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Abstract

The impact of the intestine in determining the oral bioavailability of drugs has been
extensively studied. Its large surface area, metabolic content and positioning at the first site
of exposure for orally ingested xenobiotics means its contribution can be significant for
certain drugs. However, prediction of the exact metabolic component of the intestine is
limited, in part due to limitations in validation of in vitro tools as well as in vitro-in vivo
extrapolation scaling factors. Microsomes are a well established in vitro tool for
extrapolating hepatic metabolism, however standardised methodologies for preparation in
the intestine are limited, in light of complexities in preparation (e.g. presence of multiple
non-metabolic cells, proteases and mucus). Therefore, the aims of this study were to
establish an optimised method of intestinal microsome preparation via elution in the
proximal rat intestine, and to determine microsomal scaling factors by correcting for
protein losses during preparation. In addition, to assess species in another preclinical
species (dog) and human as well as assessing and regional differences in scaling factors
and metabolism.

Following optimisation of a reproducible intestinal microsome preparation method in the
rat, the importance of heparin in limiting mucosal contamination was established. These
microsomes were characterised for total cytochrome P450 (CYP) content, and CYP and
uridine 5'-diphosphate glucuronosyltransferase (UGT) activities using maker probes of
testosterone and 4-nitrophenol. Loss corrected microsomal scaling factors between two
pools of n=9 rats was 9.6+3.5 (recovery 33%). A broad range of compounds (n=25) in
terms of metabolic activity and physicochemical properties were screened in rat intestinal
microsomes. The prediction accuracy relative to in house generated or literature in vivo
estimates of the fraction escaping intestinal metabolism (Fg) through in vitro-in vivo
extrapolation of observed metabolism and the derived scaling factors and either Caco-2
permeability of physicochemical permeability estimates utilising the Qg model. In the
dog, regional differences in intestinal scaling factors and metabolic activities were
explored, as well as relationships between the proximal intestine and liver in matched
donors. Positive correlations in both hepatic activity and microsomal scalars were
observed. Robust scaling factors were established using the 3 microsomal markers. A total
of 24 compounds were screened for hepatic and intestinal metabolism in order to make in
vivo estimates of Fg, the fraction escaping hepatic metabolism (Fy) and oral bioavailability
(F). Estimates based on Caco-2 and physicochemical based scaling, as well as utilising a
commercial PBPK software platform (ADAM model, Simcyp® v12) were broadly similar
with generally reduced prediction accuracy in proximal physicochemical based Qgut
scaling, and improved predictions using Caco-2 Qg or PBPK approaches. Worse
predictions were observed for compounds with high protein binding, transporter substrates
and/or CYP3A inhibitors. Regional metabolism demonstrated peak metabolism in the
proximal intestine, before declining distally. Human intestinal microsomes were prepared
for jejunum and ileum tissue. Although samples were limited, regional differences in
metabolic activities and scaling factors were also assessed, using correction markers and
activity in 23 compounds. In all, 20 compounds overlapped between all three species.
Comparison in Fa.Fg between rat and human CYP3A substrates showed a modest
relationship, however relationships between species and human were generally poor given
the observed differing metabolic contributions of testosterone and 4-NP metabolite
formation between species limited the observed relationships between species. However,
within species, good estimates of oral bioavailability were observed. This is the largest
know interspecies comparison of intestinal metabolism and scaling factors with
microsomes prepared within the same lab.
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intestinal metabolism. The hope is that the in vitro assay will provide a valid tool to pre-
filter compounds for in vivo assessment, thereby reducing the number of animal studies
required. Furthermore the data and understanding taken from this work will assist
physiologically-based pharmacokinetic (PBPK) approaches by providing system
parameters for making predictions of intestinal metabolism, again potentially reducing the

number of in vivo studies required.
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1.1. Oral bioavailability

Principally for patient compliance and convenience of dosing, prescription of oral
formulation is the preferred method of drug administration. Analysis of the top 200
prescribed pharmaceutical agents in 2011 reveals that, in the USA, 87% are administered
orally (Bartholow, 2012; FDA Approved Drug Products, 2012). However, in order to reach
the systemic circulation and provide adequate exposure at the target site, xenobiotics must
overcome the sequential barriers of both absorption and first-pass metabolism (Wilkinson,
1987). These barriers ultimately determine the oral bioavailability (F) of a given drug (Lin
et al., 1999) (Equation 1-1, Figure 1-1).

