitro models
using equine hepatocytes and liver microsomes, which are reproducible,
scalable and compatible with screening platforms. These models can be
applied to the improvement of predicted detection times (DT) in horse racing
which may aid veterinarians to estimate accurate withdrawal times; hence,
the horse welfare will be improved. Moreover, further phase II metabolism,

drug induction and comparative studies can be performed.
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1 Introduction

Horses are considered as companion animals, but also as a food producing
species in certain countries. Furthermore, according to the British
Horseracing Authority (BHA), the British racing industry has an overall
impact of £3.45bn on the British economy (British Horseracing Authority,
2013). Horses are extensively exposed to different kinds of medication
(Nebbia et al., 2003; Scarth et al., 2011). However, limited information is
available about how drugs are metabolised in this species. Thus, a better
understanding of equine drug metabolism is important for optimal drug
dosing regimens and to predict potential drug-drug interaction (DDI).
Consequently, equine veterinary surgeons will be better informed with
regard to the outcomes of administered drugs and as a result, potential DDIs
may be avoided. This will ultimately lead to improved welfare of the horse
population. Furthermore, with a greater understanding of how drugs are
metabolised the detection of drug abuse in equine sports such as horseracing
and equestrian eventing will be better regulated. Consequently, the
development of strategies and methods that provide better understanding
of different metabolic path-ways for different drugs is of major importance.
The liver is considered the predominant organ of metabolism for the majority
of endogenous chemicals and xenobiotics. This has led to the development
of a set of liver-based approaches that can be used to study drug metabolism
in vitro (Brandon et al., 2003). In the last three decades, in vitro metabolism
has gained significant popularity in the drug discovery process. Primarily,
this has been due to a number of factors, including the controversial ethical
issues involved with studies using animals, because, first it wrongly violates
the “rights” of animals, and second, it wrongly imposes on sentient creatures
much “avoidable suffering” (Cohen, 1987). Thus, for many decades people

have continued to debate, defend and protest animal use in these kind of
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experiments and research. On the other hand there is a questionable
applicability of the data to human; also there are significant financial costs
associated with Jin vivo studies (Ferdowsian and Beck, 2011). Isolated
hepatocytes and microsomes are considered as the most common and
practical systems used to study drug metabolism in vitro (Brown and

Houston 2007).

1.1 Pharmacokinetics

Pharmaceutical compounds act on different molecular targets inside the
body. The desired pharmacological effect can only be achieved when a
specific concentration of unbound drug reaches the site of action. Hence, the
drug concentration at different sites is a key element of the pharmacological
efficiency of any drug therapy.

Pharmacokinetics (PK) is defined as “the study of kinetics of absorption,
distribution, metabolism and excretion (ADME) of drugs and their
corresponding pharmacologic, therapeutic, or toxic responses in man and
animals” (American Pharmaceutical Association 1972). Hence,
pharmacokinetics enables to quantify the drug absorption, distribution,
metabolism and excretion (ADME) (Ionescu and Caira 2005; Alsanosi et al.

2014).

1.1.1 Absorption

The movement of drugs from the site of administration to the systemic
circulation, most often irreversible, is known as absorption. Except
intravenous or intra-atrial injection directly into blood, all systemically acting
drugs that are administered via any extravascular routes such as oral,
sublingual, inhalational, sub-cutaneous, transdermal, intradermal and rectal

needs to be absorbed to the blood (Jambhekar and Breen 2009).
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1.1.2 Distribution

When a drug is distributed it moves from one location (usually the blood) to
another (usually organ or tissue) within the body. The rate and extent of
drug distribution is reliant on three factors; 1) how well the tissue and/or
organs are perfused with blood. 2) the capability of the drug to bind to blood
plasma proteins and tissue constituents, and 3) the tissue membrane
permeability to the drug molecules (Jambhekar and Breen, 2009). These
variations lead to most drugs being distributed unequally to all parts of the
body.

1.1.2.1 Membrane transport

Drugs can be transported via cellular membranes by diverse ways, this
include: passive transcellular diffusion, paracellular transport, endocytosis
or carrier-mediated transport. The most common route by which drugs
passes the enterocytes in the intestinal mucosa is passive diffusion. This
process is driven by the concentration gradient, which indicates that the
compound moves towards regions of lower concentration (or by an
electrochemical gradient) (Sugano et al., 2010). On the other hand, there
are several carrier-mediated transport mechanisms; 1) facilitated diffusion
occurs when the compounds are transported across the membrane in the
direction of the concentration gradient, despite the transport has a saturable
behaviour, 2) Primary active transporters, which utilise ATP to maintain a
gradient across the membrane, 3) Secondary active transporters use energy
from ion gradients (often Na+, Ca+ and H+ gradients) generated by primary
active transporters. Membrane transporters are divided into two main super
families, ATP-Binding Cassette (ABC) and SolLute Carrier (SLC) superfamily
(Schinkel and Jonker 2003; Hediger et al., 2004; Mooij et al., 2016).
Transporters comprise several transmembrane domains and one or more
binding domain(s) which enable the translocations of drugs over the cell
membrane. However, numerous drugs undergo both passive diffusion and

3



Chapter 1 Introduction and Aims

active transport. The ABC transporters (efflux transporters) are ATP-
dependent and pump the drugs out from the cell. Whereas, the SLC
transporters may work in both direction and are driven by electrochemical
gradients or gradients of counter-substrates or co-substrates (Endres et al.
2006; Vasiliou et al., 2009). Furthermore, uptake of compounds from the
blood into tissue or organs such as liver and kidney as well as absorption
from the gastrointestinal tract or lung tissue into the peripheral circulation
is mediated by the SLC transporters (Sai and Tsuji, 2004). The phase II
conjugates often have poor membrane permeability. Therefore, carrier-
mediated transport is essential for biliary excretion and secretion from
hepatocytes into sinusoidal blood as well as for the excretion of drug
metabolites from tubular cells of the kidney into the urine (Zamek-
Gliszczynski et al., 2006).

1.1.3 Metabolism/biotransformation

Metabolism or biotransformation is the process of converting a drug to
another molecule which mainly occurs in the liver. Usually these metabolites
are inactive, however, there are some exceptions where metabolites produce
a pharmacological effect (Ionescu and Caira 2005; Jambhekar and Breen
2009). Certain compounds, known as prodrugs are inactive and need to be
metabolised to another form to become an active drug; e.g. valacyclovir
which is an oral prodrug of the, antiviral agent, acyclovir (Zovirax®) (Garré
et al., 2007). Water-soluble substances are secreted by the kidneys,
whereas lipophilic substances must be transformed in the hepatocytes into
water-soluble compounds by increasing their polarity to allow secretion.
Biotransformation can be divided into phase I and II reactions (Grijalva and

Vakili, 2013).
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(A) Phase I reaction

Phase I reactions are also called activation reactions or “functionalisation
reactions”, which involves oxidation, reduction, and hydrolytic reactions. In
this stage, the polarity of lipophilic substances is enhanced by adding or
unmasking the chemically reactive group, e.g. -NH2, -COOH, -OH or -SH
groups. This can be done in different ways, such as the introduction of the
functional group (e.g., aromatic and aliphatic hydroxylation) or by modifying
existing functionalities (e.g., reduction of ketones and aldehydes to alcohols;
oxidation of alcohols to acids; hydrolysis of ester and amides; reduction of
azo and nitro compounds; oxidative N -, O - , and S - dealkylation) (Penner

et al., 2012).

(B) Phase II reaction

The phase II reaction or detoxification reaction mostly refers to conjugation.
In this phase, a substance or its metabolites from a phase I reaction are
bound with a water-soluble endogenous molecule (conjugation) to form
more water-soluble derivatives that can be excreted in the urine or bile.
Phase II enzymes are located in the smooth endoplasmic reticulum (that
forms microsomes), cytosol and mitochondria. These conjugative enzymes
include glucuronosyltransferases (UGTs), sulfotransferase (SULTSs),
glutathione-S-transferase (GSTs) and methyl (N - methyl -, thiomethyl -,
and thiopurinemethyl-) transferases. Phase II reactions include many types,
namely glucuronidation, sulfation, glutathaione conjugation, acetylation,
methylation and conjugation with amino acids (e.g. glycine and glutamic
acid). In most of cases, the outcome of phase II reactions is an increase in
a compound’s hydrophilicity and decrease in volume of distribution; hence
excretion can be increased (Gibson and Sket 2001; Nebbia, 2001; Ionescu

and Caira 2005).
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1.1.3.1 Metabolism and Transport Interplay

In several cases, same drug may be eliminated by both transporters and
metabolising enzymes. This can complicate the evaluation and
understanding of drug-drug interactions studies in vitro and in vivo. Uptake
transporters may take up the drug into the hepatocyte; hence the drug will
be metabolised by phase I and/or phase II enzymes; eventually, the parent
drug and/or the metabolite(s) may be transported back to the blood and/or
into bile. All these enzymes and transporters are potential sites of drug-drug
interactions (Endres et al., 2006). DDIs at the level of hepatic cytochrome
P450 is well characterised and there are many examples in the literature
(Lin and Lu 1998; Park et al., 2003; Mukoyoshi et al., 2008). On the other
hand, changes in the concentration of the drug in the cells or in the
circulation can also occur by either inhibition or induction of relevant
transporter proteins in the liver (Shitara et al., 2003; Wu and Benet 2005).
For example, it was found that rifampicin, which is both inhibits OATP uptake
transporters and induces P450 enzymes, where interacted with the
OATP/P450 substrate glyburide. The AUC of glyburide was increased after
the first intravenous dose of rifampicin, most likely due to inhibition of
organic anion-transporting polypeptide OATP family. Whereas multiple
doses of rifampicin decreased the AUC of glyburide, possibly due to induction
of P450 enzymes (Zheng et al., 2009). Similarly, it was found that
administration of rifampin for five days prior phenylbutazone into horses,
resulted in a significant increase in both the rate of distribution (a) overall
rate of elimination (B) as well as the body clearance rate (CIB). Whereas,

the plasma half-life was decreased (t1/2 ) (Burrows et al., 1989). However,

the occurrence of OATP in horse tissues is not evident in the literature.
Several in vitro systems have been developed to study the uptake kinetic of
drugs and the biliary efflux in human and rat (Ansede et al. 2010; Cantrill

and Houston 2017). Human epithelial Caco-2 cells (colorectal
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adenocarcinoma cells) can be used as a model to study hepatic efflux
transporter-mediated interactions (Hu et al., 2004; Zou et al., 2012).
Whereas, the evaluation of uptake activity of important hepatic drug
transporter requires more liver like models or cell lines. Hence, primary
hepatocytes which possess a complete set of metabolising enzymes and
transporters involved in hepatic drug clearance and are considered as the
best in prediction relevant in vivo clearance parameters are used in this type
of studies (Jigorel and Houston 2012). However, fresh human hepatocytes
exhibited an extensive reduction in transporters activity 6 h after plating
(Ulvestad et al., 2011). Therefore, sandwich cultured human hepatocyte
system was developed and can be used if longer incubation times are
required (Swift et al., 2010). Moreover, cryopreserved human hepatocytes
represents a potential alternative for freshly isolated hepatocytes since the
activities of important hepatic drug uptake transporters have been reported
to be present in cryopreserved hepatocytes (Umehara et al., 2007; Soars et
al., 2009) . In this context, immerging of Biopharmaceutics Drug Disposition
Classification System (BDDCS), which categorises drugs into four classes
according to their solubility and permeability, may help in: predicting effects
of efflux and absorptive transporters on oral absorption when transporter-
enzyme interplay will yield clinically significant effects such as low
bioavailability and drug-drug interactions, understand the direction and
importance of food effects, and transporter effects on post-absorption

systemic levels following oral and intravenous dosing (Wu and Benet 2005).

1.1.3.2 Equine Drug Metabolism

The effect of physiological differences between horse and human has not
been completely understood due to the lack of relevant data. However
differences in digestive tracts between the two species are expected to have

some impact on drug metabolism (Scarth et al., 2011). For example, the
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equine caecum can produce substantial amounts of monoamines. When
absorbed into the body these monoamines may have directed the evolution
of certain drug metabolising systems (levels of monoamine oxidases and
certain CYPs/Flavin monooxygenase [FMOs]) over many thousands of
generations. Moreover, it has been found that the detected concentrations
of monoamines in the blood of horses vary with their diet according to the
season. This suggested that any enzymes responsible for monoamines
metabolism may show similar seasonal fluctuations through adaptive
induction (Bailey et al., 2003).

Generally, within the equine field most of the published literature is obtained
from the detection of drug abuse in horseracing (Toutain and Lassourd,
2002). This could be due to metabolism data needed for drug approval
regulations having less importance in the veterinary drug industry however,
a vast number of drugs are prohibited in horse racing. On the other hand,
some countries consider horses as a food-producing animal. This has an
impact on therapeutic drug usage and consequently on drug metabolism
research due to legislations regarding the residues of veterinary drugs
entering the food chain (Blanca et al. 2013; Boison et al. 2016). However,
as popular companion and athletic animals, horses are frequently
administered a wide range of medications where drug-drug interaction are
more likely to occur. It was reported that, phenylbutazone metabolism was
faster when administered after rifampicin; moreover, renal clearance of
digoxin was decreased when dosed along with quinidine (Scarth et al.,
2011). In this context, doping control is a major concern in the horseracing
industry and many substances, such as anabolic steroids, are banned within
racehorses due to potential performance-enhancing effects (Scarth et al.,
2011). In racehorses, like human athletes, doping control comprises of
searching for certain metabolites in plasma and urine; however, due to the

lack of details of the specific enzymes involved in drug metabolism in the
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horse, most of the data concerning horse-dosing and potential drug-drug
interactions is based on other species. However, many species differences
have been reported regarding drug metabolism suggesting that it may not
be ideal to extrapolate metabolism data between species (Chauret et al.,
1997; Nebbia et al., 2003). Unlike other species, in vivo metabolism studies
in the horse are not easy to conduct because of their size, cost, difficulty to
obtain large sample numbers and the associated regulations around large
mammal research (Animals in Science Regulation Unit 2014). Recently, in
vitro drug metabolism studies have been used in equine surveillance
laboratories to compliment the in vivo studies and to determine possible
routes of metabolism (Ho et al., 2005; Ho et al., 2007; Scarth et al., 2010).
Furthermore, in vitro studies may help in the identification of drug
metabolites in vivo by producing a more concentrated sample and the

generation of metabolite reference standards.

1.1.4 Cytochrome P450 Enzyme

Cytochrome (CYP) P450s represent one of the largest and most ancient
superfamily of mainly microsomal and mitochondrial haemoproteins. They
are containing a haem cofactor in their reactive site, and are involved in
electron transfer reactions (Gray and Winkler, 1996). CYP P450s were first
discovered in rat liver microsomes by Klingenberg (1958), who noticed that
a prominent optical peak at 450 nm appeared when carbon monoxide was
added to the microsomal suspension reduced with dithionite or NADH.

CYP P450 enzymes are considered as the main contributor in drug
metabolism followed by Uridine diphospho-glucuronosyl transferase (UGTSs)
and esterases. Generally, more than 95% of the top marketed drugs in
human are metabolised to some extent by this group of enzyme (Williams
et al., 2004). CYP P450 enzymes are located on the smooth endoplasmic

reticulum of number of tissues such as liver and lungs (Ogu and J. L. 2000).
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Their mechanism of action is quite complex, however the result of the
reaction is relatively simple: the formation of a hydroxyl group by inserting
one atom of molecular oxygen into the substrate while reducing the other

atom of oxygen to water (Penner et al., 2012).

1.1.4.1 Nomenclature of CYP P450

Reduction of the oxidised form of cytochrome P450 (Fe*3) to the ferrous
(Fe*?) state, gives it the ability to bind ligands such as Oz and CO. The term
‘cytochrome P450' refers to a coloured substance in the cell. This pigment,
when reduced and bound with carbon monoxide, forms a complex with the
maximal absorbance between 447 and 452 nm (with an average of 450 nm)
(Klingenberg 1958).

The nomenclature system is based on an evolutionary relationship between
CYP450 enzymes and not on similarity in substrate phenotype. The drug
metabolising P450s are confined to subfamilies 1, 2, 3, and 4 (Mckinnon et
al., 2008).

Generally, P450 sequences that display greater than 40% amino acid
identity are placed in the same family. Similarly, those sequences that are
greater than 70% identical are placed in the same subfamily (Mckinnon et
al., 2008).

In human liver, there are at least 18 distinct P450s, while only 10 from
families 1, 2, and 3 (CYP1A2, CYP2A6, CYP2B6, CYP2CS8, CYP2C9, CYP2C19,
CYP2D6, CYP2E1, CYP3A4, and CYP3A5) are responsible for the hepatic

metabolism of most marketed drugs (Furge and Guengerich 2006).

1.1.4.2 Equine CYP P450

An equine CYP named P450-(h-1) was purified and partially characterised
by Komori et al. (1993). The cross-reactivity of an antibody generated
against P450-(h-1) with rat 2C P450s suggested that P450-(h-1) belonged

to the CYP2C subfamily.
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CYP enzymes in subfamily 1, 2 and 3, which play a major role in drug
metabolism, have been characterized in horses and studies have revealed
metabolic activity in equine liver microsomes for various substrates such as
testosterone (Schmitz et al., 2014). Many species differences have been
identified regarding CYP activities (Chauret et al., 1997; Nebbia et al,,
2003). A comparison between horse, dog, human and cat using microsomes
revealed that troleandomycin, an inhibitor of CYP3A4 in humans, did not
affect the metabolism of testosterone in the horse; however, inhibitors of
other CYPs did affect the metabolism of specific compounds (Chauret et al.,
1997). Furthermore, it has recently been shown that the CYP2B6A subfamily
is involved in testosterone metabolism in horse and human but not dog, and
sulfaphenazole inhibited metabolism in human more than in horse (Zielinski
and Mevissen, 2015).

Differences in CYP P450 activities could lead to significant pharmacokinetic
differences between humans and horses. For example, non-steroidal anti-
inflammatory drugs are used frequently in horses to treat inflammation and
pain (Kollias-Baker 2005). However, few studies have been conducted
regarding the pharmacokinetics of these compounds in horses (Chay et al.,
1982; Sams et al., 1999; Rehman et al., 2012; Friebe et al., 2013).
Furthermore, monensin, an ionophoric coccidiostat used in poultry may
cause fatal intoxication in horses. Comparative studies with microsomes
from various animal species, including pigs, horses, cattle, broiler chickens,
and rats, revealed that the horse had the lowest catalytic ability to

demethylate (and hence detoxify) monensin (Nebbia, 2001).

1.1.5 Excretion

Even though the kidney is considered as a primary site for elimination of
drugs and their metabolites, the liver is the primary organ where drug

metabolism occurs which can be excreted via bile. On the other hand,
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substances of high vapour pressure such as gaseous anaesthetics and
alcohol are excreted via lungs. Breast milk is also considered as a potential

route for drug elimination (Jambhekar and Breen 2009).

1.1.6 Elimination

Elimination is defined as an irreversible removal of drug from the body
(Ionescu and Caira 2005; Jambhekar and Breen 2009). This is normally
performed either by excretion and/or by metabolism. In this context, among
many terms related to drug pharmacokinetics (PK), the parameters of
clearance and volume of distribution have the highest importance. The
volume of distribution (V) of a drug represents the amount left in blood after
the drug has been absorbed and distributed. It is usually expressed in either
litres, or litres/kg of body weight. The larger the V, the more the drug has

been widely distributed in the body (Jambhekar and Breen 2009).

1.1.6.1 Plasma Clearance

Plasma clearance is often defined as the plasma volume which is totally
cleared of drug per unit of time. It is one of the most important PK parameter
values because it determines dosage rate (Jambhekar and Breen 2009). The
relationship between the dosing rate and the plasma clearance is expressed

in the following equation:

Plasma clearance x therapeutic plasma concentration 1.1

Dosi te =
osing rate Bioavailability

Where ‘Dosing rate’ is the dose per dosing interval (amount/time),
‘Clearance’ is the plasma clearance expressed for the given dosing interval
(e.g. per day), ‘therapeutic concentration’ is the average effective target
plasma concentration required to obtain the desired response, and
‘Bioavailability’ is defined as the actual percentage of drug that reaches the

systemic circulation after administration by an extravascular route.
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1.2 Drugs used in equine medicine

There are different classes of drugs used in or has an importance in horses
and particularly in horseracing; these include: anabolic-androgenic steroids
(AAS) (such as testosterone, nandrolone, and boldenone), stimulants (such
as amphetamine), sedatives/tranquilizers (such as xylazine, barbiturates
and acepromazine), [B2-agonists, local anaesthetics, non-steroidal anti-
inflammatory analgesics (NSAIDS)/cyclooxygenase-2 (COX-2) inhibitors
(such as phenylbutazone, meloxicam and flunixin, opioid analgesics (such
as morphine, codeine and diacetylmorphine), diuretics (such as furosemide),
beta-blockers, anti-ulcerative drugs, anti-infective drugs (Scarth et al.,,
2011).

Both anabolic-androgenic steroids and stimulants are banned by many
horseracing authorities (Federation Equestre Internationale 2017). The
other classes of drugs such as NSAIDS and anti-ulcerative drugs are
frequently used to improve the horse welfare; however, because of their
potential to affect horse performance all these drugs are controlled by most
of horse race authorities. Therefore, most of these drugs has been subject
to metabolism and pharmacokinetic studies. For example, it was found that
55% of radio-labelled phenylbutazone dose administered to horses was
excreted into urine, and the remaining of the radio-labelled dose was
recovered in faeces. The same study reported that about 80% of the
radioactivity in plasma could be ascribed to parent phenylbutazone;
whereas, the remining percentage being divided equally between the
unconjugated phase I metabolites oxyphenbutazone and -
hydroxyphenylbutazone. On the other hand, parent phenylbutazone
represent only approximately 7% of the urinary products with presence of
unconjugated phenylbutazone metabolites. However, other study found that
a considerable animal to animal variation was encountered in tested horses

when on oral dose of phenylbutazone was administered. This could be due
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to phenylbutazone being recirculated i.e. secreted in the bile and
subsequently reabsorbed (Gerring et al., 1981).

Other commonly medications being frequently used in performance horses
are anti-ulcer medications such as cimetidine, ranitidine, and omeprazole.
They are used to treat gastric and duodenal ulcers (Knych et al., 2016). The
disposition of this class of drugs has been extensively studied in horses. It
was reported that there is a degree of individual variation with
bioavailability, and healing of the squamous mucosa consistently observed
(Sykes et al., 2015) which may has a direct impact on drug efficacy and
horse welfare. This variation in the efficacy of omeprazole has been observed
in human and it is linked to mutations in the CYP2C19 gene and changes in
the rate of elimination (Ma et al., 2012). Despite relative scarcity of
sequenced enzyme data compared to many other species, but availability of
in vitro models that being used for study drug disposition and development
in human medicine may represent a suitable alternative for better
understanding of drug deposition in horses. In this context, conducting prop
substrates studies may help to understand drug metabolism in horses and
in identify different metabolic pathways. For example, chloramphenicol
which is considered as potent inhibitor of CYP P450 isoform CYP2C19 can be
used to conduct drug-drug interaction in horses using both equine liver
microsomes or isolated equine hepatocytes. Furthermore, sandwich cultured
hepatocytes between collagen and matrigel can form an intact canalicular
networks and polarised excretory function (Bi et al., 2006; Kim et al., 2010).
This will help to understand the drug metabolism in horses allowing to make
better pharmacokinetic prediction. This is crucial since pharmacokinetic
parameters having a key role in determining the dosage rate of a therapeutic
substance. Clearance, for example, can be used to determine the therapeutic
plasma concentration when the dosage rate is known which can be applied

to medication control in sport’s competitions.
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1.3 Drug detection time and withdrawal time in the context of
Equine Sports Competition

Sport horses, as athletes, and to reach their full potential need to be fed,
trained and treated correctly. However, horse treatment represents the
major challenge for a veterinarian, because of the substantial number of
drugs in everyday use. These drugs are administered to horses at different
doses and are eliminated at widely different rates. Therefore, these
medications have to be given under controlled protocols to prevent
medication violations and protect the welfare of the horse (medication
control) (Toutain, 2010b).

In Europe, for instance, there is a committee responsible for harmonising
sample testing and polices for racing in Europe, which is called the European
Horse-race Scientific Liaison Committee (EHSLC). A general policy that
discriminates the control of drug effects of therapeutic substances
(medication control) and the control of any drug exposure for all illegal
substances (doping control) has been established by this committee
(Barragry 2006; Dowling 2002; Toutain 2010a). Regarding medication
control, the central mission of the EHLSC is to establish agreed harmonised
screening limits (HSL) for all nations involved in the EHLSC programme.
From a technical prospective, within the EHLSC, the HSL is known as the
recognised limit of detection. It can be defined as a confidential instruction
to laboratories from racing authorities to screen for the presence of drugs
commonly used in equine medication. The presence of these medications in
plasma and urine should not be at a level that can be a threat to the welfare
of the horse, alter its racing performance or compromise the integrity of
racing (Toutain, 2010a). Thus, veterinarians must inform owners or trainers
on appropriate withholding times after a treatment to avoid the risk of facing
a positive drug test. This is crucial for sport horses because some medication

can be given to improve the health and welfare interest of the animal
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(legitimate medication). Simultaneously these medications can be abused to
alter or restore horse performance (the illegitimate use of therapeutic
drugs).

On the other hand, doping control is aimed at detecting any trace of drug
exposure (parent drug or metabolites) from substances banned at all times
using state of art powerful analytical techniques i.e. chromatographic/mass
spectrometric techniques (Toutain, 2010b). This is not appropriate for
medical control due to the high level of sensitivity of the screening methods
which allows the detection of totally irrelevant plasma or urine
concentrations. The irrelevant plasma drug concentration (IPC) and
irrelevant urine drug concentration (IUC) are defined as “plasma or urine
concentrations which guarantee the absence of any relevant drug effect and
for which there will be no regulatory action” (Toutain and Lassourd, 2002).
Hence, a novel approach based upon a pharmacokinetic/pharmacodynamic
(PK/PD) has been developed for legitimate therapeutic compounds. In this
approach, both IPC and IUC are calculated using retrieved published
parameters and variables as follows: taking into account that an effective
dose is a PK/PD hybrid variable calculated by two PK parameters i.e. plasma
clearance and bioavailability, and one PD parameter i.e. the effective plasma

concentration (EPC) (equation 1.2) (Toutain and Lassourd, 2002).

Plasma clearance x ef fective plasma concentration 1.2

E tive d te =
ffective dose rate bioavailability

EPC can be estimated by rearranging (equation 1.2 as 1.3):

standard dose (per dosing interval) x F 1.3

EPC =
plasma clearnce (per dosing interval)

Where standard dose is the generally recommended dose per dosing

interval, plasma clearance is the pharmacokinetic parameter which
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expresses the body’s capacity to eliminate the drug, F is the bioavailability
factor lying between 0 and 1. However, the EPC is calculated using IV data
only so that F = 1, as the EPC is the same whatever the route of drug

administration. Hence, (equation 1.2) can be reduced to (equation 1.4):

EPC — standard dose (per dosing interval) 1.4
" plasma clearnce (per dosing interval)

The irrelevant plasma concentration (IPC) can be determined from EPC by

applying a safety factor (SF) to EPC (equation 1.5):

IPC = EPC/SF 1.5

The selection of an SF is both a policy and scientific decision. The regulatory
authorities are responsible on a determination that is acceptable (or

unacceptable) in terms of drug effect (Toutain and Lassourd, 2002).

The irrelevant urine concentration (IUC) can be derived from the IPC using

(equation 1.6):

IUC = IPC x Rss 1.6

Where Rss is the steady-state urine to plasma concentration ratio.

Generally, the IPC and IUC are used as HSLs in plasma and urine
respectively, however, for some drugs the IPC or IUC are below the current

limit of detection (LOD) and the HSL is simply set as the LOD.

The EHLSC defines the detection time (DT) for plasma or urine as the interval
between the time of the last drug administration and the time at which the
observed plasm (or urine) concentrations of all investigated horses (during
an experiment conducted according to EHSLC recommendations) are below
the HSL with the routine analysis method. In other words, DT is a raw

experimental observation and represents the only information released by
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the authorities to stakeholders to help veterinarians to recommend a
suitable WT for a given horse. In this context, the WT is a recommendation
of the treating veterinarian and completely relies on their professional
judgement (Toutain 2010a). Accordingly, the WT should be longer than the
DT, since all sources of animal variability (age, sex, breed, training, and
racing) and those of the administered medicinal product (formulation, route
of administration, dosage regimen, duration of treatment) should be
considered to avoid a positive test.

The biological variabilities between horses represents a major obstacle in
making drug withdrawal time recommendations (Tobin, 1986; Toutain
2010b). Moreover, providing a rather robust DT is the major challenge for
both, the horserace committees and veterinarians. This requires two
conditions: 1) the horses being investigated should be representative of the
target horse population, and 2) number of horses involved in the study
should be appropriate to get a “grip” on the skewedness of a plasma level
distribution (Tobin, 1986). However, the first condition is not easy to fulfil
due to the lack of information regarding horse pharmacogenetics. The
second condition examined using Monte Carlo Simulations (MCSs) (Toutain
2010a). An MCSs is a numerical method with a built-in random process that
involves combining variability due to source diversity (Bonate, 2010).
Toutain (2010a), used MCSs to extrapolate a WT from a DT by simultaneous
combining all sources of variability mentioned above; hence a large
hypothetical population of DTs can be generated. In the presence of a
suitable PK model that can provide the numerical value of the DT, the
variability of DT can be determined using MCSs. A mono-exponential decay
is usually used for medication control to describe the elimination phase of

interest (equation 1.7):

C(t) =Y, x Exp(—A1, x time) 1.7
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Where C(t) is the plasma/urine concentration at time t after administration
(single dose), VY, is the intercept (a concentration) of the terminal
(elimination) phase and 1, is the slop of the terminal phase. Whereas, the
time corresponding to any fixed concentration C(t) as an HSL is given by

(equation 1.8)

C(t 1.
Time = [Ln Q]//lz 8
Yz
If C(t) is the HSL, then time is a DT equation 1.9
H 1.9

SL
Time = [Ln —]//12
Y,

In equation 1.8, Y, and A, are hybrid PK parameters e.g. the slope of the
terminal (elimination) phase has only 2 physiological factors, plasma
clearance (Clpiasma) and terminal volume of distribution (V). Hence, the slope

of 1, is given by (equation 1.10):

A= CLplasma/V; 1.10

Meanwhile, the intercept Y, represents the dose, bioavailability and volume
of distribution, and for urine, the urine-to-plasma ratio as given by (equation

1.11):

Y, = [F x BW x Dose x R]/V, 1.11

Where F is bioavailability, BW is the body weight in kg, Dose is the nominal
dose expressed by kg of BW, Rss is the urine to plasma ratio and V: as defined

above.

If Y, and 1, in equation 1.8 were replaced by their physiological
determinants, i.e. by combining (equations 1.8, 1,9 and 1.10), the DT is

given by (equation 1.12):
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DT — [Ln HSL ]/[Clplasma] 1.12
[F x BW x Dose x Ry|/Vy |74

From (equation 1.12), the effect of all mentioned variables on DT can be

observed by simply changing the model input of these variables.

Therefore, the proportion of horses achieving a given DT value can be
determined. This may make MCSs as a candidate to replace large population
surveys designed to generate a WT experimentally. However, lack of
information on the actual statistical distributions of PK parameters (plasma
clearance, volume of distribution, urine-to-plasma ratio and systemic
bioavailability) in horses represents the major obstacle to apply this
approach. This leads to the conclusion that the number of investigated

horses should be increased to at least 8 (Tobin 1986; Toutain 2010a).

1.4 The liver

1.4.1 Liver anatomy and architecture

The liver is the largest internal organ in the body, constituting 2-5% of the
adult body weight, depending on the species and age (Bragulla et al., 2004;
Vekemans and Braet 2005).

The liver is located in the thoracic part of the abdomen, behind the
diaphragm, and lies to the right of the median plane. It has a strongly convex
surface towards the diaphragm and a concave surface facing towards the
other abdominal organs. In most species the liver is grossly divided into four
main lobes by fissures that extend into the organ from the ventral border;
however, in the horse the left lobe is subdivided into medial and lateral lobes,
while the right lobe remains undivided (Figure 1.4.1). The liver is both
endocrine and exocrine in function, and plays a major role in different
metabolic processes in the body. It is, for example, responsible for
glycogenesis, production of plasma proteins, clotting factors and urea.