Equation1-1 F = Fa- F; - Fy

where Fa is the fraction of oral dose absorbed from the intestinal lumen, Fg is the
fraction of the drug entering the enterocytes that escapes first-pass gut wall metabolism
and Fy is the fraction of drug that escapes first-pass hepatic metabolism and biliary

secretion.

Dose Portal Vein

To Faeces

Figure 1-1  Bioavailability (F) of oral drugs is dependent on the fraction absorbed
from the gut (Fa) and extraction via respective hepatic and intestinal first-pass
metabolism.

Fe : Fraction escaping intestinal metabolism, Fy: fraction escaping hepatic metabolism, Eg:
Intestinal extraction ratio, Ey: Hepatic extraction ratio. Figure adapted from Roland and
Tozer, (2010).
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In some cases, these barriers to the systemic circulation are very high resulting in drugs
with low bioavailability. Low bioavailability is undesirable for financial reasons in terms
of increasing the amount of drug required, although increasing the dose and/or dose
frequency within reasonable patient compliance limits is still feasible. However, more
critically, as a consequence of low bioavailability (F <30%) a greater incidence of
interindividual variation is expected (Hellriegel et al., 1996). These variables include
patient’s age, weight, degree of obesity, type and degree of disease severity, and patient’s
genetic makeup (Rowland and Tozer, 2010). In addition, environmental factors (e.g. diet)
and metabolic drug-drug interactions may further contribute (Rowland and Tozer, 2010).
These inter-individual variations can be exaggerated in drugs with a narrow therapeutic
window (concentrations between those which are significant enough to elicit a desired
therapeutic effect and those that prove toxic), e.g. the immunosuppressant’s cyclosporine
A and tacrolimus, for which organ-graft rejection or patient toxicity can be observed over a
narrow change in exposure (Paine et al., 2002). Consequently, understanding the extent of
metabolism for new chemical entities (NCE’s) during drug research and development (R &
D) programs is an important step to the design and optimisation of compounds to have
acceptable pharmacokinetic (PK) properties to engage the specific target site of action for

the required duration, in order to elicit a desired pharmacodynamic (PD) effect.

A key element in determining the probability of success of a given drug series for driving
investment decisions (i.e. first in man studies) is the predictions of efficacious human dose,
maximal absorbable dose (MAD) and therapeutic safety margin. These assessments are
driven by both in vitro and preclinical in vivo data predictions of human intravenous (i.v.)
and per oral (p.o.) drug clearance profiles. The fundamental pharmacokinetic parameters
which drive these predictions are estimates of Fa, clearance (CL), volume of distribution at
steady state (Vds), half-life (t12) and F (van de Waterbeemd and Gifford, 2003). A
determining factor in the probability of success is therefore dependant on how well these

estimates are made.

1.2. Hepatic first pass metabolism
The liver is the major site of first-pass metabolism, because of its size and high content of
drug metabolising enzymes (e.g. cytochrome P450s (CYPs) and uridine 5'-diphosphate
glucuronosyltransferase (UGTSs)) (Lin et al., 1999). The prediction of human i.v. CL is
particularly important in R & D as it provides insight into the rate and route(s) of

metabolism and elimination of the drug from the body. Therefore, CL is a central
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parameter in selecting the size of the dose to achieve target concentration, and along with
the Vds, determines ty,, and therefore the frequency of dosing required. l.v. clearance
provides an estimate of hepatic clearance, by subtraction of the renal elimination
component (CLg), assuming that metabolism from other extrahepatic tissues is negligible.

However, by considering only hepatic metabolism, a general trend of under-prediction of
human drug clearance is observed (lwatsubo et al., 1997; Fisher and Labissiere, 2007;
Galetin, 2007). For example, recently in a PhRMA collaborative study, it has been reported
that whilst estimates of Fy may have relative predictive success for estimating i.v.
clearance (with a 69% high prediction accuracy), oral clearance estimates are poor (23%
high prediction accuracy) (Poulin et al., 2011). Scaling of hepatic clearance demonstrated
relative success as a result of detailed understandings of the physiological parameters (e.g.
hepatic blood flow and hepatic scaling factors (Barter et al., 2007) involved in both in
vitro-in vivo extrapolation (IVIVE) (Obach, 2001; Ito and Houston, 2005; Houston and
Galetin, 2008), and by using (modified) allometric relationships to estimate human in vivo
data from preclinical species (Obach et al., 1997; Ward et al., 2005). As is the case for this
PhRMA study however, frequently the intestinal component is ignored since estimates of
the contribution of the intestine to oral clearance are limited by a lack of established in
vitro tools, scaling factors and understanding of intestinal species differences (Galetin et
al., 2008; Cubitt et al., 2009; Kostewicz et al., 2013). The impact of the intestinal

component however, cannot be ignored.

1.3. Intestinal first pass metabolism
Extrahepatic metabolism has been demonstrated in lung (De Kanter et al., 2004; de Graaf
et al., 2006), kidney (De Kanter et al., 2004; de Graaf et al., 2006; Gill et al., 2012) and
intestinal tissues (De Kanter et al., 2004; van de Kerkhof et al., 2005; de Graaf et al., 2006;
van de Kerkhof et al., 2008; Cubitt et al., 2009; Gertz et al., 2010; Cubitt et al., 2011; Gertz
et al., 2011; Groothuis and de Graaf, 2013). Lin and Lu (2001) surmised that the intestinal
mucosa is the most important extrahepatic site of drug biotransformation, supported by the
ability to metabolize drugs by numerous pathways involving phase | and phase Il reactions
(Pacifici et al., 1988; de Waziers et al., 1990; Prueksaritanont et al., 1996). In fact, several
in vivo studies have demonstrated that the small intestine contributes substantially to the
overall first-pass metabolism of cyclosporine A (Kolars et al., 1991), nifedipine
(Holtbecker et al., 1996), midazolam (Paine et al., 1996) and verapamil (Fromm et al.,

1996). Therefore, the small intestine is an important organ for elimination of drugs. The
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potential exists for substantial presystemic metabolism due to its large surface area, its
significant metabolic content and low blood outflow meaning the substrate is cleared
slowly (Lin et al., 1999; Kaminsky and Zhang, 2003; Paine et al., 2006; Galetin et al.,
2010).

1.4. Intestinal absorption
The small intestine is the major site of absorption of nutrients and water as well as
xenobiotics in the gastrointestinal tract (GIT), whereas the stomach and colon play only
minor roles (DeSesso and Jacobson, 2001; DeSesso et al., 2008). The small intestine is
split into three non-anatomically distinct regions; duodenum, jejunum, and ileum, of which
comprise the jejunum and ileum comprise almost equal proportions in humans (Table 1-1)
(DeSesso and Jacobson, 2001; DeSesso et al., 2008). Each of the regions can be defined by
differences in both their absorptive and secretory capacities, and a general narrowing of the
lumen from the proximal to distal ends. In humans, the duodenum is both the shortest and
widest. The duodenum subsequently merges with the next proximal two-fifths of the small
intestine classified as jejunum, which is both thicker and wider than the ileum, comprising
the longer remaining distal end (Tortora and Derrickson, 2006). The defined proportions
are however distinct across species (DeSesso and Jacobson, 2001; Balimane and Chong,
2005; DeSesso et al., 2008). For example, the GIT tract of the dog is relatively short (due
to a small colon) and simple compared to human due to minimal folding of the intestinal
wall (Kararli, 1995). Furthermore, as in the rat, there is little visible differentiation between
the segments, however it is apparent that unlike the human, the proportion of jejunum

makes up around 90% of the small intestine (DeSesso et al., 2008).