Furthermore, the liver transforms, detoxifies and accumulates metabolites
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and as a result can be considered as a barrier between the digestive tract
and the rest of the body. Endocrine products are released into the blood
stream; whereas, the exocrine product (bile) is drained into the intestinal
tract and is essential for fatty compounds emulsification. In human and most
animal species the bile is stored and concentrated in the gallbladder;
however some species such as horse are lacking a gallbladder, hence bile is
transported directly into duodenum by bile ducts (Bragulla et al 2004). The
liver performs all these activities effectively because of its unique
architecture. The peritoneum covers almost completely the free surface of
the liver to form its serous coat. The peritoneum is fused to the underlying
fibrinous Glisson's capsule, which encloses the whole organ. The finer
trabeculae of the hepatic connective tissue divide the liver parenchyma into
innumerable small units hepatic lobules (Bragulla et al., 2004; Chapman and

Eagles 2007).

Hepatorenal ligament

Right triangular
»  ligament

Lift triangular ligament
Caudate process

Lift lateral hepatic lobe Portal vein

Hepatic artery and Right hepatic duct

portal lymphnodes

Bile duct
Portal vein with

branches Right hepatic lobe

Left medial hepatic lobe

Left lateral hepatic lobe Quadrate hepatic lobe

Falciform ligament
And round ligament

Figure 1.4.1: Liver of the horse, schematic, visceral surface (cited from Bragulla
et al. (2004)
Unlike other organs, the liver receives a substantial blood supply through

two sources, the hepatic artery and the portal vein. The hepatic artery, a
branch of the celiac artery, carries blood with high oxygen content. The

hepatic arteries supply the liver framework, the capsule, the interahepatic
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biliary duct system, the walls of the blood vessels and the nerves before
they finally drain-together with the branches of the portal vein into the liver
sinusoids. The portal vein has three branches: the splenic vein, the cranial
and the caudal mesenteric veins; they collect blood from all unpaired organs
of the abdomen (stomach, pancreas, intestines and spleen). The portal blood
is enriched with nutrients absorbed by the intestine. However, the
hepatocytes are immersed by mixed blood from the hepatic artery and the
portal vein, so they actually receive nutrients from both (Figure 1.4.2)

(Bragulla et al., 2004; Ishibashi et al., 2009).

Branch of interlobular vein
(Portal vein)

Branch the hepatic artery Liver trias (hepatic artery,
interlobular vein and

interlobular duct)

Interlobular duct

Polygonal liver lobule .
Ve Central vein

Polygonal liver lobule
Liver cell bridges

Liver sinusoid
Loose connective tissue

Interlobular duct

Branch of the interlobular vein

Branch of the hepatic artery Sublobular vein

Sublobular veins

Figure 1.4.2: Hepatic lobules in relation to afferent and efferent vessels, three-
dimensional, schematic (cited from Bragulla et al., 2004).

1.4.2 Hepatic lobule and hepatocyte

The hepatic lobule is considered as the structural and functional unit of the
liver. It is composed of curved sheets of hepatocytes which extend to form
one-cell- thick liver cell plates 15-20 hepatocytes in length, forming a

hexagonal shape (Figure 1.4.3).
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Figure 1.4.3: Liver lobule

The tissue space between hepatocytes and sinusoidal endothelium is named
the space of Disse. The space of Disse contains a network of reticular fibres
such as collagen type 1V, which bring hepatocytes together (Reid et al.,
1992; Godoy et al., 2013). As there is no epithelial basement membrane,
the hepatocyte is the only epithelial cell in the body not separated from the
vasculature by two continuous basement membranes. Hence, the blood
plasma passes freely into the space of Disse which facilitates rapid
bidirectional macromolecular exchange between plasma and hepatocytes
(Wisse et al., 1996).

Hepatocytes (Parenchymal cells), represent up to 80% of the entire liver
mass and account for about 60% of the total liver cell count. They are
metabolically very active and perform uptake, transport, synthesis,
biotransformations and degradation of proteins, lipids, hormones and
xenobiotics (Gebhardt et al., 2003; Godoy et al., 2013). A large proportion
of these cells are mononuclear, whereas, approximately 30-40% of the cell
population are bi- or multi-nucleate. Polyploidization seems to be an

important restriction mechanism for hepatocyte proliferation (Gupta 2000).
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Hepatocytes have an eosinophilic cytoplasm, which reflects numerous
mitochondria, where a number of metabolic processes take place such as
oxidative phosphorylation. Moreover, hepatocytes contain large amounts of
rough endoplasmic reticulum and free ribosomes, which are often located
near the mitochondria and are performing the synthesis of specific proteins,
especially albumin (Ramadori et al., 2008). Detoxification of many
xenobiotics is performed by smooth endoplasmic reticulum (SER) mainly
through the cytochrome P450-dependent monooxygenase system. Steroids
such as cholesterol and bile acids are synthesized in the SER (Schaffner,

1975).

1.4.2.1 Liver extracellular matrix

Extracellular matrix ECM comprises up to 3% of the relative area of a normal
liver section; however, it plays a significant role, both, in liver physiology
and pathology. It acts as a physical scaffold of the liver and as a modulator
of biologic processes; including cell attachment, migration, differentiation,
repair and development.

In normal liver, ECM consists of four major components which are collagens,
elastin, structural glycoprotein and proteoglycans and is restricted, to the
portal tracts, sinusoid walls, central veins and the Glisson’s capsule (Xu et
al., 2012). Collagens are the most abundant components in liver ECM acting
as scaffolding that support the parenchyma and maintains hepatic integrity

(Marttinez-Hernandez and Sepastian. 1995).

1.4.3 Liver in vitro pharmacology systems

Within the drug development process, toxicity is one of the major limiting
factors. The success rate in bringing a drug to market in the USA and/or
Europe was less than 11% in the period 1964 to 2000 (Astashkina et al.,
2012). Hence, studies of efficacy and the safety of drugs in human as well

as in horses are critical prior to clinical trials. For this reason several in vitro
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pharmacological and toxicological models have been established to
determine these factors,; in addition to, interspecies differences between
animals and humans (Brandon et al., 2003; Hewitt et al., 2007). A number
of in vitro human liver systems have been developed in the last few decades,
such as microsomes, cytosol, S9 fraction, liver slices, primary hepatocytes,
and perfused liver and recombinant enzymes ((Groneberg et al., 2002;

Mazzoleni and Steimberg 2012).

1.4.3.1 Liver microsomes

Because of their large availability and ease of use,microsomes provide
relatively a simple method to give a good indication of the CYP and UGT
metabolic profile of a drug. Therefore, they are considered as the first-line
high throughput screening model.

Liver microsomes comprise vesicles of the hepatocyte endoplasmic reticulum
and contain mainly CYP and UGT enzymes (Figure 1.4.4) (Brandon et al.,
2003). The CYP P450 can be quantefied using the P450 spectral assay. This
assay is based on that the ferrus form of the hemeprotein reacts with carbon
monoxide (CO) to form a complex that specifically produces a spectrum with
a wavelength at ~450 nm (Groneberg et al., 2002).

The main disadvantage of microsomes is that there is a significant variation
between individuals; however, poolingmicrosomes from different donors can
overcome this issue and results in representative population enzyme activity

(Brandon et al., 2003; Plant 2004).
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Figure 1.4.4: Location of CYPs in the cell. The Figure shows increasingly microscopic
levels of detail, sequentially expanding the areas within the black boxes. Cited from
Brunton et al. (2012).

1.4.3.2 Isolated hepatocytes

Primary hepatocytes are the most commonly used in vitro liver cell model
(Brandon et al., 2003). Primary hepatocyte culture has been considered a
gold standard in the study of drug metabolism in vitro (Hewitt et al., 2007;
Van Summeren et al., 2013).. Despite the fact that, during classical
monolayer culture, the primary hepatocytes undergo a series of
morphological and functional changes such as loss of their cuboidal
morphology and become flattened; reduction of the expression of several
CYP enzymes and a loss of response to well-known inducers of these
enzymes are observed. Significant progress has been achieved regarding the
methodology of in vitro hepatocyte maintenance over the last decade. For
instance, the introduction of three-dimensional spheroids has improved the
preservation of the native liver structure and introduction of a bioreactor
system overcomes the lack of oxygen and nutrient exchange in classic 2D
cultures. Hence, unlike the isolated perfused organ and liver slices, well-

differentiated hepatocytes in 3D cell-based models would have a potential
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advantage for drug metabolism studies (Brandon et al. 2003, Godoy et al.

2013).

1.4.4 Hepatocyte isolation

Hepatocyte isolation was performed for the first time in the mid-1960s; rat
hepatocytes was isolated by using a combined mechanical/enzymatic
digestion technique (Howard et al. 1967). Significant progress has been
achieved by introducing the two-step isolation procedure in which the liver
is first perfused with calcium free medium containing EDTA prior to being
perfused with collagenase-containing media, which allowed to obtain higher
yeild and viability (Selgen 1976).

Due to high potential research applications of isolated hepatocytes, beside
human, livers from species such as mouse, rat, pig, sheep, cattle and horses
have been perfused in order to obtain fresh hepatocytes (Berry and Edwards
2001; Bakala et al., 2003).

Technically, freshly isolated hepatocytes represent a readily available and
easy to handle in vitro system that can be used to study drug metabolism.
These cells have the capacity for biotransformation. However, freshly
isolated hepatocytes have a limited viability in suspension which is not more
than 4 hours (Soldatow et al., 2013). This period is long enough to determine
the metabolic stability of a drug and to allow identification of a major
metabolite, but may be too short to generate some minor, especially phase
II metabolites. Therefore, hepatocyte culture systems or bioreactors are

used in order to increase time span of cell viability (Gebhardt et al., 2003).

1.4.5 Cryopreserved hepatocytes

Cryopreservation refers to the process of cell preservation by cooling to
subzero tempratures in liquid nitrogen for long-term storage.

Cryopreservation methods are based on preventing cellular damage, due to
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ice crystal formation and chemical changes in cells as they cool and
eventually freeze.

The viability before cryopreservation is one of the main determinants of
thawed cell function. Generally a drop in overall viability of cryopreserved
hepatocytes by 25-53% of the original number was reported (Dou et al.,
1992). Moreover, the attachment efficiency of cryopreserved hepatocytes
can be reduced compared with freshly isolated hepatocytes (Li et al., 1999;
Li 2007; Grondin et al., 2009). However, there is no difference between fresh
and cryopreserved cells in terms of morphology and CYP P450 activities

(Madan et al., 1999).

1.4.5.1 Requirements for successful cryopreservation protocol

Several factors have been determined for a successful cryopreservation
protocol such as type of cryoprotectant, rate of freezing and storage, cell
density, and storage temperature (Diener et al., 1993; Kasai and Mito 1993;
De Loecker et al., 1998; Madan et al., 1999; Wu et al., 2000; Sosef et al.,
2005; Stéphenne et al., 2010).

Many different types of cryoprotectant, such as glycerol,
polyvinylpyrrolidine, dextran and DMSO, have been used and a number of
studies were conducted in order to compare between these different
formulas (Loretz et al. 1989; Diener et al., 1993; Kasai and Mito 1993).
Most of these studies demonstrate that DMSO is the cryoprotectant of choice
because of its superior properties to other cryoprotectants (Lawrence and
Benford 1991; Diener et al., 1993).

In addition to the type of cryoprotectant, a number of studies have
investigated the impact of concentrations of hepatocytes per ml in
cryopreservation vials and most of the published data recommend that
hepatocytes should be cryopreserved at a low cell density (less than

107cells/ml) (Diener et al., 1993; Kasai and Mito 1993; De Loecker et al.,

28



Chapter 1 Introduction and Aims

1998; Madan et al., 1999; Wu et al. 2000). The slow, controlled freezing
rate controls the process of intracellular ice formation which consequently
will affect hepatocyte outcome following cryopreservation (Harris et al.,
1991). In this slow, controlled freezing strategy a constant temperature
decrease (usually -1°C/min) is used (Coundouris et al., 1993). The
controlled drop in temperature is achieved by either placing freezing tube in
a Styrofoam rack or a specially designed isopropanol-cell cooler (*Mr Frosty”
cell cooler unit) at -80 °C for 24h before transfer to liquid nitrogen. The
storage temperature of cryopreserved hepatocytes has been studied, and
most studies found that storage of hepatocytes at -20°C or -80°C is harmful
for cell functions since the number of proteases might be active at those
temperatures. Whereas, the minimum acceptable temperature for long-term
storage of cryopreserved hepatocytes is -140°C/-150°C (Li et al., 1999;
Rijntjes et al., 1986; Chesne and Guillouzo 1988; Sosef et al., 2005;

Stéphenne et al., 2010).

1.4.5.1.1 Enrichment of viable cells post-thawing via Percoll
gradient

Cryopreservation leads to an overall drop in cellular viability (Dou et al.,
1992). To overcome this limitation, Percoll® a density gradient medium
(composed of colloidal silica particles coated with polyvinylpyrrolidone), is
used for cell purification (Pertoft et al., 1978). It works based on the principle
that the sedimentation rate of the particles is dependent on centrifugal force,
particle size, density in proportion to its media and viscosity ( Amersham
Biosciences, 2013). Several early studies suggested that Percoll® enriched
viable cells; hence, CYP P450 activity and attachment (Lawrence and
Benford, 1991; Dou et al., 1992; Utesch et al., 1992). It was found that use
of Percoll increased the activities of Glutathione S-transferase (GST) and
Sulfotransferase Enzymes (ST) to the level of freshly isolated hepatocytes

(Diener et al., 1993). On the other hand, use of a Percoll® gradient could
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lead to the loss of many healthy cells during the process which reduces the
overall yield (Utesch et al. 1992). However, recently a post-thaw viability of
88+3% with an acceptable loss of cells was obtained after a Percoll® step

(McGinnity et al., 2004).

1.5 Tissue like in vitro systems

As mentioned earlier, isolated hepatocytes are used in most liver in vitro
studies in drug development because of their ability to perform the full range
of known in vivo drug biotransformation pathways and retain many of the
functions of liver cells. The two-dimensional 2D cell culture (monolayer
culture) is traditionally used for in vitro drug metabolism studies. However,
alternative methods should be considered since 2D cultures have many
limitations (Acikgdz et al., 2013; Breslin and O'Driscoll 2013). The main
disadvantage of 2D experimental systems is the early de-differentiation of
primary hepatocytes in cultures which result in the decrease of metabolic
competency and other liver specific functions, and eventually will
compromise the effective biotransformation of drugs (Hewitt et al. 2007;
Godoy et al., 2013). Therefore, it seems that 3D cellular assays would be
more similar to and predictive of in vivo events compared to more simplified
2D cultures.

In this context, a number of in vitro models that provide physiologically
relevant conditions and preserve in vivo like phenotype and biological
activity of hepatocytes include microfluidic platforms, co-cultures, flow
based hollow fibres, spheroids and bioreactors (Dittrich and Manz 2006; De
Bartolo et al., 2007; Khetani and Bhatia, 2007; De Bartolo et al., 2009
Schmelzer et al., 2009; Leite et al., 2011; Prot et al., 2011; Acikgoz et al.
2013; Bachmann et al., 2015). Some of these new culturing approaches
have been successful in retaining intracellular functions and hepatocyte

polarity by forming 3D structure, cell-cell contact and providing a constant
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medium flow and oxygen supply (Tilles et al., 2001; Bioreactors et al., 2004;
Schmelzer et al., 2009; Vinci et al., 2011; Ishikawa et al., 2011). It has
been observed that foetal liver hepatocytes cultured in rotating wall vessels
were able to form 3D spheroids that were capable of producing albumin,
store glycogen and the formation of bile canaliculi between hepatocytes
(Ishikawa et al. 2011).

The use of 3D in vitro systems in drug research has therefore been
considered as a forward step to bridge the gap between monolayer cultures

and animal model studies (Nussler et al. 2001; Godoy et al. 2013).

1.6 In vitro Kinetics

1.6.1 Chemical Kinetics

Chemical reaction kinetics is the study of the rates of chemical processes
and mechanisms by which they occur. Any chemical process consists of a
sequence of one or more single-step processes known either as elementary
processes, elementary steps, or elementary reactions. Chemical reaction can
be classified according to their order i.e. first, second, or zero order (Cornish-

Bowden 2012).

1.6.2 First Order Reaction

The spontaneous conversion of a substrate, S, into a product, P, such as in
radioactive decay is considered as the simplest chemical reaction (Cornish-

Bowden, 2012):

S Iil)P 1.13

Therefore, the velocity, v , of this reaction is the amount of S consumed or
amount of P produced per unit of time (t) and is directly proportional to the

quantity of S:

d[S] d[P] 1.14
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The relationship between reaction rate, and concentration of reaction, [S],

is:

Therefore, the rate is proportional to the concentration of S multiplied by k;.
The first order rate constant (k,) is concentration-independent and has units

of time™! (Figure 1.6.1b).

o I

[S] ——> [S] ——

(a) Zero-order (b) First-order

Figure 1.6.1: Graphical presentation of initial velocity against substrate

concentration

A first order reaction can be visualised as a mono-exponential decay curve.
The plot in (Figure 1.6.2) shows the exponential decline in substrate
concentration with respect to time. Equation (1.16) describes this curve,
where [S] is the substrate concentration, [S]o is the initial substrate

concentration (y-intercept), k is the elimination rate constant and t is time.

[S] = [S]o.e Tt 1.16

32



Chapter 1 Introduction and Aims
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Figure 1.6.2: Mono-exponential Decay Curve. The mono-exponential decay curve

describes first-order elimination when plotted as concentration versus time.

This type of curve can be linearized according to Eq. (1.17) by plotting the

logarithmic entry of substrate or product concentrations versus time.

1.6.3 Zero Order Reactions

A Zero-order reaction describes the process where the rate of reaction is
independent of the substrate concentration i.e. a fixed amount of reactant

is eliminated per unit of time (Cornish-Bowden, 2012) (Figure 1.6.1a):

d[s] d[P] 1.18

Where k is zero order rate constant and has units of mol/time
Integration with respect to time gives a linear relation:

[S] = [S]o — kt 1.19
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1.6.4 Enzyme kinetics

Enzyme kinetics deals with time-dependent enzyme reactions which aid to

explain mechanisms of enzyme catalysis regulation (Bisswanger, 2008).

1.6.4.1 Enzyme catalysis

Reactant molecules must contain sufficient energy to cross a potential
energy barrier (the activation energy) to enable a reaction to occur. Living
cells exist at relatively low temperature (between 0°C and 100°C). However,
most exogenic and endogenic metabolism reactions occur at elevated
temperatures that are not suitable for cell maintenance and growth. On the
other hand, enzymes allow cells to operate under relatively mild
environmental conditions by selectively lowering the energy of activation of
the vital chemical reactions. Hence, enzymes are catalysts which upsurge
the rate of a reaction without itself being consumed during the process

(Figure 1.6.3) (Segel, 1975).

Uncatalysed
AG

Catalysed

Energy

Reactants

Products

Reaction coordinate

Figure 1.6.3: Energy change for an uncatalysed reaction and a catalysed reaction.
Enzymes decrease the Gibbs free energy of activation, but they have no effect on

the free energy AG of reaction.
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For the enzyme catalysed reactions involving a single substrate, at low
substrate concentrations, v is proportional to [S] as is normally expected for
a first-order reaction. However, at high substrate concentration, v does not
increase in proportion to the increase in [S] but instead levels off, and at
high substrate concentration v is independent of [S] and reaches a maximum
level i.e. V... Therefore, at these high [S] concentrations where the rate of
enzyme catalysed reaction is no longer dependent on [S] the kinetics is zero-

order (Segel, 1975) (Figure 1.6.4).

Vmax B —

zero-order reaction

Reaction Rate V
o
19,1
é‘:‘

; first-order reaction

L4 Km L L Ll L
Substrate Concentration[S]

Figure 1.6.4: Graphical presentation of velocity against substrate concentration in
an enzyme catalysed reaction. The graphical segments showing first-order and zero-
order kinetics are marked. This Figure, also, shows the relationship between the rate
of reaction for a simple Michaelis-Menten rate law. The reaction rate reaches a

limiting value (saturates) at the V,,... K,, is the substrate concentration that gives
half the maximum rate.

1.6.4.2 Michaelis-Menten kinetics

This model was established in 1913 by the German biochemist Leonor
Michaelis (1875-1949) and the Canadian biochemist Maud L. Menten (1879-
1960), based on French chemist Victor Henri's (1872-1940) discovery that

enzyme activity could be saturated; it suggests that free enzyme binds to

the reactant (substrate) forming an enzyme-reactant complex. This complex
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undergoes a transformation resulting in a product and free enzyme is
released. The free enzyme can be used in another round of binding to new

reactant (Bisswanger, 2008). This mechanism is often written as:

ky | ks 1.20
E+S<I:ES — E+P

Here, E represents the free enzyme, S the substrate of the enzyme catalysed
by the reaction, ES the enzyme-substrate complex, and P the product of the
enzyme-catalysed reaction, k, the rate constant of the forward reaction of
E+S, k_, the rate constant of the reverse reaction where the enzyme-
substrate complex, ES, separated to E+S and k, the rate constant of the
forward reaction of ES forming E+P. In this model, it is assumed that none
of the product reacts with the enzyme to form the enzyme-substrate
complex, ES (this is the case during the initial stage of the reaction when
product [P] is low, whereas towards the end of the reaction when [P] is high
this may no longer be correct).

From equation 1.20, an expression that relates the reaction velocity, v, to
the enzyme substrate complex concentration, [ES] and the rate constant of
the forward reaction of product formation, k, , of the individual step can be

derived. Thus, v can be expressed as:

d[P
v= ) = ks t21

Since ES is an intermediate, its concentration cannot be measured easily,
however [ES] can be expressed in terms of known values. As the enzyme
can either be unbound (E) or bound (ES) to the substrate, the fraction of

bound enzyme can be expressed as follows:
The rates at which [ES] is formed and broken-down are:

Rate of formation:
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[ES] = k,[E][S] 1.22

Rate of breakdown:

[ES] = (k_y + ky)[ES] 1.23

There is a quasi-equilibrium state which is retained, however, only for a
limited period. This state is termed as steady-state. Under the steady-state
estimation, the concentration of the intermediate [ES] stays constant, while
the concentrations of reactants and product change (Chang, 2005). The

steady state occurs when eq. 1.22= eq. 1.23 i.e.

ki[E][S] = (k_1 + kp)[ES] 1.24
Rearranging,
_ [E][STky 1.25
ES) = 3 v ks

This leads to define a hew constant, the Michaelis-Menten constant (K,,), as

follows in eq (1.26):

_ Ki,K, 1.26
Substituting 1.26 into 1.25
E|[S 1.27
(5] = LEIS]
Km

Since in most situations the enzyme concentration is very small ([E] <<
[S]), the binding of substrate to enzyme is in equilibrium i.e. the
concentration of the unbound S is almost equal to the total concentration of
So. The concentration of unbound E is equal to the total enzyme

concentration [Eo] minus the concentration of the complex [ES].
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[E] = [Eo] — [ES]

Substituting (1.28) into (1.27)

([Eo] — [ESDIS]

[ES] = z
Solving (1.29) for [ES],
[Eo] [S] - [ES] [S] = [ES] Ky,
or
[Eo] [S] = [ES] (K + [S])
Or
[S]
[ES] = [Eo] ST+ K,
Substituting (1.30) into v = (1) = k,[ES]
B [S]
v = ky[Eo] STEK.

1.28

1.29

1.30

1.31

The maximum reaction velocity, V..., is reached when all enzyme sites are

saturated with the substrate. This will occur when [S]>> K,,, so that

[S1/([S]+ K,,,) approaches 1. In this limit, V,,,, can be expressed from (1.32)

as:

Vinax =k [Eo]
Substituting (1.32) into (1.31),

_ Vinax[S]
[S]+ K
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The most appropriate rate to experimentally measure is the initial rate (v,).
If v, vs [S] is plotted, the resulting plot will have a shape as shown in (Figure
1.5.4). Therefore, equation (1.33) describes the kinetic behaviour of an
enzyme as modelled by the scheme in equation (1.19). Analysis of (equation
1.33) at very low substrate concentrations, when [S] <<K,,, v, approximates

to,

Vinax 1.34

Vo =

The rate is proportional to [S] describes the linear region of the plot in
(Figure 1.5.4). At high substrate concentrations, when [S] >>K,,, v=V,.x
and hence independent of [S] (the “plateau” region of the plot in (Figure

1.5.4).

The three most common methods, available in the literature, for determining
the 1, and K,,, are Lineweaver-Burk plot (the double reciprocal plot), Eadie-
Hofstee plot, and Hanes-Woolf plot. All three of these methods are linearised
models that convert the original Michaelis-Menten equation into a form which

can be graphed as a straight line (Marasovi et al., 2017).

The first linearization method has been named after American Chemists H.
Lineweaver (1907-2009) and Dean Burk (1904-1988), and it is based on the
plot of 1/ v vs. 1/[S] (Chang, 2005). Therefore, the equation (1.33) can be

re-arranged as:

1 K, 1 1.35

The reciprocal of the rate data plotted against the reciprocal of the substrate
concentration (1/v vs. 1/[S]), will give a straight line with a y-intercept =

1/V,... and a slope = K,,/V,.. (Figure 1.6.5).
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Figure 1.6.5: A double-reciprocal plot, between velocity (v) and [S].

The limitation of the Lineweaver-Burk plot is that when using a wide
substrate concentration range, the majority of the data will be obscured i.e.
linear regression of data transformed in this way effectively weights/skews
the line to the lowest concentration data, which is more than likely to be the
least accurately determined (Chang, 2005); (Bisswanger, 2008). The
second method is named the Eadie-Hofstee plot ((Bisswanger, 2008), and is

based on multiplying both sides of (equation 1.35) by v,V,,,, to obtain:

VoK 1.36
Vnax = vo + [S]
Rearrangement of (eq. 1.36) gives:
Vokm 1.37
Vo = Vimax — [S]

The Eadie-Hofstee transformation yields a linear regression line with slope
equal to —K,,, V... as the y-axis intercept and V,,,, /K,, as x-axis intercept

(Figure 1.6.6).
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Vmax /Km

v/[8]

Figure 1.6.6: Eadie-Hofstee plot

The disadvantages of this method are that values plotted on the x-axis (v
/[S]) are not independent from those on the y-axis (v ) and any error which
occurs in the experiment will therefore be present on both axes. However,
the error in this plot is lower than Lineweaver-Burk plot. The third approach

is called the Hanes-Wolf method (Bisswanger, 2008) (eq. 1.38):

IS]  Kn  [S] 1.38

Eq 1.38 gives a straight line when [S]/ v, is plotted against [S] with 1/V,,,,
as slope, K,,/Vi.ax @S Yy-axis intercept and —K,, as x-axis intercept (Figure

1.6.7).
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Figure 1.6.7: Hanes-Wolf plot

K, and V., can be derived using this method with smaller error than the
two previous approaches. Moreover, the Hanes-Wolf plot avoids the problem
of the Eadie-Hofstee plot of having velocity (dependent) data affecting the
data on the x-(independent) axis (Bisswanger, 2008). However, with the
entering of the computers era, nonlinear regression techniques are used to
determine parameters. Wilkinson (1961) suggested the use of least-squares
nonlinear regression for more precise estimation of enzyme kinetic
parameters. Nonlinear regression permits direct determination of K,, and
Ve from untransformed data points. The procedure starts with initial
estimates and then continually concurs on parameter estimates that provide
the best fit of the underlying model to the actual data points (Motulsky and
Christopoulos 2003; Marasovi et al., 2017). The algorithms used include the
Levenberg-Marquardt method, the Gauss-Newton method, the steepest-
descent method, and simplex minimization. Several software packages, such
as Excel, MATLAB, and Graph Prism, nowadays include readily available
routines and scripts to perform nonlinear least-squares fitting (Nelatury et

al., 2014; Kemmer and Keller 2010).
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1.6.4.3 The Significance of V,,,, and K,,

Vnax Fepresents the maximum rate at which the total enzyme concentration
is present as the enzyme-substrate complex, ES. From equation (1.33),
when [S] = K, , then v, = V,,./2. Hence, K,, is equal to the substrate
concentration at which the reaction rate is half its maximum value.
Therefore, an enzyme that has a small value of K,,, , will achieve its maximum
catalytic efficiency at low substrate concentrations, which averages the
smaller the value of K,, , the more efficient is the catalyst. K,, , also, usually
describes the affinity of substrate for the free enzyme (k_,>>k,) i.e. the
smaller the value of Km, the higher the affinity of enzyme for that substrate.
The value of K,, for an enzyme depends on the particular substrate, the pH
of the solution and the temperature at which the reaction is carried out

(Fersht 1999; Chang 2005).

1.7 Predictions of hepatic xenobiotic clearance

The biotransformation of a drug to more polar metabolites is a crucial step
in drug elimination. Without this process, the drug will persist in the body
and drug accumulation could occur. The structure of the drug moiety plays
a key role in the way in which drugs are transformed. Biotransformation is
performed mainly in the liver; however, the liver also possesses excretory
functions in which drug or metabolic products are excreted into bile (Grijalva
and K. 2013).

From the kinetic prospective, hepatic clearance for the metabolism of
compounds comprises two main features: intrinsic (metabolic) clearance for
the unbound compound in hepatocytes and unbound (free) fraction of
compound in the blood (or plasma when corrected by the blood-to-plasma
partition) (Shibata et al., 2002). Intrinsic (metabolic) clearance (Clint) can
be defined as the liver capacity to remove a drug in the absence of other

confounding factors i.e. hepatic blood flow (Qn) and drug binding to cells or
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proteins in the blood (Hakooz et al., 2006). The Clint, when the drug
concentration << Km, can be calculated from the maximum velocity (Vmax)
and the Michealis-Menten constant (Km) of the suitable eliminating
enzyme(s) involved (Iwatsubo et al. 1997; Nikolic and Agababa 2009) using

the following (equation 1.39).

1.39

Vmax

K

Cline =

Experimentally, the parameters Vmax and Km can be determined by
quantifying the initial production of metabolite with time for a range of drug
concentrations in a liver in vitro metabolising system e.g. microsomes,
hepatocytes etc. From (equation 1.40) the initial linear increase in
metabolite concentration (A[M]) divided by time period elapsed (AT) will

approximate to the initial rate (vo)

_ d[P]. A[M] 1.40
vo = )™ Ay

However, one of the major issues with measuring metabolite production is
that the molarity of the metabolite is required in order to give appropriate
units that can be compared across laboratories. Without an authentic
metabolite standard, neither the metabolite species can be confirmed, nor
the molar concentration be determined. An alternative approach in
determining Vmax and Km is by monitoring drug depletion (Nath and W. M.
2006). When substrate depletion displays apparent first-order Kkinetics,
substrate concentration as a function of time can be described by the

following single exponential.

[D]; = [D]oe*aer® 1.41
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Where [D]t represents the drug concentration at transient time (t), [D]o is
the initial drug concentration and kdep is the apparent first-order rate
constant of substrate depletion. Taking the first derivative of (eq. 1.41)

gives:

d[D], 1.42

4 - kaep [D]¢

Under the steady-state assumption

d[D]e _ d[M], 1.43

Where [M]: is the metabolite concentration at transient time (t). However,

close to the start of the reaction

A[M] 1.44

This assumption means that only data from the beginning of each reaction,
where [D]: is close to its initial value, should be used in the calculation of
kdep and ultimately Vo.

The advantage of using the depletion method is that the initial rate vo in
appropriate units can be determined without knowing the change in molar
drug concentration because determining kdep Only requires a rate of change
from an arbitrary quantification e.g. arbitrary area under a mass spectrum
peak. kdep is determined from the slope of a natural logarithm (Ln) of drug
response versus time plot. Once Vo, has been determined, from either
metabolite appearance or drug depletion, Vmax and km can be determined as
long as significant saturation has been reached. However, if sufficient
saturation has not been reached then Vmax and hence km will be highly

extrapolated. This is often the case; however, Clint can still be determined
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accurately by calculating the initial slope of the V, verses initial drug
concentration, [D]o, Michalis-Menten plot.

Generally, the intrinsic clearance for the unbound compound is measured in
vitro by the incubation of isolated hepatocytes or subcellular fractions such
as S-9 and microsomes in the protein-free medium (Wilson et al., 2003).
The in vitro data obtained using liver tissue needs to be scaled to predict the

in vivo metabolic clearance (Clint per liver).

1.8 In vitro-in vivo extrapolation (IVIVE)

In vitro-in vivo extrapolation (IVIVE) requires a knowledge of the amount of
microsomal protein per gram of liver (MPPGL) or hepatocellularity per gram
of liver (HPGL), and the size of the liver. For hepatocytes, the intrinsic
(metabolic) clearance data are expressed per million cells and can be scaled
to in vivo intrinsic (metabolic) clearance by multiplying the former by
hepatocellularity of the entire liver. For hepatic microsomes the intrinsic
(metabolic) clearance data are expressed per milligram of microsomal
protein. In order to scale the microsomal intrinsic (metabolic) clearance data
to the in vivo intrinsic (metabolic) clearance the MPPGL must be determined.
To determine the MPPGL and HPGL a marker within the microsomes must
be employed and is usually taken as the ratio of the nanomoles of P450 per
gram of liver (obtained from a whole-homogenate analysis) divided by the
nanomoles of P450 per milligram of microsomal protein and has units of
milligrams of microsomal protein per gram of liver (Iwatsubo et al., 1997,
Hakooz et al., 2006).