The macro- and micro-scopic features of the human intestine serve to vastly increase the
surface area available for absorption. The circular folds (valves of Kerckring), villi, and
microvilli (present at the luminal side of enterocytes) increase the area available for
absorption in man 30-fold and 600-fold, respectively (Balimane and Chong, 2005; Thelen
and Dressman, 2009). For humans, the area available for absorption is much larger.
Despite being only 5 times longer than the rat intestine, the surface area is approximately
200 times greater (Table 1-1). This an observation attributed to the lack of the valves of
Kerckring in the rat (DeSesso and Jacobson, 2001). It should be noted however that body
weight is approximately 300 fold larger in the rat (250g vs 75kg) therefore normalisation
of intestinal surface area for body weight provides the rat with a much greater potential for

both drug absorption, and hence metabolism.
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Table 1-1 Approximate lengths and surface areas of human, dog and rat small intestine.
Data derived from DeSesso et al., (2001; 2008), Karali,(1995), Pappenheimer (1998), Brown et al., (1997).

Human Dog Rat
Region of Segment %  Absolute Surface Segment %  Absolute Surface Segment %  Absolute Surface
Gl Tract length (cm) total Area (m?) length (cm)  total Area (m?) length (cm) total Area (m?)
Duodenum 25 4% 25 6% 10 7%
Jejunum 260 43% 360 90% 125 89%
Illeum 315 53% 15 4% 5 4%
Total 600 200 400 30 140 1.6

Table 1-2 Transit times and Q. for rat dog and human.

Species Transit time (h) Quini (I/h)
Rat 2.6-3.3° 0.34' (0.08-0.67)°
Dog 1.85 5.617 (2.15-8.46)"
Human 3.32 (1.8-8)*° 1839

a DeSesso et al., (2008).

b, Dressman et al.,(1986).

¢ Yu and Amidon, (1999).

e: Malik et al,(1976), Delp et al., (1991; 1998), Bjorkman et al., (1993), Klemm and Moody, (1998), Granger et al.,(1980).

f:Eade et al., (1977), Chou and Grassmick, (1978), Granger et al.,(1980).

g: Yang et al., (2007)

1: Based on assumptions of intestinal blood flow representing 15.5% cardiac output, and mucosal 70% of intestinal, and villus 60% of
mucosal(Malik et al., 1976; Granger et al., 1980; Lin et al., 1999; Valentin, 2002).By contrast liver Qy is around 1 I/h (Brown et al., 1997)

2: Based on assumptions of intestinal blood flow representing 10% cardiac output, and mucosal 80% of intestinal, and villus 60% of mucosal
(Granger et al., 1980; Lin et al., 1999; Valentin, 2002). By contrast liver Qy is around 43 1/h (McEntee et al., 1996; Taylor et al., 2007).

3: Based on assumptions of intestinal blood flow representing 10% cardiac output, and mucosal 80% of intestinal, and villus 60% of mucosal
(Granger et al., 1980; Valentin, 2002; Yang et al., 2007). By contrast liver Qy is around 89 I/h (Kato et al 2003).
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The histology of the entire small intestine wall consists of four layers, mucosa, submucosa,
muscle layers (muscularis) and the serosa (Tortora and Derrickson, 2006) (Figure 1-2).
The mucosa composes the outermost layer and is split into three components; a superficial
lining of epithelium, the lamina propria, and the muscularis mucosa (Lin et al., 1999). The
lamina propria provides structural support for the epithelial cells, and contains blood
capillaries, lymph vessels and nerve fibres (Thelen and Dressman, 2009). The epithelium
composes the inner most layer of mucosa facing the lumen of the bowel, and consists
predominantly of a single layer of enterocytes which line both the villi and the crypts of
Lieberkiihn (referred to from now on as crypts), from which epithelial cells originate and
differentiate. The epithelium is heterogeneous, consisting also of mucus-secreting goblet
cells, endocrine cells, Paneth cells and M cells (Thelen and Dressman, 2009). However, it
is the enterocytes which are responsible for the majority of the digestion and absorption of
drugs and nutrients in the human small intestine, and contain transporters (e.g. P-
glycoprotein (P-gp), breast cancer resistance protein (BCRP)), and the metabolic enzymes

responsible for xenobiotic biotransformation.

Epithelium

Villus Capillary

} Mucosa

Sub-mucosa

Lacteal

LaminaPropria

— Circular Muscle Layer

Longitudinal Muscle Layer

— SErosS3

Figure 1-2  Cross section of intestinal villus along the crypt to villus tip axis.
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1.4.1. Intestinal transporters

Drug absorption is governed by the surface area of the intestine, intestinal transit, the drug
concentration gradient and the thickness of the unstirred water layer. Furthermore, the
effective permeability (Pes) across the intestinal mucosa drug absorption is also largely
dependent on the physiochemical properties of the drug, namely the dose/dissolution ratio,
the extent of chemical degradation or metabolism in the lumen, lipophoilicity, luminal
complex binding, and particle size (Lennernas, 2007b). Multiple pathways for absorption
are available. The process of passive drug absorption occurs most commonly via the
transcellular route (through the cellular membrane) or less frequently in the case of smaller
hydrophilic molecules via the paracellular route (via the tight junctions between the
enterocytes).

The intestine contains several transporters present in the apical membrane that can actively
up take or efflux xenobiotics from the villous tips of the apical membrane of the
enterocytes (Pang, 2003). P-gp is product of the multidrug resistance gene la (MDR1a)
and in humans is localized in the bile canalicular surface of hepatocytes, apical surface of
proximal tubules in kidneys, columnar epithelial cells of the intestine, and capillary cells of
the brain and testis. The role of P-gp as a multidrug transporter is coupled with its
extremely broad substrate specificity, which overlaps with CYP3A (Lin et al., 1999). The
observation of the low bioavailability of dual P-gp and CYP3A substrates (e.g.
cyclosporine and tacrolimus) strengthens their proposed interplay in recirculation of
xenobiotics (Mouly and Paine, 2003). Indeed, the introduction of oral P-gp inhibitors
reduces rather than increases intestinal first-pass extraction (Benet and Cummins, 2001,
Christians et al., 2005). It can therefore be reasonably assumed that following efflux, a
fraction of the extruded xenobiotics can be reabsorbed, thus increasing intracellular
residence time and hence exposure of drugs to metabolising enzymes (Watkins, 1997
Benet and Cummins, 2001; Christians et al., 2005). Moreover, P-gp may preferentially
remove primary drug metabolites from the enterocyte to limit product inhibition (Watkins,
1997). In this fashion it appears that the barrier to xenobiotics is maintained as the
metabolising potential of the intestine decreases, however their correlation is still debated
(Lown et al., 1997). However, whether these luminally excreted metabolites are re-

absorbed by the intestine further down the tract later remains as speculation..

Additional efflux transporters are also present in the intestine at the apical (e.g. multidrug

resistince protein 2 (MRP2)) and basolateral (e.g. MRP1) membranes with differing
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regional distributions. Data from mRNA expression in human has shown MRP1 to have
ubiquitous expression in non-same subjects (Nakamura et al., 2002) and studies
incorporating intra-individual variability (Zimmermann et al., 2005). MRP2 expression
along the tract in both humans and rat has been reported to decrease distally (Pang, 2003;
Zimmermann et al., 2005). BCRP is also of significant interest in determining oral
bioavailability due to its overlapping substrate specificity with P-gp (Bruyere et al., 2010) .
BCRP shows a general ubiquitous trend of distribution in the small intestine (Bruyere et
al., 2010).