The obtained kinetic parameters from the in vitro incubation needs to be
scaled up to a whole-liver capacity (Clint per liver) (Figure 1.7.1). However,
there are other physiological determinants that should be taken into account
in the IVIVE procedure such as hepatic blood flow (Qn) and the fraction of

drug unbound in blood (fu) (Pang and M. 1977).
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Figure 1.8.1: In vitro to in vivo scaling

The two most important models that have been used to explain and predict
quantitatively the influence of these physiological parameters on blood
clearance are: the well-stirred and parallel tube models (Pang and M. 1977).
The well-stirred model assumes that the liver is a single well-stirred
compartment and that the concentration of unbound drug in the emergent
blood is in equilibrium with that within the liver (Figure 1.7.2a). Therefore,
hepatic clearance can be calculated using the following equation:

_ Qu* fuxCLint 1.45

CLy =
H™ 0y + fu* CLint

The parallel tube model assumes that the liver is composed of nhumber of
identical and parallel tubes with enzymes distributed evenly in each cross
section of the sinusoidal vascular and perisinusoidal space. The total liver
enzymatic activity (Vmax) is the sum of the individual enzymatic activities for
each tube (Pang and Rowland 1977) (Figure 1.7.2b). Therefore, hepatic

clearance can be calculated using the following equation:

CLint) 1.46

ClH=QH_QH*eXP(_fu* On
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Figure 1.8.2: Schematic diagram of the liver. The “Well stirred” model (A) describes
the liver as a single well stirred compartment. The difference between the rate of
presentation of drug to and its rate of exit from the liver at steady state is represents
the rate of drug elimination. The dashed line represents the unbound hepatic drug
concentration. The “Parallel tube” model (B) views the liver as a series of identical
and parallel cylinders; each cylinder represents a sinusoid with enzymes distributed
evenly in hepatocytes lining the tubes. The dashed line represents the declining
unbound hepatic drug concentration along the direction of blood flow. Adapted from
Pang and Rowland (1977).

Prediction of human population clearance using the in vitro-in vivo
extrapolation (IVIVE) has become a key tool in both discovery and preclinical
phases of the drug development process (Naritomi et al., 2001). In human
IVIVE, the common values of MPPGL and HPGL used are 45 mg/g of liver
and 120x10° cell/g of liver, respectively. However, several studies revealed
that age may has a negative effect on these values and subsequently on

hepatic drug-metabolising capacity. (Barter et al., 2008; Kwak et al., 2014),

1.8.1 Drug binding

Binding of drugs to plasma proteins is a significant element affecting their
pharmacokinetic and pharmacodynamic properties. Several studies have
suggested that unbound fraction of drug in blood or plasma should be taken

into account for determining Cly and are included in the well stirred and
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parallel tube models discussed previously (Wilkinson and Shand 1975; Pang
and Rowland 1977). However, it has been found that as well as binding of
drug to blood in vivo, binding of the drug to non-specific proteins in the in
vitro studies has a significant impact on the Cly extrapolation (Obach 1997;
Obach 1999). This seems to be reasonable since in vitro assays are not pure
systems; hence, as bound drug is unavailable for metabolism, the Km
measured in the in vitro assays is assumed to be free drug concentration
(Obach 1997; Obach 1999). Consequently, a Km correction should be made
for this nonspecific binding of drug in the assay using the unbound fraction
of drug in the incubation. This factor can be implemented into (equation
1.45) and the result is Equation 1.47 for Cls (Obach 1996; Austin et al.

2002).

Clint invitro 1.47
k o —_—
Qu * fu Fu,

Clint in vitro
Qu + fux—Fr——
Fuinc

CLH -

1.9 Drug-Drug interactions

When drugs are co-administered a drug-drug interaction (DDI) may occur
where the drug may either inhibit or induce the metabolism of the second
drug (Gibson and P. 2001). Competition between two drugs, metabolised by
the same CYP, may result in that only one will be metabolised. Also, some
drugs are metabolised by two enzyme systems; therefore, inhibition or
induction of one enzyme system may or may not cause clinically significant
interactions. On the other hand, the elevation in the total amount of CYP
enzyme via induction, by a specific drug could lead to a marked decrease in
plasma concentration of this drug. This can have significant consequences
in the pharmacokinetics and toxicity of drugs (Ito et al., 1998; Gibson and

Sket 2001).
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1.9.1 Enzyme inhibition

Competitive binding at the enzyme’s binding site is the most common cause
of CYP inhibition. Competitive binding depends on the affinity of the
substrate for the enzyme, the concentration of substrate needed for
inhibition, and the half-life of the inhibitor drug. The duration of enzyme
inhibition relies on the half-life and time to steady state of the inhibitor drug.
The mechanism of CYP inhibition can be divided into three categories (a)
reversible inhibition, (b) quasi-irreversible inhibition and (c) irreversible
inhibition. Of these, reversible inhibition is considered as the most common
cause of documented drug interactions. Both quasi-irreversible and
irreversible inhibitions are caused by the formation of reactive metabolites

(Badyal and Dadhich 2001; Hollenberg, 2002).

1.9.1.1 Reversible inhibition

In the reversible inhibition of CYPs, the enzymes will resume their normal
metabolic functions after removal of the inhibitors from the body. Nitrogen-
containing drugs, such as imidazoles, pyridines and quinolines are one of the
most potent reversible CYP inhibitors (Lin and A. Y. 1998). This type of
inhibition can be classified as competitive, non-competitive, or

uncompetitive (Chang 2005).

a) Competitive inhibition
In competitive inhibition substrate binding to the active site of the enzyme
is prevented by the interaction between the inhibitor and the enzyme (Figure
1.9.1). Therefore, the simple Michaelis-Menten equation that describes
reactions involving one substrate, (equation 1.48) will be expressed as

follows:
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E+S——ES—E+P

oo @

1
N

Figure 1.9.1: The scheme of competitive inhibition

Vinax * [S] 1.48
K, (1 + 1[(1_]) +[5]

4

v =

Where Vi is the velocity in the presence of inhibitor; E is the enzyme, S is
the substrate, ES is the enzyme-substrate complex, P is the product, I, is
the inhibitor, EI, is the enzyme-inhibitor complex and K;, is the inhibition

constant for I.

When Vo = 2V; (the conditions for an inhibitor decreasing Vo by 50% also

known as the ICso), then the value for the K; is:

2Vmax*[S] — Vinax*[S] 1.49
Km(1+%)+[5] Km+[S]

By rearrangement:

S 1.50
ICso = Ki(1+—)
K

Hence,
ICs 1.51

Ki:
S

—+1

g+ D

According to Equation 1.51, if S=Km then Ki=ICs0/2, If S>>Km then
Ki<<IC50 and if S<<Km then Ki=ICso.
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Malonic acid, CH2(COOH)2, represents the best example for competitive
inhibition. It competes with succinic acid in the dehydrogenation reaction
catalyzed by succinic dehydrogenase. In normal cases, succinic acid is
converted to fumaric acid by succinic dehydrogenase. However, in the
presence of Malonic acid which has, almost, the same structure as succinic
acid, it can combine with the enzyme, although no product is formed in this

reaction (Chang 2005).

b) Non-competitive inhibition

In noncompetitive inhibition, the inhibitor does not bind to the active site; it
binds to another site of the enzyme (Figure 1.9.2). This enzyme-substrate-
inhibitor complex is, catalytically, non-functional and has no direct effect the

binding of substrate, but it reduces the enzyme activity (Chang 2005).

E+S==ES —E+P
+

| @ﬁiﬁ

L ¢

Figure 1.9.2: Non-competitive inhibition

The Ki can be expressed by the following equation:

ICs 1.52

Ky
st

KL':

According to Equation 1.50 if S=Km then Ki=ICso/2, If [S]>>Km then Ki=ICso

and if [S]<<Km then Ki<<ICso.

An example of noncompetitive reversible inhibitor is digitalis, which blocks
the activity of Na*t-K* ATPase which is used for the treatment of cardiac

arrhythmia.
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c) Uncompetitive inhibition

In this type of inhibition, the inhibitor binds to both enzyme and enzyme-
substrate complex and consequently a non-productive enzyme-substrate-

inhibitor complex will be formed (Figure 1.9.3) (Hollenberg, 2002).

E+S==ES “>E+P
o ¢
| | —

ll +Sa= I]ElSI @® @%

Figure 1.9.3: Uncompetitive inhibition

The Ki is expressed by:
Ki = ICso when S = Km or S>>Km or S<<Km

Oxalate, which inhibits lactate dehydrogenase is one of the best examples

of an uncompetitive reversible inhibitor (Mohan et al., 2013).

1.9.1.2 Quasi-irreversible inhibition

Quasi-irreversible inhibition involves the formation of a non-covalent, but
tight quasi-irreversible complex. In the case of CYP P450 enzymes a tight
complex is formed with the iron of the heme prosthetic group. Despite the
fact that this tight metabolic intermediate (MI) complex does not destroy
the enzyme; the MI complex is so stable in vivo that the enzyme involved in
the complex is unavailable for drug metabolism. Thus, any new enzyme
biosynthesis process will be interrupted. In a practical sense, the MI complex

can be considered as irreversible inhibition in vivo (Hollenberg, 2002; Riley
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et al., 2007). However, Quasi-irreversible inhibition can be reversed in
experimental conditions, for instance, by incubation with highly lipophilic
drugs that displace the metabolic intermediate from the active site of the
enzyme, by irradiation at 400 to 500 nm, or by ferricyanide (Ullrich and

Schnabel, 1973; Dickins et al., 1979).

1.9.1.3 Irreversible inhibition

In this category of inhibitors, the enzyme is inactivated (destroyed) by
binding of reactive intermediates to the heme and/or protein of the CYP.
Enzyme activity cannot be resumed even after elimination of the inhibitor,
and de novo biosynthesis of enzymes is the only way to restore the
functional activity (Hollenberg, 2002). Because of their ability to bind by
stable covalent bonds with the active site of the enzyme or destroy an
essential functional group of the active sites, irreversible inhibitors are often
used to identify functional groups of the enzyme’s active sites (Chang 2005;
Sharma 2012). For example, iodoacetamides and maleimides act as
irreversible inhibitors to the sulfhydryl groups of lactate dehydrogenase
enzyme (Barthova et al., 1977). Moreover, organophosphorus nerve gases
such as Sarin and Tabun and other organophosphorus toxins such as the
insecticides malathion, parathion and chlorpyrifos inhibit acetylcholine
esterase (ACE), which leads to the accumulation of acetylcholine that
overstimulates the autonomic nervous system (including heart, blood
vessels, and glands). Hence poisoning symptoms of vomiting, abdominal
cramps, nausea, salivation, and sweating will appear on the victim (Sharma,

2012).

1.9.1.4 Substrate auto inhibition

Substrate auto-inhibition can occur at high substrate concentrations as a
result of the substrate blocking the enzyme’s activity, or alternatively the

product (metabolite) produced by the enzyme inhibiting the enzyme’s
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activity. For both mechanisms of substrate inhibition, a typical Michaelis-
Menten analysis may not be possible for the data (Lu and A. P. 2010). The
inhibition constant (Ki) can be used to determine the reaction velocity rate
via (equation 1.53).

Vmax * [S] 1.53

Ky + [S] (1 + %)

7.70:

1.9.2 Cytochrome P450 induction

Induction can be described as a slow regulatory process that increases the
intracellular enzyme concentration and in most cases due to transcriptional
gene activation. Cytochrome P450 1A1 and 1A2 are the main targets of
induction; however, other metabolising enzymes are also increased such as
glutathione S-transferases (GSTs). Generally, CYP induction is considered as
an important part of the defense system since it increases the capability for
metabolic detoxification and elimination (Fuhr, 2000; Tompkins and Wallace,
2007).

The advances achieved in sequencing of equine CYP P450 isoform and
comparing their activity to human isoforms allows to indicate some
differences in drug metabolism between the two species. In addition to,
availability of equine tissue that needs less resource requirement and ethical
consideration have led to the use of in vitro techniques using ex vivo liver is

gaining popularity in equine metabolism research (Scarth et al., 2010).

1.10 Hypothesis and Aims

As mentioned earlier, several in vitro models have been developed
successfully using human and rat hepatocyte and microsomes. However, it
is hypothesised that the presence of any evolutionary difference in
xenobiotic metabolising enzymes between human and horses may lead to

different pharmacokinetics. Therefore, the main aim of this research is to

55



Chapter 1 Introduction and Aims

develop an in vitro approach that mimics the in vivo pharmacokinetic

clearance of a drug in horse and can be used for equine drug metabolism

studies. With the following objectives:

Isolation of fresh equine hepatocyte with high viability
Cryopreservation of the freshly obtained hepatocytes

Preparation of equine liver microsomes

Determination of microsomal protein per gram of liver (MPPGL) and
hepatocellularity (HPGL) for horses.

Generation of enzyme kinetic parameters for commonly used equine
drugs using hepatocytes and microsomes and the prediction of their
hepatic metabolic plasma clearance.

Detection of horse specific drug metabolites.
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Chapter 2
General Materials and Methods
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2 Materials and Methods
2.1 Preparation of equine liver homogenates and microsomes

2.1.1 Horse liver tissue

Samples of fresh horse liver were obtained from F. Drury and Sons Ltd,
Swindon except for two samples, which were obtained from the Animal
Health trust (AHT) Newmarket. The ages of horses (n=39) range from 1 to
29 years. All horses were slaughtered in accordance with the Welfare of
Animals at the Time of Killing (UK) Regulation 2015. After the chosen liver
being inspected by the veterinarian, small cubes were excised, immediately

put into a labelled bag and then flash frozen using dry ice.

2.1.2 Homogenisation of liver samples

Tissue samples (approximately 5 g), previously stored at -80 °C, were
thawed on ice and weighed accurately. The samples were finally chopped
and homogenized using a blender (ASDA, UK) for 60s in 0.15 M potassium
chloride buffer pH 7.4 (10 ml/gram of liver). The homogenised samples were
filtered through a nylon mesh (pore size= 250 um) (Fisher scientific, UK).

The aliquots were stored at -80 °C.

2.1.3 Preparation of microsomes

Microsomes were prepared according to a protocol described by Wilson et
al. (2003). Briefly, the homogenates were centrifuged at 10,000g for 20
minutes at approximately 4 °C and the supernatant (S24 fraction) retained.
The supernatant was then centrifuged at 100,000g for 60 minutes and the
resulting supernatant was discarded, and the pellet re-suspended in ice cold
0.1 M phosphate buffered saline (PBS), before being centrifuged at 100,000g
for a further 60 minutes. The final pellet was then re-suspended in a volume

of PBS equivalent to two thirds the weight of the original tissue. Samples of
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all fractions were stored at - 80 °C pending CYP P450 and total protein

determination.

2.1.4 Protein determination

The total concentration of the protein of homogenate and microsomal
samples (both diluted 10 and 20-fold) were measured according to Bradford

(1976).

The linear calibration curve was made with Bovine Serum Albumin BSA
(Fisher, UK). A 2 mg/ml BSA solution was prepared in elution buffer (1x
Phosphate Buffer Solution, PBS) and this was used to make a calibration
standard curve of serial dilutions (0, 0.1, 0.5, 1.0, 1.4 and 2 mg/ml).

20 pl of each standard dilution and sample was mixed in a microcentrifuge
tube with 1 ml of Bradford reagent (Sigma Aldrich, UK). 20 ul of the liver
microsomes was mixed with 1 ml of Bradford reagent. Samples were left
for 5 min at room temperature, and then transferred to cuvettes (Fisher,
UK) to determine the Optical density (OD) at 595 nm using a Biochrom Libra
S22 spectrophotometer (Scientific Laboratory supplies, UK).

The protein concentration was determined by comparing the OD of the liver
microsomes against the standard calibration curve. The total concentration
of protein present in the original sample of equine liver microsomes was
calculated by multiplying the determined protein concentrations for the

diluted samples with the dilution factor.

2.1.5 Cytochrome P450 determination

A dithionite difference spectroscopy method (Matsubara et al. 1976) was
used to determine the P450 content of the microsomes and homogenate
fractions using a Unicam UV/Vis Spectrometer UV4 (Unicam, Cambridge,
UK). The samples were exposed to carbon monoxide for one minute, at the
rate of one bubble per second. Each sample was divided in two cuvettes and

the baseline recorded. Sodium dithionate (Sigma-Aldrich, UK) was added to
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one cuvette and the spectral difference between the two samples was
determined. The CYP P450 content in both microsomes and homogenate was
calculated using (equation 2.1).

(A450 — A490) 2.1

0.091
Where 0.091 mL/nmol/cm is the CYP450 molar extinction coefficient, A450

nmol P450 per ml =

is absorbance at 450nm and A490 is absorbance at 490nm.

2.1.6 Correction for loss of microsomal protein

Calculation of total P450 content of both the homogenate and microsomes
can be used to correct for any losses in microsomal protein in the preparation
process (Wilson et al., 2003) as over 96% of the 450 content of the liver has
been shown to be membrane bound (Guengerich et al., 2009). The equation
used to correct for losses in microsomal protein in the preparation process

is:

nmol P450 Homogenate g~! liver 2.2
MPPGL =

nmol P450 Microsomes mg~! microsomal protein

2.2 Isolation of primary equine hepatocytes

2.2.1 Equipment and reagents

Hank’s buffered salt solution (HBSS) without calcium, magnesium or phenol
red (Fisher Scientific, UK), Hank’s buffered salt solution (HBSS) 10x with
calcium and magnesium and without phenol red (Fisher Scientific, UK),
Collagenase, Type IV (Fisher Scientific, UK), Williams’ Medium E, no phenol
red (Gibco®, UK), Autoclaved water, Percoll® (Sigma, UK), Sterile cell
strainer 100 pm and nylon mesh 250 um (Fisher Scientific, UK). The
perfusion system consisted of: Peristaltic pump (MasterFlex, Cole-Parmer,
USA), Water bath (Fisher Scientific, UK), Jacketed condenser (Fisher

Scientific, UK), Bubble trap (CAPIOX® Bubble Traps, Terumo, UK), Blchner
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funnel 240 mm (VWR International, UK), Sterile 50 mL conical tubes, Tubing
connectors Y-type (Fisher Scientific, UK) and olive tip cannulae (Emst Kratz

GmbH, Germany) (Figure 2.2.1a).

2.2.2 Source of liver samples

Samples of horse liver, were obtained from F. Drury and Sons Ltd, Swindon,
UK. Liver samples (preferably the left lateral, caudate or Quadratus
segment) were excised ex vivo about 20-25 mins after slaughter. The tissue
then placed in labelled plastic bag and immersed with cold HBSS (0-2 °C)
and placed on ice in a polystyrene container. The liver sample was then

transported to the laboratory, a journey of 2,5-3 hours.

2.2.3 Hepatocyte preparation

The isolation of primary hepatocytes has never been practiced in our lab.
Therefore, the development of the protocol to isolate equine hepatocytes
with acceptable levels of yield and viability was contained a relatively long
optimisation process. Although, the perfusion system simply consists of a
pump, autoclavable silastic tubing, water bath and a bubble trap, but finding
a proper bubble trap was one of the key issues during optimisation process.
Finding a prober bubble trap was not an easy job; hence, three types of
bubble traps was tested: the first one was a modified 50 ml Eppendorf tube
(fisher, UK), the second was heating coil with built in bubble trap (Radnoti,
USA), the third type was adult and paediatric bubble trap from (CAPIOX®
Bubble Traps, Terumo, UK). The suitable flow rate was the second issue
during optimisation process. Initially, flow rate ranges from 22-44
ml/min/cannula was used to perfuse a liver lob weighing >150 g. This was
applied in order to try to obtain a maximum yield and viability with a
minimum amount of buffers. Eventually, the optimised protocol was as

follows:
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As soon as possible after arrival in the laboratory the part of lobe was excised
to obtain on the cutting surface at most 2-3 (2-4 mm in diameter) hepatic
vessels. The weight of this part was usually about 80 g.

For hepatocytes preparation, a “two-step” perfusion procedure (chelating
and collagenase perfusion) was used.

The liver lobe was cannulated and submitted to a blood removal step (Figure
2.2.1b). The size of the used cannulae varies from 1.2-2 mm in diameter.
The liver segment was initially perfused with calcium free Hanks-HEPES
solution to flush out any remaining blood, at a flow rate of 44
ml/min/cannula for 5 min. The liver lobe was then perfused with Ca?* free-
HBSS supplemented with 1 mM EGTA (Chelating step) for 10 min, without
recirculation of the perfusate.

This was followed by 0.5 L of HBSS buffer containing 5 mM calcium chloride.
Then immediate recirculation of HBSS buffer containing 5 mM calcium
chloride and collagenase (0.1% w/v) was performed for 15-25 min at a flow
rate of 44 ml/min/cannula.

All perfusion buffers were warmed in a water bath at 40° C. Collagenase
solution was kept in another water bath at 37 °C to preserve enzyme
activity. The digested liver lobe was then transferred to a 10 cm Petri dish
and disrupted gently, using pointed scissors to tear the liver capsule (Figure

2.2.1¢).

2.2.4 Purification of the initial cell suspension

The digested liver tissue was dispersed in 100 ml of HBSS buffer containing
albumin 0.1% w/v (refer to Table A.I.6) at 4 °C. The resulting cell
suspension was twice filtered, first through a 250 ym nylon mesh followed
by a 100 um nylon mesh. Next, HBSS buffer containing albumin was added
to the filtered suspension to reach a final volume of 300 ml. Once

resuspended, the cell suspension was transferred into 5 ml centrifuge tubes

62



Chapter 2

and centrifuged twice for 3 to 5 min at various centrifugal speeds from 50
to 75 g. The first centrifugation was performed at 75 g for 5 min, therefore,
a substantial proportion of cell contaminants was removed. After the final
centrifuge step at 50 g for 3 min, the cell pellets were resuspended in HBSS

buffer containing albumin and placed on ice.

2.2.5 Determination of hepatocytes yield and viability

The yield and viability of freshly isolated hepatocytes were assessed with
Trypan Blue (TB) dye exclusion test (Tennant, 1964). 15 pl TB was mixed
with the same volume of cell suspension and stained (non-viable) and
unstained (viable) cells were counted in a haemocytometer. Therefore, the
viability % can be determined from the percentage of live cells to total cell

count.

(9

Figure 2.2.1: (a) Perfusion setup. [A] Peristaltic pump, [B] water bath, [C] glass
jacketed condenser, [D] bubble trap. (b) Liver piece with curved irrigation cannulae
with olive tips inserted in blood vessels on a Blichner funnel. (c) Digested liver tissue:
the digested areas appear bulged and pale in colour (left side).

2.2.6 Cryopreservation of equine hepatocytes

Hepatocytes were cryopreserved using the following modified protocol

(Adams et al. 1995). Two freezing media were used: 1) is composed of 50%
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WME, 40% Foetal calf serum and 10% DMSO; 2) was a commercial freezing
medium contain 7.5% DMSO (Sigma, UK). The first medium was prepared
fresh at the time of cryopreservation and under sterile conditions.

Cells were pelleted at 50xg for 3 min and resuspended in Falcon tubes with
cryopreservation media. After resuspension, the Falcon tubes were placed
on ice and the resuspended cells aliquoted into 1.8 ml (1 ml of cell
suspension/cryovial at a concentration of 5x10° cells/ml. The vials were then
transferred to a Styrofoam rack and covered with another Styrofoam rack
or transferred to (Mr Frosty®, Freezing Container Fisher, UK) then placed in
-80 °C overnight. The cryovials were then transferred to liquid nitrogen

cryostat.

2.2.7 Thawing of cryopreserved hepatocytes

Cryopreserved cells were recovered by placing the vials in a 37 °C water
bath until all visible ice disappeared using gentle agitation to achieve uniform
thawing.

The cells were then diluted 1:10 by dropwise addition to foetal bovine serum
containing medium (pre-warmed WEM plus 10% foetal bovine serum). The
suspension was centrifuged for 5 minutes at 50xg and 4 °C.

The supernatant was decanted, and the cell pellet was re-suspended in warm
culture media.

Hepatocyte yield and viability was determined immediately post-thaw by

Trypan Blue exclusion.
2.2.8 Storage

One batch of equine hepatocyte was used to study the effects of the storage
time at -196 °C on cryopreserved hepatocytes. Hepatocytes were
cryopreserved according to the above protocol (section 2.2.6). A cryovial of
this batch was thawed after two days, 1 week, 2 weeks, 3 months, 10

months and 16-month storage at -196 °C. Hepatocytes were thawed rapidly
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at 37 °C, and the freezing medium was diluted according to the protocol
mentioned in (section 2.2.7). Hepatocyte yield and viability was determined
immediately post-thaw by Trypan Blue exclusion. For this analysis, 15 pl of

cell suspension was added to 15 pl of Trypan Blue.

2.2.9 Percoll purification

A Percoll density gradient was usually used following thawing of the cells to
increase the number of viable cells by separating them from the non-viable
cells (Dou et al. 1992). This step has often been performed to get cell
viability >70%, which is the minimum viability accepted to perform enzyme
kinetic studies in vitro (Foster et al., 2011). Two concentrations of Percoll
gradient (25% and 30%) were overlaid with the content of one vial of
hepatocytes and centrifuged at 110xg at 4 °C for 20 minutes (SciKon
Innovation 2010) (Table A.I1.7). After centrifugation, the dead cells and the
cell debris were located at the interface while viable cells were pelleted. Cell

viability was determined as mentioned above.

2.2.10 Measurement of viability in cultured hepatocytes

Cell viability of primarily isolated equine hepatocytes and recovered
hepatocytes after cryopreservation was evaluated both before and after
seeding. Viability of freshly isolated or recovered cells was determined by
Trypan exclusion test. Viability of attached cells was determined with (3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT)
colorimetric assay. Various cell nhumbers, i.e. (5000, 8000, 10000, 25000,
50000, 75000, and 100000 viable cells/well) suspended in 100 ul of WE
supplemented with 10% FBS were cultured in flat bottomed 96-well tissue
culture plate (Table A.1.8). Three wells of media (without cells) were kept,
serving as a blank. 10 pl of MTT solution was added into wells, and then the

plate was incubated in Heracell 150 Incubator (Thermo Scientific, UK) at 37
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°C and 5% CO2 atmosphere for 4 hours. At the end of the incubation period,
the converted dye was solubilised with 100 pl acidic isopropanol (Gibco, UK).
The mixture was pipetted up and down several times to make sure the
converted dye dissolved completely.

The optical densities (OD) of the formazan solutions in wells were measured
at 540 nm by a Microplate Reader model Labtech LT-4000MS Microplate
Reader with Manta PC analysis software (Labtech International LTD, UK)
(Table A.1.9).

Cell density= OD sample-OD blank (MTT plus acidic isopropanol).

2.2.10.1 Attachment efficiency

The attachment efficiency of primarily isolated equine hepatocytes and
recovered hepatocytes after cryopreservation was examined with (MTT)
colorimetric assay. Hepatocytes were cultured in 96-well plate at a final
density of 5x10 viable cells/well in 200 ul of WME supplemented with 10%
FBS, antibiotic-antimycotic solution per well into 96 well plates and cultured
in Heracell 150 Incubator (Thermo Scientific, UK) at 37 °C and 5% CO2. Cell
attachment was evaluated 24 hours after seeding. The cell culture medium
was aspirated off to remove floating dead cells and replaced by 110 pl of
WME containing 10 pl filter sterilised MTT (5 mg/ml in BPS). Following a 4 h
incubation period with MTT; Formazan crystals dissolved in 100 pl acidified
isopropanol for measuring relative percentage viability using Microplate
Reader model Labtech LT-4000MS Microplate Reader with Manta PC analysis
software (Labtech International LTD, UK). The cell number was determined
by comparing the OD of the sample against the standard calibration curve

(Figure A.1.1).
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2.2.10.2 Determination of horse HPGL

To determine hepatocellularity (HPGL), CYP P450 contents of homogenates

and hepatocyte suspensions were measured.

2.2.10.3 Homogenization of hepatocyte suspensions

Cryopreserved hepatocytes were thawed, and the total number of cells was
counted. Suspensions were homogenized by freezing thawing cycles.
Homogenates were flash frozen in dry ice and stored at -80 °C pending

measurement of CYP P450 content.

2.2.10.4 Determination of Hepatocellularity

CYP P450 content method: The CYP P450 content of whole liver
homogenates and homogenates of hepatocyte suspensions from 18 equine
livers were determined by dithionite difference spectrometry. Equation 2.3

was then used to calculate HPGL values (Wilson et al. 2003):

nmol CYP450yomogenate PEr gram liver 2.3
nmol CYP450 per 10%cells

HPGL =

Protein method: 97% of liver protein is contained in hepatocytes, and in a
suspension of isolated hepatocytes this value is 99% (Worboys et al., 1996).
Hence the hepatocellularity can be calculated from the ratio between the
liver protein concentration and the protein concentration in the

corresponding hepatocyte suspension, corrected by 0.97/0.99.

2.2.10.5 The operator (researcher) influence on estimated
values for MPPGL and HPGL

To investigate the effect of the improvement of the researchers’ skills in
preparation and /or determination of values of MPPGL and HPGL, the all

determined values were plotted against the time of preparation.
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2.3 Age related alteration in the size of equine hepatocytes

Fragments of liver tissue, drawn after the slaughter of 9 horses divided into
three age groups (<9, 10-20 and >20 years) were used in the present study.
During routine inspection, no pathological changes were detected in the liver

of any horse examined.
2.3.1 Preparation of histological sections

Tissue fragments, obtained from 9 horses aged 1, 3, 5, 10, 16, 19, 21, 23
and 29 years-old, were fixed in 10% formalin for 24 hours at 4 °C. After
fixation, samples were processed using routine methods and embedded in
paraffin wax. Sections were cut at 5 ym thickness and stained with
haematoxylin eosin (H&E). To avoid any biased interpretation each slide was
assigned a random number and the investigator was blinded to the identity
of the sample. Three non-overlapping slides per horse were photographed
in triplicate using 400x magnification (DM5000B, Leica, Germany). The
number and size of hepatocytes in a chosen area were counted and
measured using Image-Pro® plus Software, Media Cybernetics, USA. For
hepatocyte size, the area of 35 cells/image were measured. The average +
SD was calculated using Microsoft Excel (Microsoft Excel 2010, Microsoft

Corporation, USA).
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Figure 2.3.1: HE staining, 200X - liver normal structure in 1-year-old (1), 19-year-
old (2) and <21-year-old horse (3). High magnification (400X) shows microscopic
view of a portal triad; small hepatic arterial (A), portal vein (V), bile duct (B), Lymph
vessel (L) (1a), mononuclear, binuclear and polynuclear hepatocytes (arrow) and
Kupffer cells (K).

2.4 Determination of Michaelis-Menten parameters for
omeprazole, flunixin and phenylbutazone

All incubations were performed in 1.2 ml cluster tubes (Sigma, Dorset, UK)
in a 96-well heater block (BioShake iQ, Germany), at 37 °C with a total
incubation volume of 1 ml. Drug stocks were prepared in DMSO at 100 x

final incubation concentration (from 0.5 to 150 uM).

2.4.1 Linearity of initial reaction rate with respect to mg
microsomal protein or number of hepatocytes per ml

To insure appropriate hepatocyte and microsome concentrations were used
in incubations, a range of concentrations of the respective in vitro liver
system Equine hepatocytes (final concentration 0.1, 0.2, 0.5, 1, 2, 3, 4 x
106 cells/ml) and Equine liver microsomes (final concentration 0.1, 0.5, 1,
2, 5 and 10 mg/ml) were incubated with 5 pM (which is below the Km) of
omeprazole, flunixin or phenylbutazone following the respective protocols.
The three drugs were selected because they represent the two class of drugs

are frequently used in equine medicine. Moreover, omeprazole is used in
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human medicine and its metabolism in vivo is well characterised in human
as well as in horse. Hence, it represents a potential candidate to compare

enzyme kinetics in human and horse.

2.4.2 Microsomes

Each incubation contained microsomes at a concentration of 1 mg/ml, drug
(10 ul), NADPH 11.3 mM (Roche, Germany) (100 ul) and phosphate buffer
(pH 7.4) up to 1 ml. All components of the incubation mixture except NADPH
were pre-incubated at 37 °C for 5 minutes in order to equilibrate. Incubation
involved shaking at 500 rpm at 37 °C incubator. The addition of NADPH
immediately started the reaction. At 0, 5, 10, 20 and 60 minutes 100 pl of
the incubation was removed and quenched into 200 pl of ice cold methanol.
Samples were subsequently frozen at -20 °C until further analysis. Samples
were centrifuged at 31xg for 10 minutes at 4 °C prior to HPLC analysis. The
supernatant was removed and transferred into HPLC vials and analysed.
Internal standards were used at a concentration of 10 puM in the quenching
methanol to ensure an apparent decrease in substrate concentration was

not due to non-specific processes or analysis error.