Recently mRNA expression has implicated a number of apical uptake transporters
including members of the organic anion-transporting polypeptide (OATP) transporter
families OATP1A2, OATP2B1 (Glaeser et al., 2007). OATP1B1 and OATP1B3, which
were previously thought to be liver-specific have also been reported (Glaeser et al., 2007),
however, their role in intestinal uptake is likely to be minimal (Galetin et al., 2010).

1.4.2. Species differences in absorption
Excellent relationships have been reported for Fa between several preclinical species (e.g.
rat and monkey, but not dog) and human, through both carrier-mediated absorption or
passive diffusion mechanisms (Chiou and Barve, 1998; Chiou et al., 2000; Chiou and
Buehler, 2002; Cao et al., 2006). In general dog is regarded as a poor model of human
absorption by demonstrating higher absorption than in man. This has been suggested to be
related to several characteristics of the dog intestine, including the longer length of villi,
increased protein binding, and the impact of a reduced gastrointestinal pH on weak base
absorption (Chiou et al., 2000). The pH in the dog intestine is approximately one unit
above human in the fasted state (Dressman, 1986; Chiou et al., 2000) and therefore may
affect compounds for which solubility is highly dependent on pH. Furthermore, given that
many water-soluble neutral compounds show greater absorption in dogs (Chiou and
Buehler, 2002), it is possible that the size and frequency of the tight junction for
paracellular transport may be greater in dogs than primates, making the intestinal

membrane more leaky (He et al., 1998; Chiou et al., 2000).

Furthermore, the dog demonstrates both a higher bile salt secretion rate and concentration
than that observed in human (Kararli, 1995). As a result, this could potentially modify the
intestinal membrane structure and therefore make increase the permeability for drug

transport, or alternatively facilitate the absorption of poorly water-soluble drugs by
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increasing their solubility (Chiou et al., 2000). These factors may work in a concerted
fashion to promote absorption, since contrary to the facilitation of good absorption, the
intestinal transit time of the dog is the shortest compared to both rat and human (Table
1-2).

Limited information on transporter expression has been shown in the dog. However, based
on mRNA data, P-pg expression is reported to peak in the ileum, whilst BCRP expression
declines distally (Haller et al., 2012). Expression of P-gp, and MRP2 mRNA and protein in
rat intestine are reported to show similar expression to humans, with decreased expression
reported distally (Cao et al., 2006; Takano et al., 2006).

1.5. Relevance of Intestinal metabolism

Although the small intestine is regarded primarily as an absorptive organ in the uptake of
orally administered drugs, once the victim drug has reached the intracellular site in the
enterocytes it may be venerable to metabolism within the enterocytes. Whist intestine
CYP3A (major intestinal isoform) expression only accounts for approximately 1% of
hepatic CYP3A (Yang et al., 2004; Paine et al., 2006; Galetin et al., 2010), and CYP
activity generally appears to be lower in the intestine on a mg per microsomal protein
basis, correction for organ respective mean population CYP abundance demonstrated
comparable metabolism potential as the liver in the intestine (Galetin and Houston, 2006).

Furthermore, the blood flow (Q) in the intestinal villus capillary (Quini) is low vs. liver
(hepatic blood flow, Qn) (Table 1-2). Therefore, with increased residence time, the
opportunity for organ extraction ratio (E) is increased (Lin et al., 1999) (Equation 1-2). In
reality, blood flow in the intestine is dynamic since linked to the metabolic demands of the
intestine. Blood flow is increased following ingestion of a meal, however following
exercise, blood flow is significantly reduced, and therefore affects both absorption and

intestinal first pass metabolism (Lin et al., 1999).
EquatIOI”l 1'2 CLORGAN = Q . E

In vivo, the enterocytes make up around 90% of the cells in the epithelium (Kararli, 1995),
and contain both phase | e.g. CYPs (de Waziers et al., 1990; Zhang et al., 1999; Paine et
al., 2006), and phase Il enzymes e.g. UGTs, sulfotransferases (SULTS), glutathione S-
transferases (GSTs) (Strassburg et al., 2000; Tukey and Strassburg, 2001; Lennernas,
2007a; Lennernas, 2007b; Ritter, 2007).
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Differential enzyme expression occurs as enterocytic stem cells migrate from the crypt,
and mature on reaching the villus tip (Weiser, 1973; Pinkus and Windmueller, 1977;
Murray et al., 1988; Traber et al., 1992; Fasco et al., 1993), a process spanning around 4
days in humans and 3 days in rodents (Kaminsky and Zhang, 2003). Following maturation,

the cells are sloughed off into the mucus and excreted in the faeces.