2.4.3 Fresh hepatocytes

Isolated hepatocytes diluted to 1 million cells/mL, using WEM with 0.125%
BSA, were pre-incubated for 30 minutes at 37° C with 5% CO:2. Incubation
involved shaking at 750 rpm at 37 °C in the incubator. The reaction was
initiated by adding 10 pl of each drug stock to the cell suspension. Then,
100 pl aliqguots were removed at 0, 5, 10, 20 and 30 minutes and quenched
in 200 pl of ice cold methanol containing internal standard (10 uM). Samples
were subsequently frozen at -20°C until further analysis. Samples were
centrifuged at 31xg for 10 minutes at 4° C prior to HPLC analysis. The

supernatant was removed and transferred into HPLC vials and analysed.
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2.4.4 Cryopreserved hepatocytes

Hepatocytes were thawed using a modified protocol (SciKon Innovation,
2010). Vials of cryopreserved hepatocytes stored in liquid nitrogen were
transferred to a 37 °C water bath using dry ice and gently shaken until
thawed. 15 ml of 30% Percoll gradient (composed of 9.45 mL WEM, 1.05 mL
FCS, 4.05 mL Percoll (Sigma, UK) and 0.45 mL 10x PBS solution) was
overlaid with the content of one vial and centrifuged at 110xg at 4°C for 20
minutes (SciKon Innovation 2010). The pellet was resuspended in WEM and
kept on ice. Cell viability was determined using TB dye exclusion test, and
only suspensions with viability greater than 70% were used for incubations.
Incubations were repeated using the fresh hepatocyte protocol, however the

heater block was set at 500 rpm.

2.4.5 LC/MS method development

An omeprazole method was developed by the author and undergraduate
research student Stefani Pratt (Table A.III.1). All methods were developed
on a Micromass Quattro Ultima mass spectrometer using electrospray
positive mode with an Agilent 1100 HPLC. The solvent flow rate was kept a
constant 0.5 ml/min with an upper pressure limit of 400 bar. Solvent A was
10% methanol, 90% water and 0.002% formic acid and Solvent B was 100%
methanol and 0.002% formic acid.

For omeprazole, an MS scan was run in positive ion mode, at cone voltages
of 25 eV and 60 eV, and peaks of 346 and 370 mass units were determined
for omeprazole and lansoprazole standards, respectively. A nine-minute
method was used with an initial gradient of 20% solvent B and 80% solvent
A (full method in appendix III). Whereas, methods for flunixin and
phenylbutazone were adapted from Orr (2015) (appendix IV).

In addition to substrate depletion, the samples of the three drugs were

monitored for the appearance of oxidative metabolites MH+16/Z. These ions
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were monitored along with the parent drug ions and methods developed
ensured retention times for drug and metabolite varied enough to distinguish
between peaks.

2.4.6 LC/MS Analysis

Peak area ratios of omeprazole, flunixin and phenylbutazone to their
respective internal standard (lansoprazole, ketoprofen and diclofenac) were
determined by integration of chromatograms produced using MassLynx

v4.0.
2.4.7 Enzyme Kinetic Analysis

The change in drug substrate concentration was determined using equation
1.42 (section 1.6).

The initial reaction rates (Vo) for the different substrate concentrations were
calculated by multiplying the initial substrate concentration with the
corresponding Kadep value. Vo is related to the Michealis-Menten constant (Km)
and maximal reaction velocity (Vmax) via (eq. 1.33).

To determine kinetic parameters, Vo was plotted against initial substrate
concentration to produce a Michaelis-Menten graph using Graph Pad Prism
7. To generate an intrinsic clearance (Clint), the (equation 1.39) was used.
The calculated CLint was corrected for incubational binding (Austin et al.,

2002, Austin et al., 2005)

2.4.8 Estimating blood hepatic clearance

The whole liver intrinsic clearance (Liver Clint) was calculated using (equation
2.4), where the scaling factor is the previously calculated MPPGL or
hepatocellularity for microsomes and hepatocytes, respectively. The average
mass of an equine liver is 1.5% of the total body weight; 7.5 kg for an
average 500 kg horse (Burdas et al., 2003).

Liver CL;,; = invitro CL;,, X scaling factor X liver weight 2.4
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The blood hepatic clearance (Cly) was calculated from the liver Clint using the

well-stirred and parallel tube models (see section 1.7).

2.4.9 Drug-Drug interaction study

A microsomal incubation was conducted using the protocol described in
section 2.4.2, with 10 pM omeprazole in all wells, and various concentrations
of chloramphenicol (0-150 pM). The inhibitor concentration that results in a
50% decrease in reaction rate (ICso) was determined. Assuming competitive
inhibition occurred, the ICso was used to calculate the inhibition constant (Ki)
using (equation 1.51), where [S] is the omeprazole concentration.

The effect of the Ki on the area under curve (AUC) was calculated using

(equation 2.5).

()

K;
where [I] is the inhibitor concentration, and AUCi/AUC shows the AUC ratio
for the presence and absence of the inhibitor at concentration [I]. The AUC

value was obtained from in vivo study conducted at the Centre for

Racecourse Studies in Newmarket.

2.5 Statistical analysis

All data are presented as average * standard deviations of the number of
samples used. Significant differences between groups were determined
using an analysis of variance (ANOVA). Multiple comparisons between
groups in each case were performed using a Tukey’s honestly significant
difference test. Significance of any linear correlations was analysed using
the regression slope statistics. Comparison in vitro Clint between freshly
isolated, cryopreserved equine hepatocytes and equine liver microsomes for
omeprazole, flunixin and phenylbutazone, on the other hand, was performed
using a paired, two-tailed Student’s test. Level of confidence was set at

a=0.05 for all tests, with p-values lower than 0.05 considered statistically
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significant. All statistics were carried out using GraphPad Prism version 7.0

(GraphPad Software Inc., San Diego, CA, USA).

74



Chapter 3

Chapter 3

Preliminary studies of
cryopreservation and culture of
freshly isolated equine
hepatocytes

75



Chapter 3 Preliminary studies

3 Preliminary studies

3.1 Introduction

3.1.1 Why use primary hepatocytes

Isolation and culture of primary hepatocytes have been practiced since more
than five decades (Berry and Edwards, 2001). The isolated primary
hepatocytes considered as a "“gold standard” for evaluating hepatic
metabolism and toxicity of drugs and other xenobiotics in vitro (Dambach et
al., 2005; Hewitt et al., 2007b). Despite the fact that freshly isolated
hepatocytes have a limited viability in suspension of up to 4 hours, this
period is long enough to determine the metabolic stability of a drug and to
allow identification of major metabolites (Jouin et al., 2006; Soldatow et al.,
2013). The limited availability of fresh cells restrains their use, however,
cryopreservation offers an option for long-term storage of hepatocytes
providing a continuous and sufficient “off the shelf” supply (Bachmann et al.,
2003; Griffin and Houston 2004; Terry et al. 2010).

Fresh equine primary hepatocytes have successfully been isolated and
cultured (Bakala et al. 2003; Stefanski et al. 2013). However, there is no
literature evidence describing the cryopreservation and recovery of equine
hepatocytes and the resulting cell viability and activity of xenobiotic
metabolizing enzymes. A better understanding of equine drug metabolism is
important for optimal administration regimens of drugs and the resulting
effects of the applied treatment. Therefore, equine veterinary surgeons will
be better informed with regard to the outcomes of administered drugs and
as a result potential drug-drug interaction may be avoided. This will
ultimately lead to improved welfare of the horse population. Furthermore, a
greater understanding of how drugs are metabolised in the horse, including

rates of metabolism and metabolites generated using in vitro systems, will
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aid the equine sports industry regulate for the abuse of medications and

doping substances with a reduction in animal usage and overall costs.

3.1.2 Cryopreservation and recovery of equine hepatocytes

Although hepatocytes from abattoir provide an unlimited source of for cell
material, it often happens that only a small portion of these cells is used in
a certain experiment and the rest is discarded. Thus, developing a method
for cryopreservation of equine hepatocytes is essential, especially that
methods for cryopreservation of both animals and human hepatocytes were
developed. In this context, several studies were shown that recovered
hepatocytes retain the same metabolic enzyme content as freshly isolated
hepatocytes (Utesch et al. 1992; Diener et al. 1993). Since CYP P450
enzymes account for ~70% of the metabolism of pharmaceuticals, the major
research activity has focused on this family of enzyme (Furge and F. P.
2006). Currently, introduction of recombinant CYP P450s and LMs have
made these in vitro tools highly valuable for drug metabolism in vitro.
However, isolated hepatocytes represent the most complex in vitro
experimental system containing the full complement of enzymes a

compound is likely to encounter during first-pass hepatic metabolism.

3.1.3 Comparison of Enzyme activity in fresh and cryopreserved
equine hepatocytes

To investigate the effect of cryopreservation on xenobiotic metabolizing
enzymes, intrinsic clearance is used as an indicator for the efficiency of
metabolism. Moreover, it can be scaled to in vivo Clmet with knowledge of
physiological parameters such as microsomal protein content,
Hepatocellularity, liver weight and a model of hepatic extraction such as the
well stirred model (Houston 1994; Naritomi et al. 2001). Using in vitro data,
notable successes has been reported in determination of in vivo clearance

for the majority of drug-metabolising enzymes in different species (Lau et
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al., 2002; Shibata et al., 2002; Naritomi et al., 2003). Most of these studies
assessed in vitro metabolism by disappearance of drug substrate, whereas
the comprehensive evaluation of the ability of cryopreserved hepatocytes to
predict in vivo Clint needs a detailed investigation of the kinetics of metabolite
formation of a range of drug substrates. Hence, direct comparisons can be
made to fresh hepatocytes.

The main aim of this chapter was to optimise cryopreservation/thawing
procedures for equine hepatocytes then compare viability, attachment
efficiency and enzymatic activity between freshly isolated and recovered

cryopreserved equine hepatocytes.

3.2 Results
3.2.1 Isolation of equine hepatocytes

After a long optimisation process, which lasted more than six months, equine
hepatocytes successfully isolated with high yield and viability.

The modified 50 ml centrifuge tube and heating coil bubble trap was not able
to stand a high pressure; whereas, adult bubble trap failed to provide stable
pressure. In contrast, paediatric bubble trap was able to provide a uniform
perfusate. Use of a low flow rate resulted in poor digestion with lower yield
and viability; with 22 ml/min/cannula flow rate the total yielded viable cells
were 5x 10° cells per isolation with viability 44.7%. At 36 ml/min/cannula
the total viable cells were 7.2 x 10° cells per isolation with viability of 55%.
Best results were obtained using a constant 44ml/min/cannula flow rate. A
small part of lobe <100 g cannulated with olive tip cannulae was cost
effective option i.e. less perfusate was used with acceptable amount of viable
equine hepatocytes was obtained. Eighteen perfusions were performed, and
the results of these 18 perfusions are summarised in (Table 3.2.1). The
average of total yielded viable hepatocytes was 300+214x106 cells per

isolation, which accounted for 3.2+2.4x10° cells per gram of perfused
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tissue. Hepatocyte viability was, on average, 84.4+£4.6% as determined by

Trypan Blue exclusion test.

Table 3.2.1: Overview of the results of the 18 horse liver perfusions

Horse Age at Liver Total Cell viability
number | slaughtering piece number of using Trypan
in years weight in | cellsx 109 blue stating
grams in percent

1 5 90 67.2 97

2 22 80 750 94

3 6 80 140 82.7

4 10 80 413 82.6

5 2 80 300 81.0

6 1 80 400 84.0

7 6 80 150 85.0

8 10 80 250 80.0

9 22 80 180 83.0

10 16 80 56.7 80.0

11 19 100 410 87.7

12 2 90 839.7 83.0

13 18 100 280 84.0

14 3 90 344.7 81.0

15 18 80 129 82.6

16 14 80 189 87.7

17 25 80 352 82.7

18 16 80 152 81.5
Average 300.2 84.4
SD 213.6 4.6

3.2.2 Cryopreservation and recovery of equine hepatocytes

The number of viable hepatocytes recovered from cryopreservation was
compared for two formulas: 1) 50% Williams medium E, 40% foetal bovine
serum and 10% DMSO; 2) Prepared according to the formulation of

Waymouth and Varnum (1976), it contains Minimum Essential Medium,
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8.7% DMSO and methyl cellulose. However, there were no significant

deference between two formulas in terms of post-thaw viability (p=0.24).

3.2.3 Effect of storage in liquid nitrogen

A batch of cryopreserved equine hepatocytes were stored for up to 16
months in liquid nitrogen and no effect on post-thaw viability was observed

in that time frame (Figure 3.2.1).
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Figure 3.2.1: Effect of storage time on equine hepatocyte post-thaw viability.

Cryopreserved hepatocytes were stored in liquid nitrogen from 2 days to 480 days.
3.2.4 Cell viability and attachment

Attachment of isolated hepatocytes is commonly used for the evaluation of
their quality. Attachment was assessed following 24 h culture using the MTT

assay. The percentage of attached cells was 70.8% and 45+4% (n=3), for

fresh and recovered cryopreserved hepatocytes, respectively.

3.2.5 Percoll Purification

Since the average of post-thaw viability was below the acceptable
hepatocyte viability for enzyme kinetic studies is >70%, hence Percoll
gradient was used to improve the cell viability. Two concentrations of Percoll
gradient (25% and 30%) were used in this study to examine its effect on

the percentage viability and recovery. A 25% Percoll treatment increased
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hepatocyte viability from 52+14 to 62.3+11% with 31.6+6% recovery
(n=3). Whereas, the average viability after 30% Percoll treatment was

77%x11% with the average recovery of 27£7% (Table 3.2.2).

Table 3.2.2: Summary of equine liver perfusions and Cell viabilities and vyield, pre,
and post cryopreservation.

Horse Average Average Number of Average
viability viability viable cells yield of
pre-cryo post-cryo isolated per viable cells

(%) with Percoll gram perfused post-cryo
gradient tissue x10° per vial

(%) x106

1 87.7 75.0 4.10 2.80
2 83.0 53.5 9.33 3.44
3 81.0 76.2 3.83 1.22
4 83.7 87.7 4.88 2.56
5 82.6 81.3 1.6 3.20
6 87.7 83.3 2.4 3.33
7 82.7 82.1 4.4 2.31
Average 84.1 77.0 4.36 2.69
SD 2.62 11.0 2.47 0.8

3.2.6 Comparison of intrinsic clearance and metabolite formation
between fresh and cryopreserved equine hepatocytes

To compare metabolic activities between fresh and cryopreserved equine
hepatocytes, three equine drugs were used. In vitro Clint was determined
for omeprazole, phenylbutazone and flunixin by measuring their depletion
over time at 10° cells in both fresh and cryopreserved hepatocytes from an

initial substrate concentration of 5 uM.

3.2.7 Optimisation of incubation conditions

Hepatocyte incubation conditions used to study the metabolism of these
three substrates were adapted from reported procedures (Griffin and
Houston, 2004; McGinnity et al., 2004; Jouin et al., 2006). However, there

was a process of optimisation with regard to the experimental conditions.
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Eight protocols were examined in the herein study, for optimisation as shown
in (Table 3.2.3). However, only method six and eight were used for fresh
and cryopreserved hepatocytes, respectively. Freshly isolated and
cryopreserved equine hepatocytes showed the optimum metabolism when
they were diluted to 1 million cells/ml, using WEM with 0.125% v/v bovine
serum albumin (BSA), and pre-incubated for 30 minutes at 37 °C with 5%
CO2. However, the agitation speed of the heater block was different with 750
and 500 rpm for freshly isolated and cryopreserved equine hepatocytes,
respectively.

There were no significant differences between Clint estimated in fresh and
cryopreserved equine hepatocytes from 3 horses for each drug (Figure
3.2.2). The average = SD (n=3) Clint for omeprazole was 21.3+6.7 and
16.3+0.5 pl/min/108 cells, for flunixin 19+6.2 and 18.7+4 ul/min/10° cells
and for phenylbutazone was 24+12.49 and 16.7+5.5 pl/min/10° cells in
fresh and cryopreserved hepatocytes, respectively. Oxidation metabolites
generated for omeprazole and phenylbutazone in fresh and cryopreserved
equine hepatocytes were detected. The mass chromatograms of oxidation
metabolites (+16 mass units) generated for omeprazole in fresh (B) and
cryopreserved (D) equine hepatocytes are shown in (Figure 3.2.3).
Metabolites of omeprazole were characterized by comparison of the negative
control chromatogram (0-time point) with the chromatogram of the 30-
minute time point. Oxidation metabolite peaks are presented by M1, M2 and
M3 with retention times 4.22, 4.96 and 5.57 minutes. The ratio between
peak areas of M1, M2 and M3 was 2:1:1, respectively in both fresh and
cryopreserved hepatocytes.

A phenylbutazone oxidation metabolite was characterized by comparison of
the negative control chromatogram (0-time point) with the chromatogram
of the 30-minute time point. This metabolite was identified as

oxyphenbutazone since it showed an identical retention time to an authentic
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oxyphenbutazone standard. Oxyphenbutazone was detected for both fresh
and cryopreserved hepatocytes (Figure 3.2.4 B and D), respectively;
however, the intensity, after normalising for internal standard), was 50%
lower for the latter which may suggest some degradation in the metabolising
enzyme(s).

Whereas no significant oxidation metabolites were observed for flunixin
which is known to mainly be conjugated with glucuronic acid in camel (Wasfi
et al. 1998). Selected ion monitoring for glucuronide metabolites (+176

M/Z) showed no detectable metabolites.
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Figure 3.2.2: Comparison of intrinsic clearance between fresh and cryopreserved
horse hepatocytes (average presented by dash line) for omeprazole (A), flunixin (B)
and phenylbutazone (C) (n=3 horse for each drug). The results show that there is
no significant difference between fresh and cryopreserved equine hepatocytes,
p>0.5.
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Figure 3.2.3: HPLC-MS chromatograms of oxidation metabolites of omeprazole in
extracellular medium of fresh (A=0 min and B=30min) and recovered cryopreserved
(C=0 min and D= 30 min) equine hepatocytes. 1x10°¢ freshly isolate and recovered
cryopreserved equine hepatocytes/ml were incubated with omeprazole as described
under Materials and Methods during 30 min. The ratio between the peak areas of M1,

M2 and M3 was 2:1:1, respectively in both fresh and cryopreserved hepatocytes.
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Figure 3.2.4: HPLC-MS chromatogram of metabolites of phenylbutazone in
extracellular medium of fresh (A=0 min and B=30min), and recovered cryopreserved
(C=0 min and D= 30 min) equine hepatocytes. 1x10° freshly isolated and recovered
cryopreserved equine hepatocytes/ml were incubated with omeprazole as described

under Materials and Methods during 30 min.
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3.3 Discussion

This chapter describes a simple method for isolation, cryopreservation and
recovery of viable and functional equine hepatocytes. In the present study
a protocol adapted from Bakala et al. (2003) and Lee et al. (2013), with
slight modification, was used. This protocol enabled high cell yield and
viability. Livers processed in this study were immersed in ice cold HBSS,
which preserves the liver for extended periods and protects against the
decrease in cell viability. Therefore, HBSS appears to be a suitable
alternative to other expensive solutions being used for organ preservation
such as University of Wisconsin (UW) solution in terms of cell viability and
functional integrity.

Livers obtained post mortem from slaughtered horses provide a
straightforward way to obtain hepatocytes without the need for large animal
operation facilities. Moreover, this source for biological materials allows the
reduction of costs and labour. In addition, it represents a suitable alternative
to the living animal, hence ethical restrictions can be avoided.

The results of the eighteen liver perfusions show that, there are several
variables contributing to high yield and viability. From the literature, the
perfusion system consists of a peristaltic pump with appropriate tubing, a
water bath and bubble trap; therefore, it is a simple system and there are
no potential technical problems. However, it was found that a bubble trap
was a critical component. The presences of air bubbles in the system
interfered with the final pressure at the cannula, and this may associate with
poor yield and viability. In this regard, the present study found that a
constant flow rate is very important for successful hepatocyte isolation.
Bakala et al. (2003) reported that, a proper constant perfusate flow rate is
extremely important for a successful liver perfusion, since the lower flow

rate could result in poor tissue dissection by the collagenase.
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During the optimisation process, several perfusion speeds (ranging from 22-
44 ml/min/cannula) were tested, and the results showed that an average
perfusion speed of 44ml/min/cannula is the ideal flow rate. Similarly, a
recent study assessed the effect of the perfusion parameters, and found that
the average perfusion speed of 44ml/min/cannula is ideal regardless of the
liver weight, hence the perfusion speed is adjusted depending on number of
cannulae being used (Lee et al., 2013).

The collagenase type and concentration are the key factor in hepatocyte
isolation. A concentration of 0.1% of collagenase type VI was used in this
study. This concentration resulted in high yield and viability; however, this
can vary from batch to batch due to variation of collagenase activity (Berry
and Edwards 2001). In this regard, Bakala et al. (2003) reported that use
of a concentration at (0.07-0.09%) or higher (0.11-0.12%) of collagenase
could result in a higher proportion of damaged cells.

The average yield of hepatocytes was 4.6+2.5 million cells/g of perfused
tissue, with an average viability of 84.4+4.6%. This is 5-fold higher than
that reported by Stefanski et al. (2013) (n=9). However, the number of
hepatocytes isolated per gram of perfused tissue was 5-fold higher in the
study by Bakala et al. (2003) than in the present study. Although protocols
were similar, they used University of Wisconsin solution for transportation,
which may have superior organ preservation capacities, enabling a larger
viable cell number to be obtained. Another potential factor is the number of
liver samples, which was greater (n=264) in the study by Bakala et al.
(2003).

Cryopreservation of hepatocytes has aimed to provide a bank of cells that
on recovery, maintain most of the normal enzyme activities. Therefore, the
present work used two freezing solutions, the first one is freshly prepared in
the lab and consists of: 50% WEM, 40% FCS and 10% DMSO; the second

one is a commercial serum free medium containing 7.5% DMSO and methyl
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cellulose. The present study found that there was no significant difference
between the two formulas in terms of cell viability. Both formulas contained
DMSO which has been found to provide a much higher attachment and
viability, on thawing, than the other cryoprotectants such as glycerol (Loretz
et al. 1989), However, the fresh formula is more cost effective than the
commercial one.

The viability of hepatocytes was demonstrated by both Trypan blue exclusion
and the MTT assay after the culturing of thawed cryopreserved hepatocytes
for 24 hours in a 96-well plate. With both cryopreservation formulas, equine
hepatocytes had an average pose-thaw viability of 60%. The results
obtained in this study were consistent with data obtained from other species
such as rats and human. With rat cryopreserved hepatocytes, the immediate
post- thaw viability of 60% has been achieved (Sosef et al., 2005).
Meanwhile, Terry et al. (2010) obtained post-thaw viability of 52£+9% using
cryopreserved human hepatocytes.

For the MTT assay, samples were plated and cultured overnight to assess
attachment and viability following 24 hours of culture. Recovery of viable
hepatocytes from cryogenic storage was 45+4%, accounting for cellular
attachment. This value is comparable with those quoted in the literature
(Chesne and Guillouzo 1988; Chesné et al. 1993; Terry et al. 2010). Poor
attachment ability of cryopreserved hepatocytes may have occurred due to
alterations in the proteins involved in the extracellular matrix adhesion
mechanism (Silva et al., 1999; Kunieda, et al., 2010; Arikura et al., 2002;
Ostrowska et al., 2000). Furthermore Terry et al. (2007) found that the
process of cryopreservation leads to down-regulation of cell adhesion at the
gene and the protein level (B1-integrin and E-cadherin, amongst others).
Despite the fact that this method may need improvement since no available
data exists with regard to the cryopreservation and thawing of equine

hepatocyte, it does provide a simple and robust method for the
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cryopreservation and recovery of metabolically competent isolated equine
hepatocytes.

The Percoll density gradient has often been used for cell separation and to
increase viability by separating live from dead cells (Lloyd et al., 2003).
When using a Percoll gradient after thawing, average viability post-
cryopreservation was 77+11.0%. This step is a useful procedure since it
results in removing dead cells and contaminating debris. Moreover, several
studies have found that use of this gradient has an advantage on cell
functions, including CYP P450 function and cell attachment (Lawrence and
Benford 1991; Dou et al., 1992; Utesch et al., 1992; McGinnity et al., 2004).
Intrinsic clearance for three drugs was determined, namely omeprazole,
flunixin and phenylbutazone. The results of this preliminary study show that
there is no difference between fresh and cryopreserved hepatocytes in terms
of enzyme activity; this is consistent with the literature (Diener et al., 1993;
McGinnity et al., 2004). Moreover, Griffin and Houston (2004) found that
cryopreserved human hepatocytes gave similar high clearances for
propranolol and diazepam to fresh hepatocytes. However, a continuous
availability of cryopreserved hepatocytes represents a major advantage as
a tool for drug screening.

The interval from slaughter process to hepatocyte isolation varies from 4-6
hours and this could lead to variation in the estimated Clint in vitro from both
freshly isolated and cryopreserved hepatocytes.

In conclusion, this study has shown that equine hepatocytes can be
successfully cryopreserved using a conventional freezing protocol. The use
of a Percoll centrifugation after thawing yielded equine hepatocytes, which
possess an enzymatic metabolic capability similar to that of freshly isolated
hepatocytes. This work is paving the way to establish a bank of

cryopreserved equine hepatocytes.
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4.1 Introduction

Hepatocytes and liver microsomes obtained from several species including
human are routinely used to determine the intrinsic clearance (Clint) of test
compounds in the discovery phase of drug development (Smith et al. 2008).
The generated in vitro Clint values are often extrapolated to in vivo using
scaling factors such as the hepatocellularity number per gram of liver (HPGL)
and the hepatic microsomal protein per gram of liver (MPPGL) (Hakooz et al.
2006). A relatively good correlation has been established between predicted
and actual in vivo clearance in human and pre-clinical species (Riley et al.,
2005). However, an important animal species that has been overlooked
regarding in vitro-in vivo extrapolation (IVIVE) of drug clearance is the
horse.

Microsomal scaling factors and hepatocellularity numbers for human, dog,
rabbit, rat and mouse have been estimated using methodologies such as
DNA, CYP and protein content (Carlile et al., 1997; Sohlenius-Sternbeck,
2006; Smith et al., 2008). However, horse MPPGL and HPGL have not been
investigated.

The present work was performed in order to determine the microsomal
protein and the hepatocellularity number for horses. This technique assumes
that all the CYP P450 enzymes are located on the smooth endoplasmic
reticulum and that their activity is not affected during the preparation
process. Therefore, correction for any losses in microsomal protein in the
process can be applied to determine an accurate microsomal scaling factor.
Microsomal protein per gram of liver and hepatocellularity numbers of
human, dog, rabbit, rat and mouse have been estimated using different
methodologies, namely, DNA, CYP and protein content. Using CYP P450

content method, a rat hepatocellularity number of 160 x 10° cells/g of liver
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and microsomal protein concentration of 61 mg/g of liver was determined
(Carlile et al., 1997; Smith et al., 2008). Similarly, a hepatocellularity of 169
(131-207) x 10°cells/g liver and microsomal protein concentration of 55
(48-62) mg/g liver was reported for dogs (Smith et al., 2008). On the other
hand, with protein method, Sohlenius-Sternbeck (2006), calculated a
hepatocellularity number of 117+30 and 215+45 x 10° cells/g of liver in rats
and dogs, respectively.

A human microsomal protein value of 33 (26-54) mg/g liver and
hepatocellularity number of 107 (56-185) x 10°% cells/g of liver were
determined using the CYP method (Wilson et al. 2003), whereas the protein
method afforded hepatocellularity number of 139+25 x 10° (Sohlenius-

Sternbeck 2006).

4.1.1 Variability of microsomal protein per gram of liver and the
effect of age

The IVIVE of hepatic metabolic drug clearance has been mainly based on
average MPPGL and HPGL values for a given species with no estimate of
intersubjective variability (Barter at al., 2007). Furthermore, a recent study
found that there was up to 19-fold individual variation in values of MPPGL in
128 human livers (Zhang et al., 2015). In this context, many reports have
demonstrated specific age-dependent changes in some hepatic parameters,
such as decreased protein and bile salt synthesis, and cholesterol
metabolism (Tietz et al., 1992; Bertolotti et al., 1993; Schmucker 2005).
Moreover, a number of studies have found strong negative correlations
between age and hepatic microsomal Phase I drug-metabolising activity in
inbred male rats (Schmucker and Wang 1980; Schmucker and Wang 1981;
Schmucker and Wang 1983; Yun et al., 2010). However, the results of
studies conducted on non-human primates contradict the findings in rat as

there was no apparent correlation between age-related changes in the
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microsomes and the in vitro activities of the constituent drug-metabolizing

enzymes (Maloney et al., 1986; Schmucker and Wang 1987).

4.1.2 Age-related alterations in the number and size of equine
hepatocytes

Even though the liver is the major site of metabolic activities, unlike the
kidney, it does not show well-documented or obvious changes in either
structure or function during the aging process. However, several
morphological studies have been conducted to study the effect of aging on
liver structure (Tauchi 1961; Tauchi and Sato 1962; de al Iglesia et al., 1976;
Watanabe and Tanaka, 1982). In the liver of the inbred rat strain Fisher 344
the cell density increased between 1 and 16 months of age and,
subsequently, declined while hepatocyte size was similar in immature and
senescent animals (Schmucker et al., 1978; Engelmann et al. 1981) . Other
changes in hepatocellular structure have been associated with advanced
age, which include reduction in the surface area of the smooth endoplasmic
reticulum, an increase in the volume of the mitochondrial and microbody
compartments and an increase in number of hepatocytes containing two
nucleotides (binucleate) or multi-nucleate (polyploidisation) (Tauchi and
Sato 1962; Schmucker et al., 1977; Engelmann et al. 1981). Although, none
of these age-related changes has a clear role in a significant decline in
hepatic function, there are data showing specific age related changes, such
as a loss of liver size and a drop in liver perfusion (Schmucker et al., 1977;
Schmucker et al., 1978; Watanabe and Tanaka, 1982); both of which may
affect certain hepatic functions, including first pass pharmacokinetics
(Marchesini et al., 1988; Wynne et al., 1989).

To predict extreme effects in populations and to evaluate risk in horses with
different age groups such variability should be assessed. Accordingly, the
main aim of this study was to determine levels of MPPGL and HPGL as well

as the effect of age on these levels and hepatocyte size in equine liver.
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4.2 Results

For the 39 liver samples divided into three age groups (group one 0-9 years
n=16, group two 10-20-year n=16 and group three >21-year n=7) (Table
4.2.1), the total protein concentration of the liver homogenates and
microsomes was 21.5x5 mg/ml and 31.1£6 mg/ml, respectively. The
average value of protein concentration in hepatocyte suspension was
1.0£0.3 mg/10% cells (n=14). The CYP P450 concentrations in liver
homogenate, equine microsomes and hepatocytes were 29.6+6.6 nmol
P450/g liver, 0.510£0.09 nmol P450/mg of microsomal protein and
0.130+0.02 nmol P450/10° hepatocytes, respectively.

The CYP P450 content of whole homogenate correlated with that of
microsomes (r?=0.533, p=0.05) (Figure 4.2.1). The ratio of the whole
homogenate CYP P450 content to the CYP P450 content for microsomes
provided scaling factors for each liver with an average of 57 mg microsomal

protein/g liver (CV=15%).
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Figure 4.2.1: Relationship between whole homogenate P450 (nanomoles per gram
liver) and microsomal P 450 (nanomoles per milligram protein). There is a

statistically significant (r2 = 0.533) (p=0.05) relationship between these metrics.

4.2.1 Hepatocyte scaling factor (Hepatocellularity)
Due to difficulties reported in literature regarding the measurement of CYP
P450 concentration in liver homogenates in other species (Sohlenius-

Sternbeck 2006), the present study compared CYP P450 method and protein
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method. Using the CYP P450 methodology, an average hepatocellularity of

227 x 10° cells/g of liver (CV=26%) was determined (Table 4.2.3). For the

protein method, the average hepatocellularity was 232x10° cells/ g liver

(CV=21%) (Table 4.2.4).

The operator i.e. the improvement in sample preparation and /or the

technique used for CYP P450 measurements had no considerable influence

on estimated values for MPPGL and HPGL as no correlation existed between

measurements and time for a 21-month period (p > 0.05) (Figure 4.2.2).
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Figure 4.2.2: Effect of operator (researcher) on MPPGL (a) and HPGL (b) values.

There was no correlation between measurements and time for a 21-month period (p

> 0.05).
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4.2.2 Inter-Individual Variability of horse MPPGL and HPGL and
the effect of age

Levels of hepatic total CYP P450 content per gram of liver increased
significantly in the horses aged between 10 and 20 years old relative to the
<10 and >20-year-old horses (Figure 4.2.3). On the other hand, the total
CYP P450 content in equine liver microsomes per mg protein did not change
significantly over the ages examined in this study (Figure 4.2.4). A U-
shaped relationship was observed between CYP P450 content per 10°
hepatocytes and the horse age (Figure 4.2.5). Furthermore, the results of
this study show a non-monotonic relationship between age and MPPGL with
values increasing from 48 mg/g (1-year-old) of liver to a maximum of 73
mg/g of liver (17-year-old) followed by a gradual decrease in older age
(Figure 4.2.6a). There was a significant increase (14.7%) in MPPGL in horses
aged 10-20 years old compared to 0-9 years old (p=0.004). On the other
hand, the MPPGL levels did not change significantly in horses aged >21 years
old compared to 10-20 years old (Figure 4.2.6b). Hepatocellularity increased
gradually with age to reach the maximum level in 19-year-old horses.
Subsequently, hepatocellularity declined until that of 25-year-old horses
almost approached the hepatocellularity of those found in the youngest
horses, (Figure 4.2.7a). HPGL was significantly higher in horses between 10
and 20-years-old compared to that in horses <10 and >20 years-old (Figure

4.2.7b).
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Figure 4.2.3: (A) Relation between nmol P450/g of liver and horse age (n=39).
(B) Comparisons of the three different age groups were made using a one-way
ANOVA followed by Tukey’s multiple comparison test. ** = P<0.05, ***=P<0.01
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Figure 4.2.4: (A) Relation between nmol P540/mg of liver microsomal protein and
horse age. Each value represents the average£SD for triplicate of one horse.
(n=39). (B) Comparisons of the three different age groups were made using a one-

way ANOVA followed by Tukey’s multiple comparison test.
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Figure 4.2.5: (A) Correlation between CYP P450 content per 10% hepatocytes and
horse age. (B) Comparisons of the three different age groups were made using a

one-way ANOVA followed by Tukey’s multiple comparison test * = P<0.05
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Figure 4.2.6: Effect of increasing age on protein in liver microsomes (A). (n=39).
Comparisons of the three different age groups were made using a one-way ANOVA
followed by Tukey’s multiple comparison test (B). ** = P<0.05.

T 4004 A T 400, B
= = e [a—
[ Y Y
S 300- . S 300 -
| 2 b o a i
Q< 20 * . 9 2 200.
- D ‘ z3
£ . 2
2 100- & 100-
= =
) ‘©
= 0 T T 1 = 0-
0 10 20 30 (0-9) (10-20) >20
Age (years) Age (years)

Figure 4.2.7: Relationship between HPGL and horse age. (n=18). Each value
represents the average = SD for 3-9 horses. Comparison of the three different age
groups was made using a one-way ANOVA followed by Tukey’s multiple comparison
test. ** = P<0.05, ***=P<0.01.

There was an inverse relationship between HPGL and CYP P450 content per
108 hepatocytes, i.e. the lower the HPGL the higher the CYP P450 content

per 10° cells (Figure 4.2.8).
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Figure 4.2.8: Relationship between HPGL and CYP P450 content per 10° cells for
18 equine livers. There is statistically significant (p<0.05) inverse relationship (r2 =
0.3926), between these values.

4.2.3 Age-Related alterations in the size and number of equine
hepatocytes

Age-related alterations in the size and number of equine hepatocytes were
studied in histological sections of liver samples obtained from 9 horses with
age ranging from 1 to 29-years old. The cell size and number per unit area
(averagex SD) of hepatocytes for each age category is summarised in (Table
A.II.1). Between 1 and 20 years of age the cell size of equine hepatocytes
decreased in size as age increased. Subsequently, the cell size increased
until the hepatocytes of the oldest horses approached the size of those found
in the youngest animals. Horses between 10 and 20-years-old contained
significantly smaller hepatocytes than horses older than 21-years-old (figure
4.2.9). The number of hepatocytes per unit area increased and decreased
inversely with the changes in hepatocyte size over age. There was a
significant difference in the number of cells per unit area between 10 to 19

years and <10 and > 20-year-old (Figure 4.2.10).
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The HPGL was highly correlated with the number of cells per unit area (r? =
0.8294, p=0.0006 and cell size (r? = 0.7323, p=0.0032) shown in (Figure

4.2.11A and B), respectively.
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Figure 4.2.9: (A) The age-related changes in the size of hepatocytes is presented
in this graph. There is a decline in cell size between 0 and 19 years, followed by a
significant increase between 19 and 29 years (p<0.05). Each value represents the
average £ SD for 3 horses. (B) Comparison of the three different age groups was
made using a one-way ANOVA followed by Tukey’s multiple comparison test. *=
P<0.05
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Figure 4.2.10: (A) The age-related changes in the number of cells of hepatocytes
per unit area is presented in this graph. There is a significant increase in number of
cells between 0 and 19 years, followed by a significant decline between 19 and 29
years (p>0.05) (a). Each value represents the average £ SD for 3 horses. (B)
Comparison of the three different age groups was made using a one-way ANOVA

followed by Tukey’s multiple comparison test. * and ** = P<0.05.
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Figure 4.2.11: (A) Relationship between HPGL and number of cells and (B) cell
size (b). There is a strong (r? = 0.8294 and 0.7323), statistically significant
(p<0.05) relationship between these values, respectively.

105



Chapter 4

4.3 Discussion

Microsomal protein per gram of liver (MPPGL) and Hepatocellularity (HPGL)
are used frequently as scaling factors to predict of the hepatic clearance in
vivo in human (Houston, 1994). However, there is no information about
these scaling factors in horses reported in the literature. In the present
study, the MPPGL and HPGL for horse were determined from CYP P450 and
protein measurements.

The CYP P450 content in equine liver microsomes was almost double
compared to human; in contrast, there was no difference in CYP P450
content in hepatocytes, between horse and human (Seddon et al.,1989).

In the present study, the average values for horse microsomal protein was
57 (41-73) mg/g of liver, and there was no difference in HPGL between the
two methods used; CYP P450 content method 227 (146-320) x 10° cells/g
of liver and protein method 232 (156-352) x 106 cells/g of liver. Despite the
reports about difficulties in measuring the specific concentration of CYP P450
in liver homogenate (Sohlenius-Sternbeck, 2006), and ease of measuring of
protein concentration in both cell suspension and in liver homogenate, no
difference was reported between the two methods (Carlile et al., 1997;
Bayliss et al., 1999; Wilson et al., 2003; Sohlenius-Sternbeck, 2006). The
hepatocellularity number obtained for the horse is higher than for other
species. One possible explanation for this may be the diameter of horse
hepatocytes (14.6+£4.8 pm) being smaller than the diameter of hepatocytes
from other species; 19.2+0.6 ym in rat, 18.4+0.8 pm in pigs, and between
20-30 pm in human (Engelmann et al. 1981; Stegemann et al. 2000; Boyer
et al., 2017). On the other hand, the microsomal protein value obtained
from the horse was similar to values obtained for dog and rat; however, it
was higher than that obtained for human (Hakooz et al. 2006; Smith et al.
2008). Furthermore, there is a statistically significant non-monotonic

relationship between age and both MPPGL and HPGL in horses.

106



Chapter 4

These findings are consistent with the literature; Basu et al. (1971) studied
the effect of the activity of microsomal drug metabolising enzymes with age
in rat liver and found that the total microsomal protein increased
progressively until the age of 70 days and thereafter it remained more or
less constant. Moreover, a study which collated and analysed data from a
number of sources found that there was a weak but statistically significant
inverse relationship between age and both MPPGL and HPGL in human
(Barter et al. 2007). Similarly, Barter et al. (2008) found that values of
MPPGL were approximately 36 and 31% lower in new born and elderly (80
years old) individuals than those in a 25-year-old individual. However,
recently Zhang et al. (2015), suggested that the variation in content and
activity of human liver microsomal protein was due to individual variations
rather than an age-dependent variation.

The micrometric measurements of hepatocytes in histological specimens, in
the present study, revealed that very young and aged horses possess less
and larger hepatocytes than middle age horses. Moreover, there is an
inverse relationship between size and number of hepatocyte in a unit area.
These findings are in agreement with those reported in the literature; Tauchi
(1961) reported that the number of cells in human and rat liver samples
decreased to a certain degree with advanced age while hepatocyte size
increased. Furthermore, the fall in hepatocyte number with advancing age
has been observed in human liver (Wakabayashi et al., 2002).

This increase in hepatocyte size in young subjects may be due to the fast
growth demands in this period of age which allows the liver to adapt with a
high-energy demand (de la Iglesia et al., 1976). On the other hand, the
increase in hepatocyte size in aged subjects may be due to nuclear
polyploidisation rather than compensatory hypertrophy (Tauchi and Sato
1962; Watanabe and Tanaka 1982). In the herein study the nuclear

polyploidisation was observed in horses over 21 years; however, further
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studies are needed on size alterations of both the nuclei and equine
hepatocytes in relation to age.

While it has been shown that there is a statistically significant inverse
relationship between age and CYP P450 content/mg microsomes in female
horses (Nebbia et al. 2004), the present study found that age has no effect
on CYP P450 content/mg microsomes. However, the effect of sex could not
be studied in the present study due to lack of information regarding the
corresponding sex of donor horses. The results of the present study suggest
that the increase of MPPGL was due to the increase in the total number of
hepatocytes per gram of liver rather than an increase in the expression of
CYP P450 resulting from an increase in smooth endoplasmic reticulum (SER)
surface area. This cell-size dependent difference in MPPGL content has been
reported in human hepatocytes (de la Iglesia et al., 1976). This has been
confirmed in this study by the presence of a significant inverse relationship
between CYP P450 per 10° cells and HPGL which may help horses with low
HPGL to maintain their xenobiotic metabolic capacity by having higher levels
of CYP P450 per hepatocyte. This observation has also been reported in
human hepatocytes (Wilson et al., 2003).

There are several limitations to the present study. Firstly, the corresponding
sex of the donor horses was not available, hence it was not possible to study
the effect of gender on the CYP P450 content, MPPGL and hepatocellularity
number. Secondly, all liver samples used in this study were frozen. A number
of studies have found that the freezing of liver samples may have a negative
effect on the stability of CYP P450. Smith et al. (2008) found that the
average rat and dog CYP P450 content determined from frozen homogenate
was almost half of the P450 content of fresh homogenate. However, the
activity of CYP P450 in homogenate prepared from fresh and frozen rat liver
tissue was assessed using several known P450 substrates, and the results

showed that the intrinsic P450 enzyme activity was unaffected by freezing
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the homogenate. Hence, calculation of microsomal scaling factors should not
be affected by the freezing of liver samples (Smith et al., 2008).
Furthermore, a study that was conducted to examine the stability of CYP
P450 in frozen human microsomes found that the concentration of CYP P450
decreased by 20-40% (Pearce et al., 1996). However, freezing human liver
tissue had no effect on the stability of CYP P450 which suggests it does not
convert to its inactive P420 form, but the accuracy of the P450 assay may
have been affected due to contamination of liver tissue fractions with
haemoglobin and other haem-containing proteins (Pearce et al., 1996).

In conclusion, this study has established values for equine liver microsomal
and hepatocyte number scaling factors of 57 mg microsomal protein per
gram liver and 227 x 10° per gram liver, respectively. This is the first time
that these scaling factors have been determined for the horse. Furthermore,
the influence of age was investigated, and the results suggest that MPPGL
and HPGL values are dependent on the age of the horse and corrections
should be made when predictions of hepatic clearance are carried out using
in vitro-in vivo extrapolation.

Finally, further investigation is needed regarding the effect of horse gender

and breed on MPPGL and HPGL.
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Chapter 5

Prediction of equine hepatic
metabolic clearance values for
omeprazole
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5
5.1 Introduction

Omeprazole is a substituted benzimidazole compound originally developed
to treat various acid-related gastrointestinal disorders in human such as
duodenal ulcer, refractory gastroesophageal reflex disease and zollinger-
Ellison syndrome. It is formed by a pyridine moiety and a benzimidazole
moiety, linked by a sulfinylmethyl group (Shin et al., 2004) (Figure 5.1.1).
Omeprazole decreases gastric acid secretion by specific inhibition of the
H+/K+ ATPase enzyme system at the secretory surface of the gastric

parietal cell. It is also classified as a proton-pump inhibitor (Shin and Kim.

2013).
CH,
N 2 N7
S N
N/> OCH;
H,CO -
3

Figure 5.1.1: Structure of omeprazole (Chung et al., 2004)

Environmental stress and prolonged periods of no feed intake with gastric
juice pH (<4.0) are considered as major causes of gastric ulcers in human
and horses ( Murray 1994; Vatistas et al., 1999; Videla and Andrews 2009;
Nieto, 2012). Several studies have found that the prevalence of squamous
ulceration in racing Thoroughbreds is more than 70% (Hammond et al.,
1986; Vatistas et al., 1999; Begg and O’Sullivan 2003). Equine gastric ulcer
syndrome (EGUS) has a negative effect on horse health and performance
because of associated pain and discomfort (Nieto et al., 2009 ; Videla and

Andrews 2009).
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As omeprazole is a weak base, it concentrates in the acidic secretory
canaliculi within the parietal cell. Here it gains two protons, one on the
pyridine nitrogen followed by one on the double-bonded benzimidazole
nitrogen, forming a sulphonamide, effectively trapping the drug in the cell.
This binds irreversibly via covalent disulphide bonds to the exoplasmic
surface of the hydrogen potassium ATPase (H*/K* ATPase) pump. This
blocks the ion channel within the pump, preventing ion movement and
inhibiting HCI release (Wallmark 1989; Puscas et al., 1999; Ward and Kearns
2013). Consequently, gastric pH increases, allowing ulcer healing.

The pharmacokinetic profile of omeprazole has been characterised in horses
(MacAllister et al., 1999; Andrews et al., 2006; Sykes et al., 2015) and a
pronounced interindividual variability has been observed: some horses
exhibit poor bioavailability regardless of formulation or condition studied.
Those horses with poor bioavailability exhibit a wide range of the half-life
following intravenous administration (Sykes et al., 2015). This variation in
the efficacy of omeprazole has been reported in human and is primarily
related to mutations in the CYP2C19 gene and changes in the rate of
elimination (Ma et al., 2012; Dean, 2016). Furthermore, several studies
found that S-mephenytoin 4’-hydroxylation shows a genetically determined
polymorphism and exhibits a marked interethnic difference in the incidence
of the poor metabolism phenotype. In vivo studies have the advantage that
the whole picture of possible transformation can be considered, however,
they require animal experimentation and hence there are additional
economical and ethical considerations.

Moreover, the presence of interferences in blood or urine samples such as
endogenous metabolites (bilirubin) or interaction between the analyte of
interest and the matrix, such as covalent binding to plasma proteins or the
enzymatic degradation of a prodrug, may complicate the identification of

drug metabolites in urine, and mechanistic studies such as the identification
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of the enzymes responsible for metabolism is difficult to conduct (Scarth et
al., 2011; Prasain 2012). On the other hand, in vitro systems represent a
good alternative for animal experimentation; it requires less time, a ‘cleaner’
extract can be produced, a ‘designer’ drugs can be studied, and can be easily
tailored to study mechanistic aspects (Brandon et al. 2003). Therefore, the
aim of this chapter was to determine the intrinsic clearance Clint and
characterise of oxidative metabolism of omeprazole using both fresh and
cryopreserved equine hepatocytes as well as equine microsomes. A
comparison was made between these three systems with regard to

predicting clinical studies in the literature.

5.1.1 Drug-drug interactions

Omeprazole is primarily metabolised by CYP2C19 and CYP3A4 in human
(Karam et al., 1996), hence it has been shown to inhibit the metabolism of
other drugs, such as diazepam, by competitive inhibition due to its high
affinity for CYP2C19 (Blume et al., 2006). Hence, omeprazole is usually the
perpetrator drug in interactions; however, as many drugs interact with
CYP3A4 and CYP2C19, it is possible omeprazole may become the victim
drug. As omeprazole is a long-term therapy there is an increased chance of
polypharmacy. For example, chloramphenicol a broad-spectrum
bacteriostatic antibacterial is frequently used in equine patients (McElligott
et al., 2017). Chloramphenicol is a potent CYP2C19 inhibitor that may affect
omeprazole metabolism (Park et al., 2003). Therefore, an interaction study
using equine liver microsomes was conducted to prove this hypothesis.
Equine liver microsomes was chosen because of their availability and ease
of preparation as well as it was reported that microsomes and hepatocytes
can be equivalent for determining inhibitory potency for several inhibitors

(Brown et al., 2007).
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5.2 Results

5.2.1 LCMS method development

An authentic standard confirmed omeprazole’s RT at 5.35 minutes, using the
developed HPLC-MS method (Figure 5.2.1a). The mass chromatogram
obtained for omeprazole and its internal standard lansoprazole is shown in
(Figure 5.2.1b). Mass chromatogram analysis demonstrated the omeprazole
peak area decreasing and the metabolite peak area increasing over time

(Figure 5.2.2).

Omeprazole
>
£
(%)
c
[V
i)
£
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Omeprazole _ (b)
__Lansoprazole
>
=
wv
c
(V]
3
£

05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
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Figure 5.2.1: Mass chromatograms for omeprazole standard (a) and microsomes
incubation for 25 uM omeprazole at t=0, with internal standard lansoprazole (b).

Peaks were observed at m/z 346 and 370 for omeprazole, lansoprazole, respectively.
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Figure 5.2.2 Mass chromatograms showing omeprazole (m/z 346) disappearance
and metabolite (M1, M2 and M3) (m/z 362) appearance with internal standard
(lansoprazole) (m/z 370) in microsomes at the following time points; 0, 10, 20 and

60 minutes.
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5.2.2 Linearity of initial reaction rate with respect to number of
cells or mg microsomal protein

The linearity of enzyme reaction in equine hepatocytes and microsomal
incubations was assessed by monitoring the effect of incubation time and
hepatocyte and microsomal protein concentrations on omeprazole in vitro
Clint values using drug depletion method. At all cell concentrations, depletion
over time was linear (Figure 5.2.3A). Similarly, lower microsomal protein
concentrations (0.1, 0.5, 1 and 2 mg/ml), the depletion of the three drugs
was linear (Figure 5.2.3C); however, at higher microsomal protein

concentrations (5, 10 mg/ml) the substrate depletion was not linear (Figure
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Figure 5.2.3: Linearity of initial reaction rate with respect to number of hepatocytes in 1 ml
incubation (A). Linearity of initial reaction rate with respect to microsomal protein concentration

in 1 ml incubation (B and C).
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5.2.3 Omeprazole Metabolism by Freshly Isolated Equine
Hepatocytes

Metabolism was evident for freshly isolated equine hepatocytes with
omeprazole across all concentrations (Figure 5.2.4). The Vo was plotted
against drug concentration in a Michaelis-Menten graph (Figure 5.2.5) to
determine the kinetic parameters. This data represents hepatocytes from

only one of the three donor horses investigated (See appendix III).
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Omeprazole metabolism was observed in the three horses. The Vo was
plotted against drug concentration in a Michaelis-Menten graph (Figure

5.2.6) to determine the kinetic parameters (Table 5.2.1).

Horse 1

Vo (uM/min)

0 50 100 150 200
Concentration (uM)
Figure 5.2.5: Michealis-Menten curve for freshly isolated equine hepatocytes with

omeprazole. Initial rate (uM/min) is plotted against substrate concentration.

Table 5.2.1: Kinetic parameters from fresh hepatocyte incubations at 1 million
cells/mL

Horse 1 Horse 2 Horse 3
Vmax (HM/min) 1.97+0.194 1.84+0.219 1.85+0.182
Km (HM) 40.25+12.43 45.60+14.61 54.90+13.32
Clint 44.50 40.50 33.70
(UL/min/million
cells)

5.2.4 Omeprazole Metabolism by Cryopreserved Equine
Hepatocytes

Metabolism was evident for cryopreserved equine hepatocytes with

omeprazole across all concentrations (Figure 5.2.6).
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Omeprazole metabolism was observed in the three horses. The Vo was
plotted against drug concentration in a Michaelis-Menten graph (Figure

5.2.7) to determine the kinetic parameters (Table 5.2.2).

Horse 1
15-

Vo (uM/min)

0.0 L T L) 1
0 50 100 150 200

Concentration (uM)

Figure 5.2.7: Michealis-Menten curve for cryopreserved equine hepatocytes with
omeprazole. Initial rate (uM/min) is plotted against substrate concentration.

Table 5.2.2: Kinetic parameters from cryopreserved equine hepatocyte incubations
at 1 million cells/mL

Horse 1 Horse 2 Horse 3
Vmax (HM/min) 1.65+0.206 1.62+0.074 1.30+0.215
Km (pM) 39.25+14.22 54.80+6.17 51.60+21.84
Clint 41.90 29.60 25.0
(UL/min/million
cells)

5.2.5 Omeprazole Metabolism by Equine Liver Microsomes

Metabolism was evident for equine liver microsomes with omeprazole across

all concentrations (Figure 5.2.8).
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Omeprazole metabolism was observed in the three horses. The Vo was
plotted against drug concentration in a Michaelis-Menten graph (Figure

5.2.19) to determine the kinetic parameters (Table 5.2.3).

Horse 1

1.5 1

Vo (uM/min)

0-0 I 1 1 1
0 50 100 150 200

Concentration (uM)

Figure 5.2.9: Michaelis-Menten plot demonstrating omeprazole metabolism by

equine microsomes.

Table 5.2.3: Microsome kinetic parameters

Horse 1 Horse 2 Horse 3
Vmax (HM/min) 1.43+0.270 1.96+0.526 0.479+0.025
Km (HM) 57.6+26.32 94.60+49.50 44.87+6.30
Clint 24.8 20.7 12.6
(HL/min/mg
protein)

5.2.6 Metabolite appearance

The appearance of the three oxidation metabolites was observed in fresh
and cryopreserved hepatocytes as well as in microsomes (section1.1.1). The
appearance (mass spectrum area response) of each of the three metabolites
were plotted against time for each concentration to determine the gradient
giving, Vo (Figure 5.2.10) representative of 25 pM omeprazole
concentration. Vo was plotted against initial omeprazole concentration in a
Michaelis-Menten graph to determine the Km (Figure 5.2.11) and (Tables

5.2.4, 5.2.5 and 5.2.6) which were compared to the Km determined from
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omeprazole disappearance (Table 5.2.7) for the corresponding in vitro liver
system in each horse. No significant difference was observed between the
Km from omeprazole disappearance for the three systems and the Km
determined using metabolites formation. However, the Km of M2 and M3 for
microsomes were significantly higher than those for freshly isolated and

cryopreserved hepatocytes (Figure 5.2.12).
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Figure 5.2.10: Omeprazole metabolites appearance in freshly isolated (A),
cryopreserved (B) equine hepatocytes and microsomes (C) at 25 pM omeprazole.
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Figure 5.2.11: Michaelis-Menten plots demonstrating omeprazole metabolites
appearance in freshly isolated (A), cryopreserved (B) equine hepatocytes and
microsomes (C) (Refer to Table A.II1.4, horse 1).

Table 5.2.4: K, determined from metabolite formation in freshly isolated equine
hepatocytes for 3 horses.

Km determined
from metabolite
appearance (M1)

(uM)

Km determined
from metabolite
appearance (M2)

(uM)

Km
determined
from
metabolite
appearance
(M3) (uM)

Horse 1 37.5 20.1 15.1
Horse 2 28.0 19.2 16.2
Horse 3 39.7 25.7 28.1
Average 35.4+6.4 21.7+3.5 19.81+7.2

+SD
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Table 5.2.5: K, determined from metabolite formation in cryopreserved equine
hepatocytes for 3 horses.

Km determined Km determined Km
from metabolite from metabolite determined
appearance (M1) | appearance (M2) from

(uM) (uM) metabolite
appearance
(M3) (uM)
Horse 1 45.0 42.2 30.8
Horse 2 35.7 47.1 23.7
Horse 3 41.5 48.0 35.9
Average 40.7+4.7 43.5+7.0 30.11+6.1
+SD

Table 5.2.6: K, determined from metabolite formation in equine liver microsomes

for 3 horses.

Km determined Km determined Km
from metabolite from metabolite determined
appearance (M1) | appearance (M2) from

(uM) (uM) metabolite
appearance
(M3) (uM)
Horse 1 38.1 39.2 41.3
Horse 2 86.1 91.7 74.2
Horse 3 32.0 104.3 126.9
Average 52.11+29.6 79.1133.3 81.0+43.2
+SD

Table 5.2.7: The average of Ky, determined from drug disappearance and
metabolite formation in microsomes, fresh and cryopreserved hepatocytes (n=3).

Km determined from metabolite Km
appearance (M) determined
M1 M2 M3 from drug
disappearance
(M)
Fresh 35.4+6.4 |21.7+3.5 | 19.8+7.2 46.9+7.4
hepatocytes
Cryopreserved | 40.7+4.7 | 43.5£7.0 | 30.1+6.1 48.6+8.2
hepatocytes
Microsomes 52.1+£29.6 | 79.1+33.3 | 81.0+43.2 65.7+25.8
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Figure 5.2.12: Ky, Values determined using drug disappearance and metabolite
formation. Each value represents the average £ SD (n=3). Comparison of the three
different systems was made using a two-way ANOVA followed by Tukey’s multiple

comparison test. *= p<0.05, **=p<0.01.
5.2.7 In vitro comparison of Clint
The Clint was corrected for the fraction unbound in the incubation (see section
2.4.7) and the units were standardised using the CYP content in microsomes

or hepatocytes for each horse (Table 5.2.8). For horse 3, the average

hepatocyte CYP content was used (Table A.IIL.5).

Table 5.2.8: Clix: correction for unbound fraction in incubation and unit
standardisation for equine microsomes, fresh and cryopreserved hepatocytes

Clint! Corrected Clint! Corrected Clint
(pL/min/nmol P450)

Fresh
Horse 1 44.5 54.9 499.0
Horse 2 40.5 50.0 357.1
Horse 3 33.7 41.6 320.0
Cryopreserved
Horse 1 41.9 51.7 470.0
Horse 2 29.6 36.5 261.0
Horse 3 25.0 30.9 238.0
Microsomes
Horse 1 24.8 26.3 48.8
Horse 2 20.7 21.3 53.4
Horse 3 10.7 11.3 19.1

1Units are pL/min/million cells for hepatocytes and pyL/min/mg protein for
microsomes.
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5.2.8 In vitro in vivo extrapolation

The Clint is scaled to the liver Clint and then to the CLn using methodology
outlined in (section 1.7) of this thesis, using the unbound fraction in human
plasma for omeprazole (the fraction unbound for omeprazole in horse
plasma is not evident in literature), and the equine hepatic flow, Qn= 23.8
ml/min (Tables A.II1.6 and 7). Values were from studies completed by Dyke
et al., (1998) and Yamazaki and Kanaoka (2004), respectively. For the horse
number three the average hepatocellularity was used. The results are
summarised in (Table 5.2.9). There was no significant difference between
fresh and cryopreserved hepatocytes, whereas there was a significant
difference between, both, freshly isolated and cryopreserved hepatocytes

and microsomes (Figure 5.2.13).

Table 5.2.9: Hepatic clearance in microsomes, fresh and cryopreserved hepatocytes
following scaling to liver Clint using both models

Liver Clint 2Well- 2parallel
Clintt  (mL/min/liver) stirred tube
model model

Fresh
Horse 1 44.5 178.16 7.56 8.87
Horse 2 40.5 114.33 5.48 6.16
Horse 3 33.7 114.90 5.50 6.19
Cryopreserved
Horse 1 41.9 167.75 7.25 8.46
Horse 2 29.6 83.56 4.27 4.68
Horse 3 25.0 85.24 4.34 4.77
Microsomes
Horse 1 24.8 19.42 1.0 1.1
Horse 2 20.1 18.78 1.0 1.0
Horse 3 10.7 7.22 0.40 0.40

lUnits are pL/min/million cells for hepatocytes and pL/min/mg protein for
microsomes
2Units are (ml/min/kg)
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* k.

CLy (ml/min/kg)
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L

Figure 5.2.13: Hepatic clearances of omeprazole determined from microsomes,
fresh and cryopreserved equine hepatocytes (well stirred model). Significant
difference between three systems was tested using one-way ANOVA with Tukey’s
test. *=p < 0.05, **=p<0.01.

The in vitro estimated CLs was displayed with the in vivo clearance from
equine intravenous studies from literature to enable comparison (Table

5.2.10).

Table 5.2.10: Plasma hepatic clearance for in vitro and in vivo studies

lwell-stirred 1parallel tube
model model
Fresh 6.18 (5.5-7.6) 7.1 (6.2-8.9)
Cryopreserved 5.3 (4.2-7.3) 6.0 (4.7-8.5)
Microsomes 0.8 (0.4-1.0) 0.8 (0.4-1.1)
*In vivo clearance 10.0 (8-17)

Data are expressed as the average, followed by the range (n=3)
t Units are ml/min/kg
* Data from published in vivo studies (Toutain and Bousquet-Melou 2004; Sykes et al., 2015)

5.2.9 Drug interaction study

Equine microsomes were tested against chloramphenicol as an inhibitor with
omeprazole as the substrate. Chloramphenicol inhibitor concentrations
ranged from 0-150 pM. The Kdep was determined for each chloramphenicol
concentration using a semi-logarithmic graph (Figure 5.2.14). The Vo was
calculated by multiplying the Kdep by the omeprazole initial concentration.

The ICso was calculated by plotting Vo as a percentage of Vo when no inhibitor
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was present against the logarithm of the inhibitor concentration (Figure

5.2.15). The average of ICso of the three horses was 17.7+5.8 uM. The

obtained ICso values were used to calculate the inhibitor constant Ki using

(equation 1.49) (Section1.8.1.1a).

omM 1M
0.0 0.0
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Figure 5.2.14: data gathered using various chloramphenicol concentrations with

equine microsomes and omeprazole as the substrate. Data was plotted as the natural

logarithm (Ln) of substrate concentration against time. Kqgep is represented by the

slope of the line.
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Figure 5.2.15: Dose-response curve demonstrating chloramphenicol inhibition of
omeprazole metabolism in microsomes (refer to Table A.IIL.7).

Table 5.2.11: ICso and K; determined from an interaction study performed on
equine microsomes (n=3)

Horse 1 Horse 2 Horse 3 AveragexSD
ICso 16.5 uM 12.7 uM 24.0 uM 17.7+5.8 uM
Ki 14.3 pM 11.0 M 20.8 uM 15.44+5 uM

The ICso obtained from the three horses gave an average Ki of 15.4+5 uM
(Table 5.2.11), which was used to predict the effect of chloramphenicol on
the in vivo AUC for omeprazole (Figure 5.2.16) (Table A.III.8). At 10 and
100 pM chloramphenicol the predicted AUC is 1.50 and 7.25-fold larger,

respectively, than without the inhibitor.
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Figure 5.2.16: The predicted effect of increasing concentrations of chloramphenicol
on the AUC for in vivo omeprazole pharmacokinetics

5.3 Discussion

The pharmacokinetics of omeprazole have been studied in vivo in human
and horse (Kanazawa et al., 2002; Sykes et al., 2015). These studies found
that omeprazole is cleared by phase I metabolism. Furthermore, the major
omeprazole metabolites have been identified in vivo both in plasma and
urine and in vitro in human liver microsomes (Chiba et al., 1993). Therefore,
the present study investigated the quantitative prediction of equine hepatic
metabolic clearance using substrate depletion, from in vitro experiments
with freshly isolated, cryopreserved equine hepatocytes and liver
microsomes focusing on NADPH dependent oxidative metabolism to compare
omeprazole metabolism between horse and human.

Despite the presence of variation between studies in literature, the substrate
depletion approach is frequently used in the pharmaceutical industry for
rapid screening of new drug entities (Jones and Houston 2004; Nath and
Atkins 2006).

There was a linear relationship between omeprazole Clint values and all cell

concentrations. Whereas, estimated microsomal in vitro Clint values for
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omeprazole reached their peak at 5 mg/ml protein followed by a decline. 1
mg microsomal protein/ml and 1x 10° cells/ml were used in the present
study, as both of which are in the linear phase.

Initial substrate depletion and metabolite formation studies were performed
with omeprazole and a comparison of the predictive ability of microsomal
versus hepatocyte substrate depletion data was made using formal scaling
procedures (see chapter 2).