The distribution of intestinal enzymes have been mapped according to mRNA levels
(Zhang et al., 1999; Bock et al., 2002; Cao et al., 2006; Shin et al., 2009b), protein levels
(Bonkovsky et al., 1985; Murray et al., 1988; de Waziers et al., 1990; Kolars et al., 1994;
Tukey and Strassburg, 2001; Paine et al., 2006; Mitschke et al., 2008) spectrophotometric
properties (Watkins et al., 1987; Paine et al., 1997; Zhang et al., 1999) and through activity
(Fasco et al., 1993; Paine et al., 1997; Bock et al., 2002; Shiratani et al., 2008; Bruyere et

al., 2009), with particular focus on phase | CYP enzymes.

1.5.1. Intestinal CYP expression

Intestinal CYP expression has been shown to be regulated independently of hepatic
expression, and the complement of enzymes expressed is reduced (Lown et al., 1994; von
Richter et al., 2004) (Figure 1-3). Intestinal enzyme also shows a large intra- as well as
inter-individual variability (Thummel et al., 1996; Paine et al., 1997; Obach, 2001).
Substantial regional variation is observed in both enzyme expression and activities. For
example, in human, the highest protein levels of CYP3A4, CYP2C9 and CYP2C19 protein
are detected in the proximal region of the intestine, and decline distally (Paine et al., 1997;
Lapple et al., 2003; Galetin et al., 2008). In the case of other enzymes however, CYP2S1
and CYP2J2 enzymes are expressed ubiquitously along the GIT (Paine et al., 2006).
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Figure 1-3
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Estimates of CYP abundance in the human liver (Figure 1-3A) is based on the meta
analysis of 42 to 241 liver samples (Rostami-Hodjegan and Tucker, 2007) . Proximal
human intestine CYP abundance (Figure 1-3B) shows mean data for 31 donors (Paine et
al., 2006). The major CYP enzyme expressed in the human intestine is CYP3A, which
represents around 80% of all intestinal CYPs (Paine et al., 2006; Galetin et al., 2010). The
total amount of CYP3A expressed in the human small intestine (65.7—70.5 nmol)
represents approximately 1% of the estimated hepatic levels. Reported mean levels of
intestinal CYP3A protein is 50 pmol/mg microsomal protein from 31 donors. In contrast,

mean values for the liver is 155 pmol/mg microsomal protein based on date derived from
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219 donors (Rowland Yeo et al., 2003; Paine et al., 2006; Rostami-Hodjegan and Tucker,
2007). The highest CYP3A catalytic activity (e.g. midazolam 1’OH formation) is also
situated in the proximal region, rising slightly from duodenum to jejunum, and declining
sharply toward the distal ileum (Paine et al., 1997; Zhang et al., 1999; Ding and Kaminsky,
2003).

The change in total CYP and UGT enzyme expression shows comparable distribution
patterns in both expression and activity along the human intestine (Zhang et al., 1999;
Strassburg et al., 2000; Tukey and Strassburg, 2001). Similar distribution patterns have
been observed in the monkey, rat and dog (Zhang et al., 1996; Nakanishi et al., 2010;
Heikkinen et al., 2012).

In all species, it appears that CYP3A and UGT metabolism are dominant routes of
elimination in the intestine. However, between species, as is illustrated in Table 1-3,
expression varies both in the intestinal enzymes present and enzyme family orthologues.
Whilst the CYP families are conserved between species, when making comparisons to
human, it is important to recognize that both orthologues and expression patterns in the
intestine can differ quite dramatically between species For example, CYP2B expression is
reported rival that of CYP3A in the Wistar rat (Mitschke et al., 2008). The monkey is
similar to human since it demonstrates high proximal CYP3A expression (Nishimura et al.,
2007).