The average estimated microsomal liver Clint for omeprazole was 22
mL/min/kg; which is lower than that reported in human microsomes (98.1
mL/min/kg) (Naritomi et al., 2001). This suggests that the human liver
clears omeprazole 4 times greater than in horse. However, in vivo studies
investigating omeprazole elimination in human and horse determined in vivo
clearances of 8.40 mL/min/kg and 13.0 mL/min/kg respectively (Obach et
al., 2008; Sykes et al., 2015). In this context, hepatic blood flow and plasma
protein binding in horse and human should be taken in to account when
making a comparison. Hepatic blood flow is similar in both species, whereas,
unbound fraction of omeprazole in blood in horses is not available in the
literature and needs to be determined.

Predicting the in vivo hepatic metabolic clearance of a drug using
microsomes requires the assumption that the major metabolic route is via
NADPH dependent oxidation (Naritomi et al., 2001). As there is no evidence
omeprazole undergoes phase-two metabolism, predictions from microsomes
and hepatocytes should be consistent. However, microsome incubations only
consider the SER enzymes which rely on NADPH as a cofactor, whereas
hepatocytes possess more sophisticated enzyme and transporter activities.
Therefore, predictions obtained from freshly isolated and cryopreserved
hepatocytes tend to be more accurate than those obtained using microsomes
(Houston and Carlile 1997; Ito and Houston 2004; Jones and Houston 2004).

It may be that in horse, omeprazole metabolism is more reliant on phase
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one enzymes other than NADPH dependent ones, explaining the greater
under prediction in equine microsomes compared to human.

Three oxidised metabolites were detected using HPLC-MS with an m/z of
362, sixteen more than omeprazole. RTs of 4.16, 4.89, 5.28 and 5.53
minutes were determined for M1, M2, omeprazole and M3 respectively. This
suggests that M1 and M2 are more polar than omeprazole, whereas M3 is
less. A previous study determined a RT order of 5-hydroxyomeprazole,
omeprazole and then omeprazole sulfone suggesting either M1 or M2 is 5-
hydroxyomeprazole and M3 is omeprazole sulfone (Kanazawa et al., 2002).
The present study also identified 3-hydroxyomeprazole as a minor
metabolite, and although no RT has been published, it is a reasonable
assumption that M1 or M2 is 3-hydroxyomeprazole, and the other is 5-
hydroxyomeprazole.

There was no significant difference between the Km from omeprazole
disappearance for the three systems and the Km determined using
metabolite formation. However, the Km of M2 and M3 for microsomes were
significantly higher than those for freshly isolated and cryopreserved
hepatocytes. In the present study, Vmax and Clint could only be determined
with arbitrary units, due to the lack of authentic standards for the three
metabolites, consequently concentrations were not quantified.

To my knowledge this is the first report describing the metabolism of
omeprazole in equine hepatocytes and liver microsomes. However, a study
conducted using human liver microsomes has determined two Km values for
the two metabolites (5-Hydroxyomeprazole and omeprazole sulfone) i.e.
Kmi= 6.0 £ 2.4 and 10.2 £ 7.2 pM and Km2= 106 £ 127 and 482 £ 472 uM,
respectively (Chiba et al. 1993). Chiba and his co-workers reported a close
correlation (r= 0.911, p < 0.01) between Vmax1 of 5-hydroxylation and the
corresponding parameter Vmax of S-mephenytoin 4° - hydroxylation.

Whereas, Km2 and Vmax2 of 5-hydroxylation and all of those of sulfoxination
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did not show any significant correlation with the kinetic parameters of S-
mephenytoin 4’ -hydroxylation. Hence, Chiba et al, concluded that the
formation of 5-hydroxyomeprazole and omeprazole sulfone from omeprazole
showed a biphasic kinetic behaviour, demonstrating that at least two distinct
enzymes are involved in either of metabolic pathways of omeprazole. A
similar observation was reported by Shu et al. (2000). Further studies are
required to identify the enzymes involved in omeprazole metabolism in
horse. However, there are very few recombinant equine enzymes.

Equine microsomes underpredicted the in vivo plasma clearance of
omeprazole by 16.5-fold compared to the other two liver systems. This result
is consistent with human microsomal studies, as underpredictions of 2-fold
and 9-fold have been demonstrated in multiple drugs, respectively (Obach
1997; Ito and Houston 2004). However, More IVIVE studies need to be
conducted in horse for different drugs to determine if equine microsomes
consistently under predict by 16.5-fold.

Predictions of in vivo plasma clearance were within 1.6-fold and 1.8-fold
using the well stirred model and within 1.3-fold and 1.6-fold using parallel
tube model for fresh and cryopreserved hepatocytes, respectively. Parallel
tube model was slightly better than well stirred model as expected since
omeprazole has a clearance with high extraction efficiency.

Generally, hepatocytes provide more accurate predictions than microsomes
with no difference between freshly isolated and cryopreserved hepatocytes.
These observations are consistent with the literature for other species
(Diener et al., 1993; McGinnity et al., 2004).

Chloramphenicol is a broad-spectrum antibiotic used in horses to treat
anaerobic infections (Johns et al., 2011). It was reported in the literature
that chloramphenicol interacts with several drugs, such as phenytoin,
warfarin, and phenobarbital in human (Park et al., 2003). In the present

study, chloramphenicol inhibited omeprazole metabolism in equine
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microsomes. Furthermore, as the ICso was greater than 10 uM,
chloramphenicol would be considered a weak inhibitor of omeprazole.
Significant drug-drug interaction DDIs occur when the AUCi/AUC ratio is
greater than two (Blanchard et al., 2004), which is estimated at a
chloramphenicol concentration of 30 uM, therefore inhibition is still predicted
at high concentrations. A DDI is most likely to occur when chloramphenicol
is given orally, since concentrations will be at their highest between
absorption in the intestine and first pass metabolism in the liver.

This study also demonstrated that omeprazole and chloramphenicol bind to
the same CYP450 enzyme in horse, as a DDI occurred. This may indicate
that a CYP2C19 orthologue is present in the horse as chloramphenicol has
been shown to have a potent inhibitory effect on CYP2C19 in human (Park

et al 2003).
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Chapter 6

Prediction of equine hepatic metabolic
clearance values for flunixin and
phenylbutazone

137



Chapter 6

6

6.1 Introduction

Flunixin and Phenylbutazone are non-steroidal anti-inflammatory drugs
(NSAIDs) classified as carboxylic and enolic acids, respectively (Lees and
Higgins, 1985; Roy et al., 2015). Generally, the mode of action of NSAIDs
is based on inhibition of cyclo-oxygenase (COX) enzymes, hence blocking
the formation of COX derived eicosanoid inflammatory mediators, such as
Prostaglandins (PGs) which are essential to the acute inflammatory process
(Marshall and Blikslager 2011). Both, flunixin and phenylbutazone have been
used widely for their anti-inflammatory and analgesic properties to treat
musculoskeletal conditions and colic in equine practice (Banse et al., 2015).
In equine medicine, flunixin is used in the prevention of endotoxic shock, in
musculoskeletal injuries, in the management of colic patients and ocular
diseases (Bottoms et al., 1981; Fessler et al. 1982). Moreover, flunixin
meglumine is the most efficacious in alleviation of visceral pain and
preventing clinical signs of endotoxaemia than phenylbutazone, dipyrone
and ibuprofen (Clark and Clark 1999).

Characterisation of flunixin has been established in horses and most studies
have found that flunixin has a relatively a short elimination half-life (3.4-4.8
h) and small volume of distribution (Lee and Maxwell 2014; Knych et al.
2015). Flunixin is metabolised by oxidation to 5-hydroxyflunixin (Figure
6.1.1) and by conjugation of the carboxylic acid moiety with glucuronic acid.
However, most of the dose is excreted in the urine as flunixin or flunixin

glucuronide (Johansson and Anlér 1988; Soma et al., 1988).
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Figure 6.1.1: Metabolism of flunixin to 5’hydroxyflunixin. Adapted from
“Determination and confirmation of 5-hydroxyflunixin in raw bovine milk using liquid

chromatography tandem mass spectrometry” by Boner et al. (2003).

Phenylbutazone was introduced into human medicine in 1949 and second
only to aspirin as one of the oldest NSAIDs. A year later it was introduced
into veterinary medical practice and remains one of the most commonly used
NSAIDs in the horse (Lees and Higgins 1985; Tobin et al., 1986).
Phenylbutazone has been used for the treatment of acute and chronic
inflammatory pain caused by various forms of arthritis (Lees and Toutain,
2013). However, by the 1980s, use of phenylbutazone in human was
severely restricted because of the recognition that it induces, very rarely,
blood dyscrasias including aplastic anaemia, leukopenia, agranulocytosis
and thrombocytopenia, in some cases leading to death (Tobin et al., 1986).
In contrast, phenylbutazone has been extensively used in equine medicine
for more than 50 years and continues to dominate the treatment of pain in
equine, especially that associated with joint and muscle conditions (Tobin et
al., 1986). Pharmacokinetics of phenylbutazone in the horse have been
studied extensively and the elimination-half-life after IV dosing is 4-6 hours

(Lees and Higgins 1985; Maitho et al., 1982; Lees and Toutain 2013) . After

139



Chapter 6

oral dosing as granules, paste or bolus formulations phenylbutazone is well
absorbed and the bioavailability is in the range of 69-91%. Furthermore, a
number of metabolites have been identified; the most important ones are
oxyphenbutazone and v-hydroxyphenylbutazone (Figure 6.1.2) (Lees and
Toutain 2013). The importance of these two metabolites comes from their
analgesic/anti-inflammatory properties; however, their contribution to
pharmacological actions of phenylbutazone is unknown (Lees and Toutain
2013). Both metabolites are detected in plasma and urine with much higher
concentrations in urine than those in plasma.

The main objective of the research described herein is to carry out a
comprehensive comparison of the three in vitro systems used in previous
chapter to estimate Clint values for both drugs. In addition, comparison of
two liver models i.e. well stirred and parallel tube model to predict in vivo

Clint and Clx will be explored.

Oh @im @1’“

Phenylbutazone Gamma-hydroxyphenyibutazone Gamma-hydroxyoxyphenbutazone
(major equine metabolite) (minor equine metabolite)

| R "

HO
QW Qb7 Q.8
N N N
1 ! | 0]
Ni_\_\‘ N;ﬁ—\_\ N;ﬁ_\_(
% e O Y O
Omega-hydroxyphenylbutazone Cxyphenbutazone Gamma-ketophenybutazone

(minor equine metabolite) (major equine metabolite) (minor equine metabolite)

Figure 6.1.2: Phase I metabolism of phenylbutazone in the horse. Adapted from
Scarth et al. (2011).
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6.2 Results

6.2.1 Flunixin
6.2.1.1 LCMS analysis of flunixin

An authentic standard confirmed flunixin’s RT at 4.75 minutes, using the

developed HPLC-MS method (Figure 6.2.1).

Flunixin __

Intensity

o T T T T T T T T T T T T T T T T Time
025 05 075 10 125 15 1.75 2.0 225 25 275 3.0 3.25 35 3.75 40 425 45 475 500 525 55 575 60 625 65 675 7.0
Time

Figure 6.2.1: Chromatogram for monitoring flunixin disappearance. The ion of mass

297.26 was monitored at a retention time of 4.75 minutes.

6.2.1.2 Linearity of initial reaction rate with respect to number of
cells or mg microsomal protein

Flunixin Clint values were determined by measuring their depletion over time
at varying cell and microsomal protein concentrations. At all cell
concentrations, its depletion over time was linear (Figure 6.2.2 A). However,
at higher microsomal protein concentrations (5, 10 mg/ml) the substrate

depletion was not linear (Figure 6.2.2 C).
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Figure 6.2.2: Linearity of initial reaction rate of flunixin with respect to number of
hepatocytes in 1 ml incubation (A). Linearity of initial reaction rate with respect to

microsomal protein concentration in 1 ml incubation (B and C).

6.2.1.3 Flunixin metabolism in freshly isolated equine hepatocytes
Metabolism of flunixin was observed with freshly isolated hepatocytes. Drug
disappearance was plotted against time for each concentration in a linear
semi-logarithmic graph to determine the Kaep (Figure 6.2.3). The Vo was
plotted against drug concentration in a Michaelis-Menten graph (Figure
6.2.4) to determine the kinetic parameters (Table 6.2.1). This data
represents hepatocytes from only one of the three donor horses investigated

(See appendix 1V).

142



Chapter 6

o€

(urw) swiy
0z 0T 0

[o}3

(k4

nedosT

(urw) swiry
[}

p 00°0

nesz

p 00°0

S0°0-

- 70°0-

- €0°0-

- 20°0-

- 10°0-

|- GT°0-

- 0T°0-

|- G0'0-

(°[s1/Ishun

(°Isl/Tshun

o€

0zC
L

(urw) swiy

0T

o

0T 0-

oe

0e

wdoot

(urw) swiy

ot

|-80°0-

-90°0-

- 70°0-

200

) 00°0

v0-

-€0-

F10-

b 00

(T @sJ40Y ‘€°AI'V 2|qe) 03 Jajad) aul| ay3 Jo ado|s ayy Aq pajuasaldad si 9Py

(°[s1ilsDhun

(°[s1/tsDhun

(urw) swiL

o€ 0z 0T 0
L 1 L ST'0
o 0T 0-
[ )
S0 0-
p 00°0
NS
(uw) sy
[0} (k4 0T 0
f \ ) 90-
-v°0
[ )
[ )
20~
p 0'0
Nt

(°Is1/'tsDun

(°[s1flshun

o€

(urw) o wyy

0z 0T

oe

0cC

1

ndos

(utw) swiL
0T

p 00°0

nes o

ST 0-

FOT 0-

S0 0-

*U9SOYD 9J9M SUORIpU0d 3jed |enniul Jo uondwnsse ayl Mojje pue uoiodead ayj Jo polad awiy Jeaul] ay3 ulyym |jes syuiod swiy AjuQ "awi] jsuiebe

uoI3eJ3USDU0D 23edlsgns Jo (u) wyiebo| [eanieu ayj se pajjojd sem eleq 'so3Ad0leday paie|os] Alysad) AQ uixXiuny JO wsijoqeid € ¢ 9 a4nbi4

(°[s1ilshun

(°[s)/'[sDhun

143



Chapter 6

Fresh hepatocytes

Vv, (MM/min)

0.0 T

T

0 50 100 150 200
Flunixin (uM)

Figure 6.2.4: Michaelis-Menten plot demonstrating flunixin metabolism by fresh
hepatocytes

Table 6.2.1: Kinetic parameters from fresh hepatocyte incubations at 1 million

cells/mL
Horse 1 Horse 2 Horse 3
Vmax (HM/min) 0.81+0.094 0.75+0.108 0.65+0.070
Km (HM) 19.0+8.9 31.7£14.5 15.8+7.5
Clint 42.7 23.8 41.2
(HL/min/million
cells)

6.2.1.4 Cryopreserved hepatocytes

Metabolism of flunixin was observed with cryopreserved hepatocytes. Drug

disappearance was plotted against time for each concentration in a linear

semi-logarithmic graph to determine the Kdep (Figure 6.2.5). The Vo was

plotted against drug concentration in a Michaelis-Menten graph (Figure

6.2.6) to determine the kinetic parameters (Table 6.2.2). This data

represents hepatocytes from only one of the three donor horses investigated

(See appendix 1V).
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Cryopreserved hepatocytes
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Figure 6.2.6: Michaelis-Menten plot demonstrating flunixin metabolism by

cryopreserved hepatocytes

Table 6.2.2: Kinetic parameters from cryopreserved hepatocyte incubations at 1
million cells/mL

Horse 1 Horse 2 Horse 3
Vmax (HM/min) 0.69+0.079 0.74+0.064 0.60+0.049
Km (HM) 15.6x7.9 20.0+6.8 25.6+7.4
Clint 44.0 37.0 23.3
(UL/min/million
cells)

6.2.1.5 Equine liver microsomes

Metabolism of flunixin was observed with equine microsomes. Drug
disappearance was plotted against time for each concentration in a linear
semi-logarithmic graph to determine the Kqdep (Figure 6.2.7). However, with
increasing substrate concentration, the initial rate firstly increased followed
by a decline, therefore the data was fitted to a substrate inhibition curve as
in equation 1.51 in (section 1.8.1.4). Hence, the Km and Vmax values could
not be determined with any certainty and therefore the initial slope of the

Michaelis-Menten curve was used to estimate the CLint values (Table 6.2.6.).
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Equine microsomes

0 50 100 150
Flunixin (pM)

Figure 6.2.8: Michaelis-Menten plot demonstrating flunixin metabolism by equine

liver microsomes.

Table 6.2.3: Cli,: from equine liver microsome incubations at 1 mg protein/mL

Horse 1 Horse 2 Horse 3

Clint (pL/min/mg 13.0 12.0 17.5
protein)

6.2.1.6 Metabolite appearance

Only one metabolite was observed only in microsomes. This metabolite was

characterised by comparison of the negative control chromatogram 0 time

point with the chromatogram of the 60 min time point (Figure 6.2.9). The

appearance of this metabolite mass spec response was plotted against time

for each concentration to determine the gradient, which is Vo (Figure

6.2.10). The initial rate of metabolite formation followed the same pattern.

Therefore, the data was fitted to a substrate inhibition curve as in equation

1.51 in section 1.8.1.4 (Figure 6.2.11). Because of substrate inhibition, in

addition to the lack of authentic standard of the metabolite Vmax, Km and Clint

could not be calculated.
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Figure 6.2.9: Graphs derived from flunixin metabolite appearance in equine liver

microsomes at 50 pM flunixin
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Figure 6.2.11: Michaelis-Menten plot demonstrating flunixin metabolite

appearance in microsomes.

6.2.1.7 In vitro comparison of Clint
The Clint units were standardised using the CYP content in microsomes or
hepatocytes for each horse (Table A.IV.1.5). No correction was made for

bound drug, assuming that most of the drug was unbound (Table 6.2.4).

Table 6.2.4: Cli,: unit standardisation for fresh, cryopreserved hepatocytes and
equine liver microsomes

Clint! Corrected Clint (UL/min/nmol P450)

Fresh

Horse 1 42.7 305.0
Horse 2 23.8 193.5
Horse 3 41.2 352.1
Cryopreserved

Horse 1 44.0 315.0
Horse 2 37.0 301.0
Horse 3 23.3 199.1
Microsomes

Horse 1 13.0 32.6
Horse 2 12.0 20.2
Horse 3 17.5 31.4

tUnits are pL/min/million cells for hepatocytes and puL/min/mg protein for microsomes.

6.2.1.8 In vitro in vivo extrapolation

The in vitro Clint is scaled to the liver Clint and then to the Cly using
methodology outlined in section 2.4.9 of this thesis, using the plasma
unbound fraction of the drug (0.01) and the hepatic flow, Qn= 23.8 ml/min
(Tables A.IV.1.6 and 7. Plasma unbound fraction of the drug and the hepatic
flow values were from studies completed by (Soma et al. 1988) and (Dyke

et al. 1998), respectively. The results are summarised in (Table 6.2.5)
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There was no significant difference between fresh and cryopreserved
hepatocytes, whereas there was a significant difference between, both,
freshly isolated and cryopreserved hepatocytes and microsomes (Figure

5.2.12).

Table 6.2.5: Hepatic clearance in microsomes, fresh and cryopreserved
hepatocytes following scaling to liver Clih,: and Cly using both models

Liver Clint 2Well-stirred 2Parallel tube

1Clint (ML/min model model
/liver)

Fresh
Horse 1 42.7 120.5 1.15 1.18
Horse 2 23.7 107.1 1.02 1.10
Horse 3 41.2 153.0 1.43 1.48
Cryopreserved
Horse 1 44.0 124.2 1.18 1.21
Horse 2 37.0 167.2 1.56 1.61
Horse 3 23.3 79.4 0.83 0.85
Microsomes
Horse 1 13 12.2 0.12 0.12
Horse 2 12 11.2 0.11 0.11
Horse 3 17.5 13.7 0.14 0.14

'Units are pL/min/million cells for hepatocytes and pL/min/mg protein for microsomes
2Units are ml/min/kg

ok

2.0 9 | |

1.51 —|_

1.09

CLy (ml/min/kg)

0.0

Figure 6.2.12: Hepatic clearances (well stirred model) of flunixin in microsomes,
fresh and cryopreserved equine hepatocytes. Significant difference between three

systems was tested using one-way ANOVA with Tukey’s test. **= p < 0.05.
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The in vitro Cly obtained from both models were displayed with the in vivo
clearance from an equine intravenous study to enable comparison (Table

6.2.6).

Table 6.2.6: Blood and plasma hepatic clearance for in vitro and in vivo studies

1well-stirred 1parallel tube
Fresh 1.20 (1.02-1.43) 1.23 (1.10-1.48)
Cryopreserved 1.19 (0.83-1.56) 1.22 (0.85-1.61)
Microsomes 0.12 (0.11-0.14) 0.12 (0.11-0.14)
In vivo clearance *0.95 (0.52-1.53)

Data are expressed as the average, followed by the range (n=3)
tUnits are ml/min/kg

*(Soma et al. 1988; Lee and Maxwell 2014; Knych et al. 2015)

6.2.2 Phenylbutazone
6.2.2.1 LCMS analysis of phenylbutazone

An authentic standard confirmed phenylbutazone’s RT at 2.11 minutes,

using the developed HPLC-MS method (Figure 6.2.13).

Phenylbutazone
v ~

Intensity

Time

Figure 6.2.13: Chromatogram for monitoring phenylbutazone disappearance. The

ion of mass 209.19 was monitored at a retention time of 2.11 minutes.
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6.2.2.2 Linearity of initial reaction rate with respect to number of
cells or mg microsomal protein

Phenylbutazone Clint values were determined by measuring their depletion
over time at varying cell and microsomal protein concentrations. At all cell
concentrations, its depletion over time was linear (Figure 6.2.14A).
However, at higher microsomal protein concentrations (5, 10 mg/ml) the

substrate depletion was not linear (Figure 6.2.14C).

0.3 1 A
c 0.24
E (]
s [ )
=
)
> 0.14
[}
®
0.0 T T T T 1
0 1 2 3 4 5
Cell Concentration (105/ml)
0.37 B 0.31 C
[} [ J
T 0.2 T 0.2-
£ ¢ £
= =
ES [} L ES [}
) >
> 0.14® > 0.1
p [ )
0.0 T T 1 0.0 T T T T 1
0 5 10 15 0.0 0.5 1.0 1.5 2.0 2.5
Microsomal protein Concentration (mg/ml) Microsomal protein Concentration (mg/ml)

Figure 6.2.14 Linearity of initial reaction rate with respect to number of hepatocytes
in 1 ml incubation (A). Linearity of initial reaction rate with respect to microsomal

protein concentration in 1 ml incubation (B and C).

6.2.2.3 Phenylbutazone metabolism in freshly isolated equine
hepatocytes

Metabolism of phenylbutazone was observed with freshly isolated equine
hepatocytes. Drug disappearance was plotted against time for each
concentration in a linear semi-logarithmic graph to determine the Kaep
(Figure 6.2.15). However, with increasing substrate concentration, the initial
rate firstly increased followed by a decline, therefore the data was fitted to

a substrate inhibition curve as in (equation 1.51) in (section 1.8.1.4) (Figure
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6.2.16). Hence, the Km and Vmax values could not be determined with any

certainty and therefore the initial slope of the Michaelis-Menten curve was

used to estimate the CLint values (Table 6.2.7.).
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Fresh hepatocytes
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Figure 6.2.16: Michaelis-Menten plot demonstrating phenylbutazone metabolism by
fresh hepatocytes

Table 6.2.7: Cli,: obtained from freshly isolated hepatocyte incubations at 1 million

cells/mL
Horse 1 Horse 2 Horse 3
Clint (HL/min/million 26.0 11.8 28.0
cells)

6.2.2.4 Cryopreserved hepatocytes

Metabolism of phenylbutazone was observed with cryopreserved equine
hepatocytes. Drug disappearance was plotted against time for each
concentration in a linear semi-logarithmic graph to determine the Kaep
(Figure 6.2.17). However, with increasing substrate concentration, the initial
rate firstly increased followed by a decline, therefore the data was fitted to
a substrate inhibition curve as in (equation 1.51) in (section 1.8.1.4) (Figure
6.2.18). Hence, the Km and Vmax values could not be determined with any
certainty and therefore the initial slope of the Michaelis-Menten curve was

used to estimate the CLint values (Table 6.2.8).
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Figure 6.2.18: Michaelis-Menten plot demonstrating phenylbutazone metabolism

by cryopreserved hepatocytes.

Table 6.2.8: Cli,: obtained from cryopreserved hepatocyte incubations at 1 million

cells/mL
Horse 1 Horse 2 Horse 3
Clint (PL/min/million 15.5 11.6 20.8
cells)

6.2.2.5 Equine liver microsomes

Metabolism of phenylbutazone was observed with equine liver microsomes.
Drug disappearance was plotted against time for each concentration in a
linear semi-logarithmic graph to determine the Kaep (Figure 6.2.19).
However, with increasing substrate concentration, the initial rate firstly
increased followed by a decline, therefore the data was fitted to a substrate
inhibition curve as in equation 1.51 in (section 1.8.1.4) (Figure 6.2.20).
Hence, the Km and Vmax values could not be determined with any certainty
and therefore the initial slope of the Michaelis-Menten curve was used to

estimate the CLint values (Table 6.2.9).
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Microsomes
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Figure 6.2.20: Michaelis-Menten plot demonstrating phenylbutazone metabolism by

equine liver microsomes.

Table 6.2.9: Clint obtained from equine liver microsome incubations at 1
mg protein/mL

Horse 1 Horse 2 Horse 3

Clint (ML/min/mg 32.2 18.2 24.8
protein)

6.2.2.6 Metabolite appearance

The appearance of the metabolite, oxyphenbutazone, was monitored in
freshly isolated, cryopreserved equine hepatocytes (section 3.3.1) and in
microsomes as well (Figure 6.2.21). Oxyphenbutazone concentration was
determined using a stock solution of oxyphenbutazone of known

concentration to convert mass spectrometry response into uM.
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Figure 6.2.21: Graphs derived from phenylbutazone metabolite appearance in

equine liver microsomes at 50 pM.

A. Equine hepatocytes

At concentrations 1 and 5 uM no detectable metabolite was produced in both,
freshly isolated and cryopreserved equine hepatocytes however, from 10-
150 pM significant oxyphenbutazone production was detected (Figures
6.2.22 and 23). Oxyphenbutazone formation by equine hepatocytes followed
Michaelis-Menten kinetics with substrate inhibition kinetics. However, the

Clint could not be determined due to lack of data for lower concentrations.
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B. Equine liver microsomes
A significant oxyphenbutazone production was detected across all
concentrations in microsomes in horse 1 and 2 (Figure 6.2.24) and (table
A.IV.2.4). Oxyphenbutazone formation by equine liver microsomes followed
Michaelis-Menten kinetics with substrate inhibition kinetics. Therefore, the
Clint was determined by fitting the initial rate of oxyphenbutazone formation
with phenylbutazone concentrations to a substrate inhibition model
(equation 1.51) in (section 1.8.1.4) (Figure 6.2.25). The determined Clint

values are summarised in (Table 6.2.10).
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Figure 6.2.25: Velocity obtained from oxyphenbutazone formation by equine liver
microsomes as a function of phenylbutazone concentration, fit to a substrate

inhibition model.

Table 6.2.10: Oxyphenbutazone formation Clix: in liver microsome incubations at 1
mg protein/ml

Horse 1 Horse 2 Horse 3

Clint (pL/min/mg of 15.2 10.4 -
protein)

6.2.2.7 In vitro comparison of Clint
i. Drug disappearance

The Clint units were standardised using the CYP content in microsomes or
hepatocytes for each horse (Table A.IV.2.5). No correction was made for
bound drug (Table 6.2.11).

Table 6.2.11: Cli: unit standardisation for equine microsomes, fresh and
cryopreserved hepatocytes

Clint! Corrected Clint (ML/min/nmol

P450)

Fresh

Horse 1 26 211.4

Horse 2 11.8 100.8

Horse 3 28.0 222.2

Cryopreserved

Horse 1 15.5 126.0

Horse 2 11.6 99.1

Horse 3 20.8 165.1

Microsomes

Horse 1 32.2 54.2

Horse 2 18.2 32.7

Horse 3 24.8 59.6

tUnits are pL/min/million cells for hepatocytes and pL/min/mg protein for microsomes.
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ii. Metabolite appearance

The Clint units were standardised using the CYP content in microsomes or
hepatocytes for each horse (Table 6.2.12). No correction was made for

bound drug.

Table 6.2.12: Cli,: unit standardisation for equine microsomes

Clint! Corrected Clint (UL/min/nmol P450)

Horse 1 26 25.6
Horse 2 11.8 18.7
Horse 3 -

tUnit is yL/min/mg protein.

6.2.2.8 1In vitro in vivo extrapolation

i. Drug disappearance

The in vitro Clint is scaled to the liver Clint and then to the Cln using
methodology outlined in section 1.7 of this thesis, using the plasma unbound
fraction of the drug (0.01) and the hepatic flow, Qn= 23.8 ml/min (Tables
A.IV.2.6 and 7). Plasma unbound and hepatic flow values were from studies
completed by Tobin et al. (1986) and Dyke et al. (1998), respectively. The
results are summarised in (Table 6.2.13). There was no significant difference
between fresh and cryopreserved hepatocytes, whereas there was a
significant difference between freshly isolated equine hepatocytes and

microsomes (Figure 5.2.26).

Table 6.2.13: Hepatic clearance in microsomes, fresh and cryopreserved
hepatocytes following scaling to liver Clint and Cly

Liver Clint 2Well-stirred 2Parallel tube

Clint! (ml/min/liver) model model
Fresh
Horse 1 26 117.46 1.12 1.15
Horse 2 11.8 43.81 0.43 0.43
Horse 3 28 80.93 0.78 0.80
Cryopreserved
Horse 1 15.5 70.03 0.68 0.69
Horse 2 11.6 43.07 0.42 0.43
Horse 3 20.8 60.12 0.59 0.59
Microsomes
Horse 1 32.2 30.14 0.30 0.30
Horse 2 18.2 15.56 0.14 0.14
Horse 3 24.8 21.20 0.22 0.22

1Units are pl/min/million cells for hepatocytes and pl/min/mg protein for microsomes
2Units are ml/min/kg
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Figure 6.2.26: Hepatic clearances (well stirred model) of phenylbutazone in
microsomes, fresh and cryopreserved equine hepatocytes. Significant difference
between three systems was tested using one-way ANOVA with Tukey's multiple

comparisons test. *= p < 0.05.

ii. Metabolite formation

Results for metabolite formation are summarised in (Table 6.2.14).

Table 6.2.14: Enzyme kinetics in microsomes following scaling to liver Clin: and CLy

Liver Clint 2Well-stirred 2parallel tube
Clint1  (mL/min/liver) model model
Horse 1 15.2 948.48 0.14 0.14
Horse 2 10.4 542.048 0.08 0.08

Horse 3 - - -
tUnit is yL/min/mg protein
2Units are ml/min/kg

The in vitro CLux obtained from both models were displayed with the in vivo

clearance from an equine intravenous study to enable comparison (Table

6.2.15).
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Table 6.2.15: Plasma hepatic clearance for in vitro and in vivo studies

1Well-stirred 1parallel tube
Fresh 0.78 (0.43-1.12) 0.79 (0.43-1.15)
Cryopreserved 0.56 (0.42-0.68) 0.57 (0.43-0.69)
Microsomes 0.22(0.14-0.30) 0.22 (0.14-0.30)
YMicrosomes (0.08-0.14) (0.08-0.14)

In vivo clearance *0.42 (0.27-0.70)
Data are expressed as the average, followed by the range (n=3)

tUnits are ml/min/kg
Walues predicted from metabolite formation

*(Jenny et al., 1979; Rose et al., 1982; Maitho et al., 1982; Toutain and Bousquet-Melou 2004;
Knych et al., 2016).

6.3 Discussion

The major objective of this research was to investigate the ability of the
three-in vitro systems i.e. freshly isolated, cryopreserved hepatocytes and
equine liver microsomes to determine the in vitro Clint and Cly. For this
purpose, drug disappearance method was used to determine in vitro Clint of
flunixin and phenylbutazone.

The in vitro determination of Clint values for these compounds in freshly
isolated and cryopreserved hepatocytes is not evident in the literature.
Whereas, only one study has been carried out to determine the in vitro Clint
for flunixin and phenylbutazone in equine microsomes (Orr, 2015). As
flunixin is a veterinary-only medication, it is not permitted for use in humans
and therefore data relating to its metabolism by human enzyme systems is
unavailable.

For flunixin, a one-way ANOVA test showed a significant difference between
the average Clint values determined using microsomes, fresh and
cryopreserved hepatocytes test (p=0.0033). The microsome Clint
(Ml/min/nmol P450) was 17-fold lower than the hepatocyte Clint. Predicting
the in vivo clearance of a drug using microsomes requires the assumption
that the major metabolic route is via NADPH enzymes (Naritomi et al. 2001).

Despite the fact that, microsomes contain several enzymes which use
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different cofactors that contribute to metabolism, but phase I metabolism
only consider the SER enzymes which rely on NADPH as a cofactor. Thus,
microsomes may under predict Clint, to a greater extent, than hepatocytes.

It is known that horses eliminate flunixin by two pathways. The first one
being direct conjugation of flunixin with glucuronic acid (Johansson and Anlér
1988; Soma et al., 1988). The second pathway of elimination is by oxidising
flunixin with subsequent elimination. The first pathway seems to be the
major one because the relative concentration of free flunixin tends to be
greater than that of flunixin metabolite in hydrolysed urine samples
(Johansson and Anlér 1988). Furthermore, substrate auto inhibition was
noted in the microsomal system. This observation was in agreement with
results reported by Orr. (2015).

Only one oxidised metabolite was detected in microsomes using HPLC-MS
with an m/z of 313, sixteen more than flunixin. A RT of 4.57 minutes was
determined for this metabolite. This suggests that it is more polar than
flunixin. A previous study determined same RT order of 5-hydroxyflunixin
and flunixin in bovine plasma (Jedziniak et al., 2007). Hence, it is a
reasonable assumption that the metabolite detected in equine microsomes
is 5-hydroxyflunixin. Flunixin metabolism in human is unknown, since this
drug is not used in human, however, flunixin metabolism in the horse
appears to be very similar to that of niflumic acid in humans and dogs
(Jaussaud et al., 1987). In these species, the major metabolites in urine and
faeces were isolated and identified as niflumic acid glucuronide, 4'-
hydroxyniflumic acid, 5-hydroxyniflumic acid and the glucuronide and
sulphate conjugates of 4'-hydroxyniflumic acid and 5-hydroxyniflumic acid
(Lan et al., 1973).

Substrate auto inhibition was noted in the microsomal system; hence the Km
could not be determined using either drug disappearance or metabolite

formation. Clint could not be determined using metabolite formation, due to
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the lack of an authentic standard for the metabolite and therefore
concentrations were not quantified.

For phenylbutazone, one-way ANOVA test showed a significant difference
between the average Clint values determined using microsomes compared to
fresh hepatocytes (p=0.03). The microsome Clint (pl/min/nmol P450) was
almost 6-fold lower than the hepatocyte Clint. Despite the fact that no
glucuronide metabolites have been reported in the horse (Tobin et al. 1986),
one study has found that 4-OH-phenylbutazone, is produced via the cyclo-
oxygenase system, and either this metabolite or its glucuronide is therefore
the potential metabolite in the horse (Reed et al., 1985). This metabolite
has been reported in human (Dieterle et al., 1976).

Substrate auto inhibition (See section 1.8.1.4) was noted in the three
systems. This may confirm that phenylbutazone is mainly metabolised by
phase I metabolic enzymes. However, further studies are needed to explore
all metabolism path ways for this drug.

One oxidised metabolite was detected using HPLC-MS with an m/z of 225.25,
sixteen more than phenylbutazone. A RT of 1.9 min was determined for this
metabolite. This metabolite was identified as oxyphenbutazone (chapter 3).
There was no significant difference between Clint values determined from the
metabolite formation method and those determined from drug
disappearance using microsomes.

Equine microsomes underpredicted the in vivo plasma clearance of flunixin
and phenylbutazone by 5 and 2-fold, respectively. This result is consistent
with the previous study for omeprazole (chapter 5). However, IVIVE of
microsomal Cly for phenylbutazone disappearance was just under the lower
range of in vivo clearance of 0.27 ml/min/kg. Whereas, microsomal Cly for
oxyphenbutazone formation was poorly predicted. This could imply that
another metabolite (y-hydroxy phenylbutazone) needs to be monitored to

avoid underprediction of Clint using metabolite formation.
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Chapter 7

General Discussion
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7 General discussion

As the majority of metabolism occurs in the liver, in vitro liver systems such
as liver slices, isolated hepatocytes and liver microsomes can be used to
study the enzyme kinetics of drug metabolism. The current study aims to
develop an in vitro approach that mimics the in vivo situation for
understanding drug metabolism within the horse. Hence, the in vitro system
which has been used in the present study incorporates isolated equine
hepatocytes and liver microsomes.

The research contained in the present thesis has used isolated equine
hepatocytes with yield and viability comparable to that reported in the
literature for other species (Bakala et al., 2003; Stefanski et al., 2013).
However, the number of hepatocytes isolated per gram of perfused tissue
was five-fold higher than that reported by Stefanski et al. (2013) but five-
fold lower than in the study by Bakala et al. (2003). Although protocols were
similar, Bakala et al. (2003) used a University of Wisconsin proprietary
solution for transportation, which may have superior organ preservation
capacities, enabling a larger viable cell yield to be obtained.

As reported in the literature that applications of freshly isolated hepatocytes
have limitations, including: 1) they are not readily available from humans as
well as other species; 2) it is difficult to repeat studies or compare studies
between laboratories using the same batch (Zhang et al., 2012). Therefore,
the current research sought to successfully cryopreserve equine
hepatocytes. The cryopreservation of equine hepatocytes is not evident in
the literature; however, the cryopreservation method used in the present
study was consistently able to have a yield and viability comparable with
other species such as human and rats (Sosef et al., 2005; Terry et al.,
2010).

Furthermore, the effect of cryopreservation on xenobiotic metabolising

enzymes was investigated. Three drugs used frequently in equine medicine,
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omeprazole, flunixin and phenylbutazone were used to characterise the
activity of freshly isolated and cryopreserved equine hepatocytes. Thawing
and incubation protocols were optimised with the goal of creating a standard
operating procedure that would produce accurate and reproducible results.
A 30% Percoll concentration was used for kinetic studies since it gave a
higher post-thaw viability with an acceptable recovery.

No significant difference was reported (p>0.05) in intrinsic clearance
between fresh and cryopreserved hepatocytes for the three drugs. Moreover,
three oxidation metabolites (MH+16/Z) were generated for omeprazole and
one metabolite for phenylbutazone in both fresh and cryopreserved equine
hepatocytes. However, the intensity, after normalizing for internal standard,
was 50% lower for the latter which may suggest some degradation in the
metabolising enzymes. The degradation in metabolising enzymes has been
reported in the literature (Li et al., 1999; Steinberg et al., 1999; Griffin and
Houston 2004). Further studies are required using specific substrates for
different enzyme systems.

On the other hand, no significant oxidation metabolites were observed for
flunixin in both in vitro systems. It is known that horses eliminate flunixin
by at least two pathways. The first one being direct conjugation of flunixin
with glucuronic acid (Johansson and Anlér 1988; Soma et al., 1988). The
second pathway of elimination is by oxidising flunixin with subsequent
elimination. However, as discussed earlier in the present thesis (Chapter
6), the first pathway seems to be the main metabolic pathway for flunixin
elimination (Johansson and Anlér 1988). Interestingly, an oxidised
metabolite was detected in microsomes for flunixin using HPLC-MS with an
my/z of 313, sixteen more than flunixin (see chapter 6). However, microsome
incubations only consider the SER enzymes which rely on NADPH as a
cofactor whereas hepatocytes possess more sophisticated enzyme and

transporter activities. An attempt was made to study the glucuronidation of
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flunixin in vitro using equine liver microsomes; however, no metabolism was
observed at any significant level. (Natalie Pickwell, PhD Thesis, 2017).

On the other hand, in the present study, no metabolites with MH+176/Z
(addition of glucuronic acid) were detected in either hepatocyte system for
flunixin. A common metabolite for drugs containing carboxylic acid
functionalities is the 1 B-O-acyl glucuronide (AG); they are unstable
compounds at physiological pH and can undergo acyl migration and
hydrolysis reactions as well as reacting with endogenous molecules such as
proteins via trans acylation and glycation reactions (Potter et al., 2011).
Therefore, one possible explanation for not observing a glucuronide
metabolite for flunixin, using the hepatocyte systems, may be due to rapid
hydrolysis of the glucuronide.

The three drugs have been extensively studied in vivo in horses and their
metabolites have been detected both in plasma and urine; however, this the
first time they have been detected from cryopreserved equine hepatocytes.
The kinetic parameters for the three drugs were determined using freshly
isolated, cryopreserved equine hepatocytes and liver microsomes; these
kinetic parameters were used to make predictions of in vivo clearance.
However, knowledge of physiological parameters such as microsomal protein
content, hepatocellularity, liver weight, are needed to make these kinds of
predictions. The scaling factors for horses are not evident in the literature;
thus, microsomal protein per gram of liver (MPPGL) and hepatocellularity
(HPGL) were determined in the present study. The microsomal protein value
obtained from the horse is similar to values obtained for dog and rat;
however, it is higher than that obtained for human (Hakooz et al., 2006;
Smith et al., 2008). Whereas, the hepatocellularity humber obtained for the
horse is higher than other species. Moreover, the micrometric
measurements reported in the herein thesis show that the diameter of horse

hepatocytes (14.6+£4.8 pm) being smaller than the diameter of hepatocytes
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from other species; 19.2+0.6 pm in rat, 18.4+£0.8 um in pigs, and between
20-30 pm in human (Engelmann et al., 1981; Stegemann et al., 2000; Boyer
et al., 2017). Hence, it is suggested that the higher hepatocellularity number
observed for horse liver is due to smaller horse hepatocytes.

On the other hand, the micrometric measurements of hepatocytes in
histological specimens revealed that very young and aged horses possess
lesser and larger hepatocytes than middle age horses. Moreover, there is an
inverse relationship between size and number of hepatocyte in a unit area.
These findings are in agreement with those reported in the literature for
other species; Tauchi (1961) reported that the number of cells in human and
rat liver samples decreased to a certain degree with advanced age while
hepatocyte size increased. Furthermore, the fall in hepatocyte number with
advancing age has been observed in human liver (Wakabayashi et al.,
2002).

This increase in hepatocyte size in young subjects may be due to the fast
growth demands in this period of age which allows the liver to adapt with a
high-energy demand (De la Iglesia et al., 1976). On the other hand, the
increase in hepatocyte size in aged subjects may be due to nuclear
polyploidisation rather than compensatory hypertrophy (Tauch and Sato
1962; Watanabe and Tanaka 1982).

While it has been shown that there is a statistically significant inverse
relationship between age and CYP P450 content/mg microsomes in female
horses (Nebbia et al., 2004), the present study found that age has no effect
on CYP P450 content/mg microsomes. However, the effect of sex could not
be studied in the present study due to lack of information regarding the
corresponding sex of donor horses. However, advances achieved in the
molecular genetic field may allow the determination of the donor sex of the

cells (McCormack and Bradbury 2014). Hence, further studies may be
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performed to determine the sex of the donor horses using cryopreserved
hepatocytes.

The results of the present study suggest that the increase of MPPGL was due
to the increase in the total number of hepatocytes per gram of liver rather
than an increase in the expression of CYP P450 resulting from an increase in
smooth endoplasmic reticulum (SER) surface area. This cell-size dependent
difference in MPPGL content has been reported in human hepatocytes (de la
Iglesia et al. 1976). This has been confirmed in the herein study by the
presence of a significant inverse relationship between CYP P450 per 10° cells
and HPGL which may help horses with low HPGL to maintain their xenobiotic
metabolic capacity by having higher levels of CYP P450 per hepatocyte
number. This observation has also been reported for human hepatocytes
(Wilson et al., 2003).

The Cls from the two liver models i.e. well-stirred and parallel tube model,
using either freshly isolated, cryopreserved equine hepatocytes or
microsomal parameters, were similar, and appears that no one particular
model offers any advantages over another. The parallel tube model gave
better prediction than the well stirred model for omeprazole, which has a
much higher clearance compared to the other drugs. This is in agreement
with results from previous studies where the parallel-tube model showed
better accuracy than the well-stirred model in predicting in vivo intrinsic
clearance using isolated hepatocyte suspensions or hepatic microsomes (Ito
and Houston 2004; Hallifax et al. 2010; Yin et al., 2013). However, several
recent studies have found that hepatocytes specialise as a function based
on their position along the porto-central axis of the liver lobule.
Consequently, the fate of hepatocytes will be determined as either

I"

“periportal” (PP) or “perivenous” (PV) hepatocytes and referred to as Liver
zonation (Gebhardt and Matz-soja 2014; Kietzmann 2017). These recent

observations are contradicting with the parallel tube model since the latter
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is based on the liver being comprised of a series of parallel tubes, each
surrounded by hepatocytes of equal drug-metabolizing capacity, through
which drug passes at a constant rate. Further studies will be required to
study the effect of liver zonation on in vitro-in vivo extrapolation using
parallel tube model.

On the other hand, the Clx predictions obtained, in the present study, from
hepatocytes were more accurate than those obtained using microsomes.
This is consistent with data reported in the literature (Houston and Carlile
1997; Ito and Houston 2004). This may due to the lack of cellular integrity
and certain enzyme and transport activities as a result of “the destructive
nature” in the preparation of liver microsomes (Ito and Houston 2004).
However, Foster et al., (2011) compared the Clint (intrinsic clearance) in
human liver microsomes and suspended hepatocytes. They reported a four-
fold and 1.5 to four-fold underprediction of microsomal Clint by hepatocytes
for high clearance substrates and for the low/medium clearance substrates,
respectively. Unlike most of the previous studies, Foster and co-workers
used microsomes and hepatocytes from the same donor livers, hence a
direct comparison of Clint between these two systems was made. Further
studies using a wide range of substrates are required to investigate the
performance of both in vitro systems. Moreover, a comparison between the
systems i.e. liver microsomes and hepatocytes obtained from both human
and horses using drugs frequently used in both species can be made giving
more reliable results.

Prediction and extrapolation of pharmacokinetic data between species is a
routine practice in the drug discovery process. However comparative studies
have shown significant differences in drug metabolism among species
including horse (Chauret et al. 1997; Martignoni et al., 2006; Mdssner et al.,

2011; Zielinski and Mevissen 2015).

178



Chapter 7

Despite the fact that, in vivo research does not allow for specific P450
isoforms involved in the metabolism of a drug to be determined, in vivo
metabolism studies are more frequently used in horses than in vitro studies
(Scarth et al., 2011).

The herein thesis is the first to optimise conditions for cryopreservation,
thawing and enzyme kinetic incubations for equine hepatocytes. In addition
to, it has provided an expected range in equine microsomal protein (MPPGL)
and hepatocellularity (HPGL) scaling factor values, which was not evident in
the literature. Furthermore, the influence of the age was investigated, and
the results have demonstrated that, despite MPPGL and HPGL values being
dependent on the age of the horse, age of horse has no effect on CYP P450
content per gram of microsomal protein. However, further investigation is
needed including the effect of horse gender and breed on MPPGL and HPGL.
The results of in vitro kinetic studies for omeprazole show that there is no
difference in omeprazole metabolism between human and horse. Moreover,
microsomal study described in the present thesis suggests that the oxidative
flunixin metabolism in the horse might be similar to that in cattle (Jedziniak
et al. 2007). Furthermore, a number of comparative metabolic studies,
concluded that oxidative metabolism of flunixin in the horse may be very
similar to that of niflumic acid in human and dogs (Lan et al., 1973; Cohen
et al., 1974, Jaussaud et al. 1987). However, a recent study found that
CYP2B6A subfamily is involved in testosterone metabolism in horse and
human but not dog, and sulfaphenazole inhibited metabolism in human more
than in horse (Zielinski and Mevissen, 2015). Further studies are required to
investigate the species differences in drug metabolism.

Moreover, as mentioned earlier in this thesis, several classes of drugs being
used in horses. However, there are a limited information regarding equine
metabolism studies available in literature. Most of this published literature

obtained from the detection of drug abuse (particularly in horse racing)
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(Scarth et al, 2010). According to Scarth et al, (2010), the most important
classes of drugs (see introduction section) which that already banned,
and/or their use is being regulated in horseracing are regularly monitored.
Generally, it was concluded that phase I metabolism pathways in horse are
well understood than those of phase II. Moreover, the whole oxidative drug
metabolism in horse was reported to be more extensive than in human. On
the other hand, a variety of phase II drugs conjugates in equine samples
suggests that majority of the phase II enzyme classes present in human
may likewise have homologs in horses (Scarth et al, 2010).

In this context, it was reported that drugs or drug metabolites characterised
by high polarity and have relatively high molecular weights are more likely
to be secreted (Sams 1987). Phase II metabolism glucoronates tend to be
highly polar, be ionised and have high molecular weights, hence, they are
usually highly cleared in bile; consequently, these drugs or metabolites enter
the small intestine and may be reabsorbed (Sams 1987). Despite horses
have no gallbladder and bile enters the small intestine continually, but
enterohepatic cycling reported in horses and may contributes to persistence
of some drugs in the body such as phenylbutazone (Gerring et al., 1981).
The factors which contribute to the fate of equine xenobiotics have not been
well characterised. This may explain that disposition of drugs in horse is
sometimes unpredictable (Tydén et al., 2009). However, Tydén et al.,
(2009) found that P-gp is expressed in the cellular membranes in some cells
in the intestines, liver, kidney and peripheral blood lymphocytes in horse.
They suggested that, the P-gp located in the intestinal epithelial cells may
play a key role in determining oral bioavailability of some xenobiotics by
pumping the compounds from the inside of the enterocytes back into the
lumen of the intestines. Whereas, the suggested role of P-gp at its position
in the liver is extrusion of drugs and other compounds from the hepatocytes

to the bile. Eventually, extruded substrates would leave the body via the
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faeces; hence, generally this would result in a plasma clearing and
detoxifying function. Moreover, localization of CYP 3A in villus enterocytes
has been reported in horse (Tydén et al. 2004). CYP 3A, is known as a major
phase I drug metabolizing enzyme, is present in high levels in the
enterocytes in some parts of the intestines and it has been suggested that
P-gp and CYP 3A may be functionally linked (Wacher et al., 1995; Watkins
1997). It is documented that P-gp and CYP 3A are induced by various of the
same compounds and show a broad overlap in substrate and inhibitor
specificities (Wacher et al., 1995; Watkins 1997; Gavhane and Yadav 2012).
Therefore, P-gp and CYP 3A may cooperate to limit drug absorption also in
horse.

On the other hand, it has been reported that active uptake may be relatively
less significant for the majority of highly permeable drugs investigated, to
date, in human and pre-clinical species, and may not have had a major effect
on predictions (Wu and Benet 2005; Hallifax et al., 2010). Moreover, Hallifax
et al. (2012) reported that prediction accuracy was not dependent on the
relative permeability demonstrating the absence of a general rate limitation
by passive hepatocyte uptake on metabolic clearance. However, Cantrill and
Houston (2017) concluded that, with currently available technology, the use
of multisystem to comprehensively characterise the hepatic disposition of
drugs may unavoidable.

The results presented in this thesis suggest that the use of in vitro systems
may afford the opportunity to produce qualitative and quantitative data on
drug metabolism in horses. According to the new revision of the
International Laboratory Accreditation Cooperation (ILAC)-G7 guidelines
(Article 16.4) in vitro incubations are approved to be used instead of in vivo
post administration samples (ILAC, 2009). Under these guide lines is not
necessary to produce enormous quantities of in vitro metabolites that can

be isolated and subject for further analysis. Moreover, data obtained from in

181



Chapter 7

vitro systems can be used to determine a detection time (DT) which in turn
will be used by veterinarians to recommend their own withdrawal time (WT).
In the present study, chloramphenicol inhibited omeprazole metabolism in
equine liver microsomes. Consequently, omeprazole concentration in the
blood may be elevated if it is co-administered with chloramphenicol and it is
predicted that an extended DT will be required otherwise the recommended
WT will be underestimated. This will have both economical and legal
consequences for horse racing, as well as the owner. In this context,
microsomes are frequently used in drug interaction studies rather than
hepatocytes (Chauret et al., 1997; Jones et al., 2004; Zielinski and
Mevissen, 2015). Furthermore, Brown et al (2007) found that there is no
difference between microsomes and hepatocytes for the inhibition of 18
pathways of metabolism. Hence, due to their availability and ease of
preparation, equine microsomes may represents a suitable candidate to
conduct DDI screening studies for drugs used in equine medicine which will
reflect positively on horse welfare.

On the other hand, induction of drug metabolism in horse is evident in the
literature. Burrows et al. (1989) reported that, the plasma half-life of
phenylbutazone was reduced from 4 h to 2.7 h after 4 days treatment with
rifampicin at 10 mg/kg BW each day. This is a clear example of a DDI that
may affect directly the horse welfare, since the drug e.g. phenylbutazone
will be less effective and the horse may not be fully healed. Therefore, it is
necessary to introduce drug induction studies as a routine procedure for
horse medications. In this context, various complex culture systems have
been developed including sandwich cultures, and 3D models such as
scaffold-based systems and bioreactors to extend the life span of equine
hepatocyte in vitro (Bachmann et al., 2015; Bell et al., 2016). These culture
systems can be used for equine hepatocytes to perform further metabolic

studies such as phase II metabolism and drug induction studies, providing
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an approach to perform further comparative metabolic studies between
horse and human. This, also, allow the cells to maintain transporter protein
levels for several days and both uptake and biliary efflux can be accessed
through modulation of calcium ions (Hoffmaster et al., 2004; Bi et al., 2006;
Kim et al., 2010; Swift et al., 2010). Furthermore, with a tremendous growth
in the interest of allometric scaling in the last decades, the predicted Clint in
this study can be used to perform interspecies allometric scaling (Mahmood
2007). Consequently, the Clint values and scaling factors determined in the
present study may represent a forward step in improvement of interspecies
allometric scaling by integrating more in vitro data into these type of
calculations (Lave et al., 1995; Lave et al., 1997). Hence, drug development
process may be improved including the first-in-human and animal dose

selection by adding more species during process of clearance predictions.

183



Appendices

184



Appendix I

Appendix I. Preparation of equine hepatocyte isolation solutions

Table A.I.1 Preparation of Hanks HEPES Buffer (1x) (solution 1)

Hanks balanced salt solution (10x) | 100 ml
HEPES 1mM 20 ml
Sodium bicarbonate 7.5% 4.7 ml
Sterile distilled water Up to 1L

Stored at 4°C.

1.1.1 Preparation of perfusate buffer (EGTA chelating buffer)

Table A.I.2: Preparation of Hanks HEPES buffer (10x) (without
sodium bicarbonate/glucose)

NaCl (Sigma, UK) 1.37 M (8 g)

KCL (Sigma, UK) 54 mM (402.58 mqg)
KH2PO2 (Sigma, UK) 4.4 mM (59.87 mq)
Na2HPO4. 12H20 (Sigma, UK) 3.6 mM (128.92 mq)
HEPES (Sigma, UK) 200 mM (4.77 g9)
NaOH (Sigma, UK) 100 mM (399.97 mqg)
Sterile distilled water 100 ml

e Filter sterilised and stored at 4°C.
e To make up 1x buffer, diluted with sterile water and stored at 4°C.

Table A.I.3 Preparation of 100mM EGTA solution

EGTA (Sigma, UK) 1.92¢g
Sterile Hanks HEPES (1x) (no sodium bicarbonate/glucose) 25 ml
NaOH (Sigma, UK) 5 ml

Made up to 50 ml with 1x HanksHEPES buffer, filter sterilised and stored at
4°C,

To prepare EGTA chelating buffer (solution 2), 10 ml of 100mM EGTA
solution was added to 990 ml of solution 1 and store at stored at 4°C.

1.3 Preparation of calcium chloride solution (Solution 3)

Table A.I.4 Preparation of 0.5 M CaCl2 solution

Sterile Hanks HEPES (1x) with calcium chloride 5.50¢g
Sterile distilled water 100 ml
Filter sterilise and stored at stored at 4°C

To prepare solution 3, 10 ml of 0.5 M CaCl, was added to 990 ml of
solution 1 and store at stored at 4°C.
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Table A.I.5 Preparation of collagenase perfusate buffer (solution 4)

Solution 3

1000 ml

Collagenase type iv

0.1% W/V

Table A.I.6 Preparation of solution 5

NaCl (Sigma, UK)

120 mM (7.013 g)

HEPES (Sigma, UK)

10 mM (2.383 g)

CaClz dihydrate (Sigma, UK)

0.9mM (0.099 g)

KCL (Sigma, UK)

6.2 mM (0.462 g)

Albumin

0.1% W/V (19)

Sterile distilled water

1000 ml

Table A.1.7: Optimisation of the effect of Percoll on viability and recovery

of equine hepatocytes

Percoll COLD WEM FCS Percoll PBS 10x
Gradient
25% 10 ml 1.25 ml 3.375 ml 0.375
30% 9.54 ml 1.05 ml 4.05 ml 0. 45 ml

1.6 Evaluation of equine hepatocyte attachment efficiency

Table.A.1.8 Standard curve

Step | Cell concentration Stock WEM (ml)

1 1000000 1 x 10° cells/ml 2.5

2 100000 100 pl from step 1 0.1

3 75000 75 ul from step 1 0.125

4 50000 50 pl from step 1 0.150

5 25000 25 ul from step 1 0.175

6 15000 15 pl from step 1 0.185

7 10000 10 pl from step 1 0.190

8 5000 5 pl from step 1 0.195
Table.A.I.9

OD 450nm OD 450nm | OD 450nm

No of cells 1 2 3 OD Average |

5000 0.233777 0.245587 0.246847 0.242070333

8000 0.249435 0.264351 0.246847 0.253544333

10000 0.273004 0.274267 0.281209 0.27616

15000 0.323234 0.334199 0.335815 0.331082667

25000 0.401769 0.394563 0.384546 0.393626

50000 0.613217 0.565305 0.571265 0.583262333

75000 0.754594 0.770252 0.760289 0.761711667

100000 0.852259 0.866941 0.873956 0.864385333

Blank 0.216625 0.218726 0.23155 0.222300333
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Figure A.I.1: Hepatocyte in suspension were seeded into flat-bottomed 96-
well tissue culture plate. Good linearity was observed (R?>0.9) between cell
number and signal produced when cells were seeded at 5000, 10000, 15000,
25000, 50000, 75000 and 100000 viable cells per well as determined by the
Trypan blue exclusion assay.
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Table A.I1.1: Hepatocyte size and number in equine liver at different ages

0-9 years 10-20 years >20 years

1 3 5 10 18 19 21 23 29

Cell size | 171.2 | 188.1 | 163.6 | 162.0 | 146.8 | 137.7 | 172.2 | 175.0 | 196.

(Hm?2) + + + + + + + + 3+
16.9 22.3 23.7 12.4 16.3 15.0 18.5 24.4 13.7

No of 25.7+ | 23.0 | 26.5+ | 29.4+ | 29.3+ | 33.5+ | 23.8+ | 22.7+ | 22.1
cells/un 1.3 +1.7 1.1 3.5 2.2 2.0 1.0 2.3 +1.2

it area

Values expressed as average £ SD, measurements performed in triplicate for each liver
sample.
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A.I11.1 Omeprazole HPLC-MS detection method
Initial conditions- 80% solvent A and 20% solvent B

Table A.IIL.1. LC method for detecting omeprazole concentrations in the
in vitro study

Time Solvent A SolventB Flow Pressure
(minutes) (%) (%) (mL/min) (bar)
0.00 80.0 20.0 0.500 400

2.00 50.0 50.0 0.500 400

4.00 0.00 100 0.500 400

5.00 0.00 100 0.500 400

5.20 80.0 20.0 0.500 400

9.00 80.0 20.0 0.500 400

Table A.III1.2. Mass spectrometry method for omeprazole, lansoprazole
and omeprazole metabolites

Drug Ionised Dwell Cone ~
Mass (seconds) (volts) Retention
(M/2Z) time, min
Omeprazole 346 0.200 25.0 5.28
Lansoprazole 370 0.200 60.0 5.70
M1 362 0.200 25.0 4.16
M2 362 0.200 25.0 4.89
M3 362 0.200 25.0 5.53
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Figure A.II1.1: Mass spectrum showing omeprazole and lansoprazole at

m/z 346 and 370, respectively.

A.II1.2 Calculated Kdep and Vo data for omeprazole

Table A.II1.3: Kdep and Vo data for microsomes, fresh and cryopreserved
hepatocyte incubations for omeprazole disappearance

Horse In vitro liver Omeprazole Kdep Vo
model concentration (uM) (pM) (HUM/min)

1 Fresh 0.500 0.055 0.0275
Hepatocytes 1.00 0.0278 0.0278
5.00 0.0219 0.1095

25.0 0.0228 0.57

50.0 0.0225 1.125
75.0 0.0165 1.2525

100 0.0127 1.27

150 0.0088 1.32
Cryopreserved 0.500 0.0304 0.0152
hepatocytes 1.00 0.0205 0.0205

5.00 0.0162 0.081
25.0 0.0217 0.5425

50.0 0.0203 1.015
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75.0 0.0165 1.2375
100 0.0113 1.13
150 0.0081 1.215
Microsomes 0.500 0.0223 0.01115
1.00 0.0201 0.0201
5.00 0.0262 0.131
25.0 0.0136 0.340
50.0 0.013 0.650
75.0 0.0112 0.840
100 0.0108 1.080
150 0.006 0.900
Fresh 0.500 0.0358 0.0179
Hepatocytes 1.00 0.0414 0.0414
5.00 0.029 0.145
25.0 0.0203 0.5075
50.0 0.0211 1.055
75.0 0.0169 1.2675
100 0.0129 1.29
150 0.0087 1.305
Cryopreserved 0.500 0.033 0.0165
hepatocytes 1.00 0.0173 0.0173
5.00 0.0161 0.0805
25.0 0.0216 0.54
50.0 0.0156 0.78
75.0 0.0124 0.93
100 0.0103 1.03
150 0.008 1.2
Microsomes 0.500 0.0174 0.0087
1.00 0.0128 0.0128
5.00 0.0152 0.076
25.0 0.0106 0.265
50.0 0.0141 0.705
75.0 0.0115 0.8625
100 0.0122 1.22
150 0.0071 1.065
Fresh 0.500 0.0344 0.0172
Hepatocytes 1.00 0.0408 0.0408
5.00 0.0174 0.087
25.0 0.0223 0.5575
50.0 0.017 0.85
75.0 0.0149 1.1175
100 0.013 1.3
150 0.0084 1.26
Cryopreserved 0.500 0.0259 0.01295
hepatocytes 1.00 0.0285 0.0285
5.00 0.0179 0.0895
25.0 0.0136 0.34
50.0 0.0131 0.655
75.0 0.0105 0.7875
100 0.01 1
150 0.0056 0.84
Microsomes 0.500 0.0316 0.0158
1.00 0.021 0.021
5.00 0.0103 0.0515
25.0 0.0067 0.1675
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Figure A.II1.2: data gathered using various omeprazole concentrations with freshly

isolated equine hepatocytes. Data was plotted as the natural logarithm (Ln) of

substrate concentration against time. Kqep is represented by the slope of the line
(refer to table A.IIL.3,

Ln([S1/1STo)

Ln([S]/[S]o)

horse 2).
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Figure A.II1.3: data gathered using various omeprazole concentrations with

cryopreserved equine hepatocytes. Data was plotted as the natural logarithm (Ln) of

substrate concentration against time. Kgep is represented by the slope of the line

(refer to table A.II1.3, horse 2).
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Figure A.III1.4: data gathered using various omeprazole concentrations with equine
microsomes. Data was plotted as the natural logarithm (Ln) of substrate
concentration against time. Kqep is represented by the slope of the line (refer to table
A.III1.3, horse 2).
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Figure A.II1.5: data gathered using various omeprazole concentrations with freshly
isolated equine hepatocytes. Data was plotted as the natural logarithm (Ln) of
substrate concentration against time. Kqep is represented by the slope of the line
(refer to table A.II1.3, horse 3).
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Figure A.IIL.6: data gathered using various

omeprazole concentrations with

cryopreserved equine hepatocytes. Data was plotted as the natural logarithm (Ln) of

substrate concentration against time. Kqep is represented by the slope of the line

(refer to table A.IIL.3, horse 3).

0.5M 1gM SpM 25mM
00 L] 00 » 00 0o L3
¢
02 _ 02 ~ 011 @ _
z \ z N 2 o
= = = 02 =
5 o . 5 o Q a < z
B H H £ o2
05 -0 03
. . .
.
o -0 04 o
o 20 40 60 o 20 a0 60 3 20 40 50 o 20 0 50
Time (min) Time (min) Time (min) Time (min)
0.00 50pM 0.00 75aM 0.00 1oomM 000 150mM
Q
-0.02
0051 @ = 005 = ° 200
D @ 004 0
z o @ B =
] < 2 006 2
€ -0.10 < -0.10 o < £ -0.02
3 ] - * = .
. 0.08
.
-0.15 0.15 0.10 -0.034
0 20 0 60 0 20 40 60 o 20 10 o 20 40 60
Time (min) Time (min) Time (min) Time (min)

Figure A.II1.7: data gathered using various omeprazole concentrations with equine

microsomes.

Data was plotted as the natural

logarithm (Ln) of substrate

concentration against time. Kgep is represented by the slope of the line (refer to table

A.II1.3, horse 3).
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Table A.I11.4: Vo data for microsomes, fresh and cryopreserved
hepatocyte incubations for metabolite appearance

Horse | In vitro liver Omeprazole Vo (arbitraryunits/min)
model concentration
(MM) M1 M2 M3
1 Fresh 0.500 663 150 281
Hepatocytes 1.00 1065 1677 542
5.00 2669 3797 1131.5
25.0 4477 7534 2858.9
50.0 6509 10107 3610.7
75.0 8714 12169 3931.3
100 9217 12619 4107.7
150 - - -
Cryo. 0.500 316 263.3 333.9
hepatocytes 1.00 459.3 783.1 654
5.00 977 1370.3 1127.7
25.0 2282 5231.2 1720.9
50.0 3000 7016.2 24442
75.0 3806.3 7515.4 2906
100 4596.5 9996.4 3686.2
150 - - -
Microsomes 0.500 240.5 915 541
1.00 508.3 1753 937.3
5.00 2181 10482 6574
25.0 12797 25797 20687
50.0 20159 37700 34929
75.0 23084 44033 41737
100 22343 50298 40035
150 3 . .
2 Fresh 0.500 148.8 311.2 147.4
Hepatocytes 1.00 421.5 696.2 1725.7
5.00 1022.7 1760.5 3842.6
25.0 2237.7 3020.9 7121
50.0 2889.3 4771.6 10128
75.0 3228.1 4990 12413
100 4023.5 5136.1 12577
150 4126.4 5820.3 11341
Cryo. 0.500 643 298 460.3
hepatocytes 1.00 907.4 898.9 1024.2
5.00 1950 1052.3 1829
25.0 3237.8 4145.1 2447.9
50.0 5141.6 5176 3781.4
75.0 6037.2 8041.8 4952.1
100 6483.5 8900.7 5392.2
150 7472.3 8351.7 5062.7
Microsomes 0.500 619.5 701.93 694
1.00 1362.3 1306.7 1322
5.00 4249.3 7166.1 4664.4
25.0 5562.5 19927 9779.8
50.0 9079.7 34177 18474
75.0 12580 50475 27430
100 17809 57941 24290
150 16741 62083 31496
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Fresh 0.500 601.7 588.9 281.2
Hepatocytes 1.00 1233 870.9 1513.1
5.00 1644 2943 2578.8

25.0 2171 5019 3614.3

50.0 3208 5941 5881.1

75.0 4138 7038 6749.7

100 4291 9562 7649.7

150 5396 9082 8046.4

Cryo. 0.500 487 339.9 328.1
hepatocytes 1.00 771.8 956.3 1002.3
5.00 2052 1375 2555.7

25.0 3338 4533 3855.2

50.0 4841 7131 4704.5

75.0 6961 8042 5823.4

100 7485 9367 6347.4

150 7598 10368 8412.2

Microsomes 0.500 846.7 1587.3 1519.3
1.00 1668.9 2933 2406.6

5.00 4377.5 12797 5959.3

25.0 6079.2 32409 23203

50.0 9619.3 56340 32931

75.0 10286 67217 44920

100 11486 83778 50787

150 14244 100901 67727
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Table A.IIL.5: Summary of scaling values for the three horses used for omeprazole study

Hepatocytes Microsomes
Horse No 6 nmol P450/mg of mg Microsomal
P450 nmoles/10° hepatocytes Hepatocellularity protein protein per g liver
(10¢cells/g liver)
1 0.110 266.9 0.539 52.2
2 0.140 188.2 0.399 62.3
3 *0.130 *227.3 0.591 45.0
* The average of the 18 livers.
Table A.II1.6: In vitro in vivo extrapolation
Well Stirred Model Hepatocytes
Drug Clint Heps per million cells HPGL Horse Clint per gram of liver Size of liver Weight of horse Clint per liver fuinc Fup Corrected Clint per liver Hepatic blood flow horse Hepatic Clearance
Omeprazole ul/min/million cells million cells per gram liver ul/min/gram grams kilograms ml/min/kg ml/min/kg ml/min/kg ml/min/kg
Fresh 44.5 266.90 11877.05 7500 500 178.15575 0.8 0.05 11.13473438 23.5 7.555024242
40.5 188.2 7622.1 7500 500 114.3315 0.8 0.05 7.14571875 235 5.479538333
33.7 227.3 7660.01 7500 500 114.90015 0.8 0.05 7.181259375 235 5.500412915
Cryo 41.9 266.9 11183.11 7500 500 167.74665 0.8 0.05 10.48416563 235 7.249784941
29.6 188.2 5570.72 7500 500 83.5608 0.8 0.05 5.22255 235 4.272946692
25 227.3 5682.5 7500 500 85.2375 0.8 0.05 5.32734375 23.5 4.342841269
Parallel Tube Model Hepatocytes
Clint Heps per million cells HPGL Horse Clint per gram of liver Size of liver Weight of horse Clint per liver fuinc Fup Corrected Clint per liver Hepatic blood flow horse Hepatic Clearance
ul/min/million cells million cells per gram liver ul/min/gram grams kilograms ml/min/kg ml/min/kg ml/min/kg ml/min/kg
Fresh 445 266.90 11877.05 7500 500 178.15575 0.8 0.05 11.13473438 235 8.868423941
40.5 188.2 7622.1 7500 500 114.3315 0.8 0.05 7.14571875 235 6.16153779
33.7 227.3 7660.01 7500 500 114.90015 0.8 0.05 7.181259375 235 6.18774009
Cryo 41.9 266.9 11183.11 7500 500 167.74665 0.8 0.05 10.48416563 235 8.457707802
29.6 188.2 5570.72 7500 500 83.5608 0.8 0.05 5.22255 235 4.682933494
25 227.3 5682.5 7500 500 85.2375 0.8 0.05 5.32734375 235 4.766657783
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Table A.IIL.7: In vitro in vivo extrapolation

Well Stirred Model

Drug Clint microsomes

ul/min/mg protein
Omeprazole

Parallel Tube Model

Drug Clint microsomes

ul/min/mg protein
Omeprazole

Microsomes

MPPGL Horse

mg per gram liver
24.8
20.1
10.7

Microsomes

MPPGL Horse

mg per gram liver
24.8
20.1
10.7

Clint per gram of liver
ul/min/gram

52.20
62.30
45.00

52.20
62.30
45.00

Clint per gram of liver
ul/min/gram

Size of liver
grams
1294.56
1252.23
481.5

Size of liver
grams
1294.56
1252.23
481.5

Weight of horse Clint per liver

kilograms ml/min/kg
7500 500
7500 500
7500 500

Weight of horse Clint per liver

kilograms ml/min/kg
7500 500
7500 500
7500

500

198

fuinc

19.4184
18.78345
7.2225

fuinc

19.4184
18.78345
7.2225

Fup Corrected Clint per liver Hepatic blood flow horse
ml/min/kg ml/min/kg

0.9 0.05 1.0788

0.9 0.05 1.043525

0.9 0.05 0.40125

Fup Corrected Clint per liver Hepatic blood flow horse
ml/min/kg ml/min/kg

0.9 0.05 1.0788
0.9 0.05 1.043525
0.9 0.05 0.40125

Hepatic Clearance

ml/min/kg
23.8 1.032020837
23.8 0.999692878
238 0.394597386

Hepatic Clearance

ml/min/kg
23.8 1.054715491
238 1.020978735
23.8 0.397886543
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Table A.IIL.7: Kdep and Vo data for the drug interaction study between
omeprazole and chloramphenicol completed in microsomes from horse 2

and 3
Chloramphenicol Omeprazole Kdep (HM) Vo
concentration (pM) concentration (UM/min)
(M)

H1 0 10.0 0.0086 0.086
1 10.0 0.0066 0.066

5 10.0 0.0059 0.059

10 10.0 0.0044 0.044

20 10.0 0.004 0.04

50 10.0 0.0027 0.027

75 10.0 0.0031 0.031

100 10.0 0.0015 0.015

150 10.0 0.0035 0.035

H2 0 10.0 0.0081 0.081
1 10.0 0.0066 0.066

5 10.0 0.0059 0.059

10 10.0 0.0054 0.054

20 10.0 0.0054 0.054

50 10.0 0.0047 0.047

75 10.0 0.0035 0.035

100 10.0 0.0039 0.039

150 10.0 0.0031 0.031

H3 0 10.0 0.01 0.1
1 10.0 0.0099 0.099

5 10.0 0.0076 0.076

10 10.0 0.0078 0.078

20 10.0 0.0073 0.073

50 10.0 0.0072 0.072

75 10.0 0.006 0.06

100 10.0 0.0043 0.043

150 10.0 0.0048 0.048
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Table A.III1.8: Calculation of the effect of the Ki on the AUC.

Inhibitor Conc. I/Ki I/Ki+1 (I/Ki + 1) x AUC
0.1 0.006494 1.006494 4831.169
0.5 0.032468 1.032468 4955.844
1.5 0.097403 1.097403 5267.532

2 0.12987 1.12987 5423.377
3 0.194805 1.194805 5735.065
4 0.25974 1.25974 6046.753
5 0.324675 1.324675 6358.442
6 0.38961 1.38961 6670.13
7 0.454545 1.454545 6981.818
8 0.519481 1.519481 7293.506
9 0.584416 1.584416 7605.195
10 0.649351 1.649351 7916.883
20 1.298701 2.298701 11033.77
30 1.948052 2.948052 14150.65
40 2.597403 3.597403 17267.53
50 3.246753 4.246753 20384.42
60 3.896104 4.896104 23501.3
70 4.545455 5.545455 26618.18
80 5.194805 6.194805 29735.06
90 5.844156 6.844156 32851.95
100 6.493506 7.493506 35968.83
110 7.142857 8.142857 39085.71
120 7.792208 8.792208 42202.6
130 8.441558 9.441558 45319.48
140 9.090909 10.09091 48436.36
150 9.74026 10.74026 51553.25
160 10.38961 11.38961 54670.13
170 11.03896 12.03896 57787.01
180 11.68831 12.68831 60903.9
190 12.33766 13.33766 64020.78
200 12.98701 13.98701 67137.66
400 25.97403 26.97403 129475.3
600 38.96104 39.96104 191813
800 51.94805 52.94805 254150.6
1000 64.93506 65.93506 316488.3
1200 77.92208 78.92208 378826
1400 90.90909 91.90909 441163.6
1600 103.8961 104.8961 503501.3
1800 116.8831 117.8831 565839
2000 129.8701 130.8701 628176.6
2200 142.8571 143.8571 690514.3
2400 155.8442 156.8442 752851.9
2600 168.8312 169.8312 815189.6
2800 181.8182 182.8182 877527.3
3000 194.8052 195.8052 939864.9
3200 207.7922 208.7922 1002203
3400 220.7792 221.7792 1064540
3600 233.7662 234.7662 1126878
3800 246.7532 247.7532 1189216
4000 259.7403 260.7403 1251553
5000 324.6753 325.6753 1563242
6000 389.6104 390.6104 1874930
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7000 454.5455 455.5455 2186618
8000 519.4805 520.4805 2498306
9000 584.4156 585.4156 2809995
10000 649.3506 650.3506 3121683
11000 714.2857 715.2857 3433371
12000 779.2208 780.2208 3745060
13000 844.1558 845.1558 4056748
14000 909.0909 910.0909 4368436
15000 974.026 975.026 4680125
20000 1298.701 1299.701 6238566
25000 1623.377 1624.377 7797008
30000 1948.052 1949.052 9355449
35000 2272.727 2273.727 10913891
40000 2597.403 2598.403 12472332
45000 2922.078 2923.078 14030774
50000 3246.753 3247.753 15589216
55000 3571.429 3572.429 17147657
60000 3896.104 3897.104 18706099
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Appendix IV.1 Flunixin HPLC-MS detection method
Initial conditions- 50% solvent A and 50% solvent B

Table A.IV.1.1: LC method for detecting flunixin concentrations

Time Solvent A Solvent B Flow Pressure
(minutes) (%) (%) (mL/min) (bar)
0.00 50.0 50.0 0.500 400

2.00 0.00 10.0 0.500 400

4.00 0.00 100 0.500 400

5.00 50.0 50.0 0.500 400

7.50 50.0 50.0 0.500 400

Table A.IV.1.2: Mass spectrometry method for flunixin, ketoprofen and
flunixin metabolite in microsomes

Drug Ionised Dwell Cone ~
Mass (seconds) (volts) Retention
(M/2) time, min
Flunixin 297.26 0.200 40.0 4.75
Ketoprofen 332.6 0.200 15.0 3.85
(MW+
formic acid
+methanol)
Metabolite 0.200 40.0 4.55

Table A.IV.1.3: Kdep and Vo data for microsomes, fresh and cryopreserved
hepatocyte incubations for flunixin disappearance

Horse In vitro liver Flunixin Kdep Vo
model concentration (UM) (UM/min)

(uM)

1 Fresh 0.500 0.0185 0.0093

Hepatocytes 1.00 0.0158 0.0158

5.00 0.0236 0.118

25.0 0.0164 0.410

50.0 0.0136 0.680

75.0 0.0101 0.758

100 0.0066 0.660

150 0.0041 0.615

Cryopreserved 0.500 0.0393 0.0197

hepatocytes 1.00 0.0473 0.0473

5.00 0.0233 0.1165

25.0 0.0168 0.4200

50.0 0.0105 0.5250

75.0 0.0096 0.7200

100 0.0055 0.5500

150 0.0036 0.5400

Microsomes 0.500 0.0155 0.0078

1.00 0.0199 0.0199

5.00 0.0136 0.0680

25.0 0.0085 0.2125

50.0 0.0056 0.2800
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75.0 0.0035 0.2625
100 0.0013 0.1300
150 . .
Fresh 0.500 0.0221 0.01105
Hepatocytes 1.00 0.0207 0.0207
5.00 0.012 0.06
25.0 0.011 0.275
50.0 0.01 0.5
75.0 0.0086 0.645
100 0.0055 0.55
150 0.0037 0.555
Cryopreserved 0.500 0.06 0.03
hepatocytes 1.00 0.0275 0.0275
5.00 0.0184 0.092
25.0 0.0169 0.4225
50.0 0.0105 0.525
75.0 0.009 0.675
100 0.0062 0.62
150 0.0039 0.585
Microsomes 0.500 0.0184 0.0092
1.00 0.0234 0.0234
5.00 0.0113 0.0565
25.0 0.0055 0.1375
50.0 0.0032 0.16
75.0 0.0021 0.1575
100 0.001 0.1
150 0.0009 0.135
Fresh 0.500 0.0184 0.0092
Hepatocytes 1.00 0.0279 0.0279
5.00 0.0213 0.1065
25.0 0.0152 0.38
50.0 0.0112 0.56
75.0 0.0086 0.645
100 0.0052 0.52
150 0.0034 0.51
Cryopreserved 0.500 0.0205 0.01025
hepatocytes 1.00 0.0185 0.0185
5.00 0.0148 0.074
25.0 0.0108 0.27
50.0 0.0083 0.415
75.0 0.0067 0.5025
100 0.0047 0.47
150 0.0031 0.465
Microsomes 0.500 0.0244 0.0122
1.00 0.022 0.022
5.00 0.0126 0.063
25.0 0.0117 0.2925
50.0 0.0073 0.365
75.0 0.0048 0.36
100 0.0012 0.12
150 0.0010 0.15
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Figure A.IV.1.1: data gathered using various flnixin concentrations with freshly
isolated equine hepatocytes. Data was plotted as the natural logarithm (Ln) of
substrate concentration against time. Kqep is represented by the slope of the line
(refer to table 1, horse 2).
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Figure A.IV.1.2:

data gathered using

various flunixin concentrations with

cryopreserved equine hepatocytes. Data was plotted as the natural logarithm (Ln) of

substrate concentration against time. Kqep is represented by the slope of the line

(refer to table 1, horse 2).
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1, horse 2).
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Figure A.IV.1.4: data gathered using various flnixin concentrations with freshly

isolated equine hepatocytes. Data was plotted as the natural logarithm (Ln) of

substrate concentration against time. Kqep is represented by the slope of the line

(refer to table 1, horse 3).
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Figure A.IV.1.5: data gathered using various flunixin concentrations with
cryopreserved equine hepatocytes. Data was plotted as the natural logarithm (Ln) of

substrate concentration against time. Kqep is represented by the slope of the line

(refer to table 1, horse 3).
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Figure A.IV.1.6: data gathered using various flunixin concentrations with equine
logarithm (Ln) of substrate

microsomes. Data was plotted as the natural

concentration against time. Kqep is represented by the slope of the line (refer to table

1, horse 3).

Table A.IV.1.4: Vo data for microsomes incubations for metabolite

appearance
Horse In vitro liver Flunixin Vo
model concentration (UM) (arbitrary
units/min)
1 Microsomes 0.500 610.16
1.00 852.7
>.00 7288.1
25.0 9968.2
>0.0 10921
75.0 11857
100 5670.8
150 6918.3
2 Microsomes 0.500 -
1.00 -
5.00 12261
25.0 27570
50.0 14141
75.0 18231
100 8571.9
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150 10293
Microsomes 0.500 487
1.00 578
5.00 5581.4
25.0 34830
50.0 25552
75.0 18875
100 6747.4
150 9418.3
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Table A.IIL.1.5: Summary of scaling values for the three horses used for flunixin study

Hepatocytes

Microsomes

nmol P450/mg of

mg Microsomal

Horse No .
= P450 nmoles/10° hepatocytes Hepatocellularity protein protein per g liver
(108cells/g liver)
1 0.140 188.2 0.599 62.4
2 0.123 301.2 0.394 62.4
3 0.117 247.5 0.557 52.1
Table A.IV.1.6: In vitro in vivo extrapolation
Well Stirred Model Hepatocytes
Drug Clint Heps per million cells HPGL Horse Clint per gram of liver Size of liver Weight of horse Clint per liver Fup Corrected Clint per liver Hepatic blood flow horse Hepatic Clearance
Flunixin ul/min/million cells million cells per gram liver ul/min/gram grams kilograms ml/min/kg ml/min/kg ml/min/kg ml/min/kg
Fresh 42.7 188.20 8036.14 7500 500 120.5421 0.01 1.205421 23.8 1.147312009
23.7 301.2 7138.44 7500 500 107.0766 0.01 1.070766 23.8 1.0246661
412 2475 10197 7500 500 152.955 0.01 1.52955 238 1.437186606
Cryo 44 188.2 8280.8 7500 500 124.212 0.01 1.24212 238 1.180509318
37 301.2 11144.4 7500 500 167.166 0.01 1.67166 238 1.56195191
233 2475 5766.75 7500 500 86.50125 0.01 0.8650125 238 0.834676143
Parallel Tube Model Hepatocytes
Clint Heps per million cells HPGL Horse Clint per gram of liver Size of liver Weight of horse Clint per liver Fup Corrected Clint per liver Hepatic blood flow horse Hepatic Clearance
ul/min/million cells million cells per gram liver ul/min/gram grams kilograms ml/min/kg ml/min/kg ml/min/kg ml/min/kg
Fresh 42.7 188.20 8036.14 7500 500 120.5421 0.01 1.205421 23.8 1.175403855
23.7 301.2 7138.44 7500 500 107.0766 0.01 1.070766 23.8 1.047036228
41.2 247.5 10197 7500 500 152,955 0.01 1.52955 23.8 1.481436548
cryo 44 188.2 8280.8 7500 500 124.212 0.01 1.24212 23.8 1.210263528
37 301.2 11144.4 7500 500 167.166 0.01 1.67166 23.8 1.614303808
233 247.5 5766.75 7500 500 86.50125 0.01 0.8650125 23.8 0.849481757
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Table A.IV.1.7: In vitro in vivo extrapolation

Well Stirred Model

Drug Clint microsomes
Flunixin ul/min/mg protein
13
12
17.5

Parallel Tube Model

Drug Clint microsomes
ul/min/mg protein
13
12
17.5

Microsomes

MPPGL Horse
mg per gram liver
62.40
62.4
52.1

Microsomes

MPPGL Horse
mg per gram liver
62.40
62.4
52.1

Clint per gram of liver
ul/min/gram
811.2
748.8
911.75

Clint per gram of liver
ul/min/gram
811.2
748.8
911.75

Size of liver
grams
7500
7500
7500

Size of liver
grams
7500
7500
7500

Weight of horse
kilograms
500
500
500

Weight of horse
kilograms
500
500
500
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Clint per liver
ml/min/kg
12.168
11.232
13.67625

Clint per liver
ml/min/kg
12.168
11.232
13.67625

fuinc

0.9

0.9

fuinc

0.9

0.9

Fup

0.01
0.01
0.01

Fup

0.01
0.01
0.01

Corrected Clint per liver
ml/min/kg
0.12168
0.11232
0.1367625

Corrected Clint per liver
ml/min/kg
0.12168
0.11232
0.1367625

Hepatic blood flow horse
ml/min/kg
23.8
23.8
23.8

Hepatic blood flow horse
ml/min/kg
23.8
23.8
23.8

Hepatic Clearance
ml/min/kg
0.121061063
0.111792415
0.135981109

Hepatic Clearance
ml/min/kg
0.121369479
0.112055379
0.136370311
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Appendix IV.2 Phenylbutazone HPLC-MS detection method
Initial conditions- 50% solvent A and 50% solvent B

Table A.IV.2.1: LC method for detecting phenylbutazone concentrations

Time Solvent A Solvent B Flow Pressure
(minutes) (%) (%) (mL/min) (bar)
0.00 50.0 50.0 1.00 400

1.00 0.00 100 1.00 400

3.00 0.00 100 1.00 400

4.00 50.0 50.0 1.00 400

5.00 50.0 50.0 1.00 400

Table A.II1.2.2: Mass spectrometry method for phenylbutazone and
diclofenac and phenylbutazone metabolite (oxyphenbutazone)

Drug Ionised Dwell Cone ~
Mass (seconds) (volts) Retention
(M/Z) time, min
Phenylbutazone 309.19 0.200 50.0 2.11
Diclofenac 296.19 0.200 35.0 2.35
Oxyphenbutazone 325.19 0.200 50.0 1.9

Table A.IV.2.3: Kdep and Vo data for microsomes, fresh and cryopreserved
hepatocyte incubations for phenylbutazone disappearance

Horse In vitro liver Phenylbutazone Kdep Vo
model concentration (UM) (UM/min)

(uM)

1 Fresh 1 0.0482 0.0482

Hepatocytes 5 0.0276 0.1380

10 0.0188 0.188

20 0.0229 0.4580

50 0.0120 0.600

75 0.0089 0.668

100 0.0044 0.440

150 0.0019 0.285

Cryopreserved 1 0.0227 0.0227

hepatocytes 5 0.0136 0.068

10 0.0150 0.150

20 0.010 0.200

50 0.006 0.310

75 0.005 0.353

100 0.003 0.310

150 0.002 0.270

Microsomes 1 0.054 0.054

5 0.030 0.152

10 0.032 0.324

20 0.024 0.470

50 0.012 0.600

75 0.008 0.570

100 0.003 0.320

150 0.002 0.270
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Fresh 1 0.034 0.034
Hepatocytes 5 0.01 0.05
10 0.0104 0.104
20 0.0106 0.212
50 0.0054 0.27
75 0.0046 0.345
100 0.0024 0.24
150 0.0014 0.21
Cryopreserved 1 0.0124 0.0124
hepatocytes 5 0.0127 0.0635
10 0.0114 0.114
20 0.0099 0.198
50 0.0069 0.345
75 0.006 0.45
100 0.0031 0.31
150 0.0018 0.27
Microsomes 1 0.044 0.044
5 0.02 0.1
10 0.0229 0.229
20 0.0155 0.31
50 0.0114 0.57
75 0.0102 0.765
100 0.0076 0.76
150 0.0032 0.48
Fresh 1 0.0471 0.0471
Hepatocytes 5 0.0338 0.169
10 0.0285 0.285
20 0.019 0.38
50 0.0107 0.535
75 0.0089 0.668
100 0.0046 0.46
150 0.0026 0.39
Cryopreserved 1 0.0208 0.0208
hepatocytes 5 0.0233 0.1165
10 0.0164 0.164
20 0.0136 0.272
50 0.0075 0.375
75 0.0056 0.42
100 0.0034 0.34
150 0.002 0.3
Microsomes 1 0.0388 0.0388
5 0.021 0.105
10 0.0179 0.179
20 0.0176 0.352
50 0.0074 0.37
75 0.0061 0.4575
100 0.0042 0.42
150 0.002 0.3
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Figure A.IV.2.1: data gathered using various phenylbutazone concentrations with
freshly isolated equine hepatocytes. Data was plotted as the natural logarithm (Ln)
of substrate concentration against time. Kqep is represented by the slope of the line

(refer to table A.1IV.2.3, horse 2).
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Figure A.IV.2.2: data gathered using various phenylbutazone concentrations with
cryopreserved equine hepatocytes. Data was plotted as the natural logarithm (Ln) of
substrate concentration against time. Kqep is represented by the slope of the line
(refer to table A.IV.2.3, horse 2).
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Figure A.IV.2.3: data gathered using various phenylbutazone concentrations with
equine microsomes. Data was plotted as the natural logarithm (Ln) of substrate
concentration against time. Kqep is represented by the slope of the line (refer to table
A.IV.2.3, horse 2).
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Figure A.IV.2.4: data gathered using various phenylbutazone concentrations with
freshly isolated equine hepatocytes. Data was plotted as the natural logarithm (Ln)
of substrate concentration against time. Kqep is represented by the slope of the line
(refer to table A.1IV.2.3, horse 3).
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Figure A.IV.2.5: data gathered using various phenylbutazone concentrations with

cryopreserved equine hepatocytes. Data was plotted as the natural logarithm (Ln) of

substrate concentration against time. Kqep is represented by the slope of the line
(refer to table A.IV.2.3, horse 3).
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Figure A.IV.2.6: data gathered using various phenylbutazone concentrations with
equine microsomes. Data was plotted as the natural logarithm (Ln) of substrate
concentration against time. Kqep is represented by the slope of the line (refer to table
A.IV.2.3, horse 3).

Table A.IV.2.4: Kappearance and Vo data for microsomes incubations for
oxyphenbutazone appearance

Horse In vitro liver Phenylbutazone Kappearnce Vo
model concentration (uM) (MM/min)
(pM)
1 Fresh
hepatocytes 1 - -
5 - -
10 0.0102 0.102
20 0.0212 0.424
50 0.0224 1.12
75 0.0482 3.615
100 0.0283 2.83
150 0.0172 2.58
1 Cryo.
hepatocytes 1 - -
5 - -
10 0.0068 0.068
20 0.0073 0.146
50 0.0073 0.365
75 0.0109 0.8175
100 0.0096 0.96
150 0.0083 1.245
1 Microsomes 1 0.0051 0.0051
5 0.0640 0.320
10 0.1257 1.257
20 0.2004 4.008
50 0.1477 7.385
75 0.1395 10.4625
100 0.1112 11.12
150 0.0839 12.585
2 Microsomes 1 0.0115 0.0115
5 0.0497 0.2485
10 0.0785 0.785

214



Appendix IV

20 0.1781 3.562
50 0.2055 10.275
75 0.1926 14.445
100 0.1392 13.92
150 0.0891 13.365

Microsomes 1 - -

5 0.016 0.08
10 0.02 0.2
20 0.025 0.494
50 0.032 1.62
75 0.019 1.39
100 0.017 1.69
150 0.013 2.01
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Table A.IIL.2.5: Summary of scaling values for the three horses used for phenylbutazone study

Hepatocytes

Microsomes

Horse No

P450 nmoles/10¢ hepatocytes

nmol P450/mg of

mg Microsomal

He|36atocellular|ty protein protein per g liver
(10°cells/g liver)
Table A.IV.2.6: In vitro in vivo extrapolation
Well Stirred Model Hepatocytes
Drug Clint Heps per million cells HPGL Horse Clint per gram of liver Size of liver Weight of horse Clint per liver Fup Corrected Clint per liver Hepatic blood flow horse Hepatic Clearance
Phenylbutazone ul/min/million cells million cells per gram liver ul/min/gram grams kilograms ml/min/kg ml/min/kg ml/min/kg ml/min/kg
Fresh 26 301.19 7830.94 7500 500 117.4641 0.01 1.174641 238 1.1193937
11.8 247.5 2920.5 7500 500 43.8075 0.01 0.438075 238 0.430157304
28 192.7 5395.6 7500 500 80.934 0.01 0.80934 238 0.78272282
Cryo 15.5 301.19 4668.445 7500 500 70.026675 0.01 0.70026675 238 0.680251722
11.6 247.5 2871 7500 500 43.065 0.01 0.43065 238 0.422996081
20.8 192.7 4008.16 7500 500 60.1224 0.01 0.601224 238 0.586410387
Parallel Tube Model Hepatocytes
Clint Heps per million cells HPGL Horse Clint per gram of liver Size of liver Weight of horse Clint per liver Fup Corrected Clint per liver Hepatic blood flow horse Hepatic Clearance
ul/min/million cells million cells per gram liver ul/min/gram grams kilograms ml/min/kg ml/min/kg ml/min/kg ml/min/kg
Fresh 26 301.19 7830.94 7500 500 117.4641 0.01 1.174641 238 1.146125049
11.8 247.5 2920.5 7500 500 43.8075 0.01 0.438075 238 0.434067907
28 192.7 5395.6 7500 500 80.934 0.01 0.80934 238 0.795733509
Cryo 15.5 301.19 4668.445 7500 500 70.026675 0.01 0.70026675 238 0.690065085
11.6 247.5 2871 7500 500 43.065 0.01 0.43065 23.8 0.426777188
20.8 192.7 4008.16 7500 500 60.1224 0.01 0.601224 238 0.593693629
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Table A.IV.2.7: In vitro in vivo extrapolation

Well Stirred Model

Drug

Phenylbutazone

Parallel Tube Model

Drug

Clint microsomes
ul/min/mg protein
32.2
18.2
24.8

Clint microsomes
ul/min/mg protein
32.2
18.2
24.8

Microsomes

MPPGL Horse
mg per gram liver
62.40
52.10
58.50

Microsomes

MPPGL Horse
mg per gram liver
62.40
52.10
58.50

Clint per gram of liver
ul/min/gram
2009.28
948.22
1450.8

Clint per gram of liver
ul/min/gram
2009.28
948.22
1450.8

Size of liver
grams
7500
7500
7500

Size of liver
grams
7500
7500
7500

Weight of horse
kilograms
500
500
500

Weight of horse
kilograms
500
500
500
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Clint per liver
ml/min/kg
30.1392
14.2233
21.762

Clint per liver
ml/min/kg
30.1392
14.2233
21.762

0.01
0.01
0.01

Fup

0.01
0.01
0.01

Corrected Clint per liver
ml/min/kg
0.301392
0.142233
0.21762

Corrected Clint per liver
ml/min/kg
0.301392
0.142233
0.21762

Hepatic blood flow horse
ml/min/kg
23.8
23.8
23.8

Hepatic blood flow horse
ml/min/kg
238
23.8
23.8

Hepatic Clearance
ml/min/kg
0.297623042
0.14138804
0.215648178

Hepatic Clearance
ml/min/kg
0.299491687
0.141808841
0.2166281
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Table A.IV.2.7: In vitro in vivo extrapolation

Well Stirred Model

Drug
Oxyphenbutazone

Parallel Tube Model

Drug

Clint microsomes
ul/min/mg protein
15.2
104

Clint microsomes
ul/min/mg protein
15.2
104

Microsomes

MPPGL Horse
mg per gram liver
62.41
52.12
58.51

Microsomes

MPPGL Horse
mg per gram liver
62.41
52.12
58.51

Clint per gram of liver
ul/min/gram
948.632
542.048
0

Clint per gram of liver
ul/min/gram
948.632
542.048
0

Size of liver
grams
7500
7500
7500

Size of liver
grams
7500
7500
7500

Weight of horse
kilograms
500
500
500

Weight of horse
kilograms
500
500
500
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Clint per liver
ml/min/kg
14.22948
8.13072
0

Clint per liver
ml/min/kg
14.22948
8.13072
0

Fup

0.01
0.01
0.01

Fup

0.01
0.01
0.01

Corrected Clint per liver
ml/min/kg
0.1422948
0.0813072
0

Corrected Clint per liver
ml/min/kg
0.1422948
0.0813072

0

Hepatic blood flow horse
ml/min/kg
23.8
23.8
238

Hepatic blood flow horse
ml/min/kg
23.8
238
23.8

Hepatic Clearance
ml/min/kg
0.141449108
0.081030378

Hepatic Clearance
ml/min/kg
0.141870272
0.081168474
0
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