The distribution of CYP3A12 and CYP2B11 along the dog intestine have recently been
described using mass spectrometry based protein determination, and the specific enzyme
substrate activity markers of temazepam (CYP2B11) and nordiazepam (CYP3A12)
(Heikkinen et al., 2012). In this reported study, peak abundance (11.7 pmol/mg and 6.1
pmol/mg for CYP3A12 and CYP2B11, respectively) and activity was observed in the third
segment. Lowest abundances and activity were observed in the distal segments (Heikkinen
et al., 2012)(Figure 1-4). It should be noted that the patterns of activity is not parallel to
expression. Despite a relatively specific CYP3A probe, it nordiazepam is a specific for
human CYP3A and therefore may not be specific for dog CYP3A. Therefore, this may
reflect the role of other ezymes which may addtinally contribute to substrate metabolism.
In cases where activity is low relative to expression, this may represent the detection of
non functional enzyme, for example enzyme undergoing intracellular protein translation

and vesicle transport, or alternatively degradation.
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Figure 1-4  Regional distributions of CYP3A12 content (*), CYP2B11 content (M),
and temazepam CYP3A substrate activity (©) along the course of the dog intestine.

N=4. Segments 1-6, small intestine, segment 7: cecum, segment 8: colon. (Heikkinen et al., 2012).
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Table 1-3 Reported mRNA, protein and activity of CYP enzymes detected within the intestine of human, rat, dog, monkey and
mouse.

CYP Human®" Rat ¢ Dog®"9 Monkey™ Mouse'*"!
Subfamily
CYP mRNA Pr/Act CYP mRNA Pr/Act CYP mRNA Pr/Act CYP mRNA Pr/Act CYP mRNA Pr/Act
CYP1A 1Al + + 1A1 +/- + 1A1 +/- + 1A1 + +t
1A2 +/- + /- 1A2 -
CYP2A 2A6 - - 2A23 + +
CYP1B 1B1  + - 1B1  + +1
CYP2B 2B6 +/- + 2B1 + + 2B6 +/- 2B9 - +4
2B10 +
2B19 +
2B20 +
CYp2C 2C8  + + 2C6 + - 2C20 + 2C29 + +4
2C9 + + 2C11 - -[+* 2C37 -
2C18 + - + 2C38 +
2C19 + + - 2C40 +
CYP2D 2D6 + + 2D1 +/- + 2D15 + + 2D17  +/- +
CYP2E 2E1 +/- 2E1 - 2E1 +/- 2E1 + +
CYP2J] 2J2 + + 2J3 + + 2J2 +
- 2J4 +
CYP3A 3A4 + + 3A1 +/- + 3A12 + + 3A64 + 3A11 + +4
3A5 + 3A2  +- + 3A26  +/- 3A4"  + 3A13 +
3A9 + + 3A5 + 3Al16 +
3A18 + + 3A25 +
3A62 + 3A44  +

Pr: protein expression, Act: activity + positive signal, +/- weak signal, - no signal *Strain difference tweak AGeneral antibody # Previously
referred to as CYP3AS8. a)(Komura and Iwaki, 2011) b: (van de Kerkhof et al., 2007b), c: (Mitschke et al., 2008), d:(Zeldin et al., 1997), e:
(Haller et al., 2012), f: (Heikkinen et al., 2012), g:(Kyokawa et al., 2001), h: (Nakanishi et al., 2010), i: (Nakanishi et al., 2011),
J:(Prueksaritanont et al., 1996), k:(Zhang et al., 2003), I:(Emoto et al., 2000).
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1.5.2. Intestinal phase Il expression

In addition to the liver and kidney, UGTs are highly expressed in the gastrointestinal tract
(Fisher et al., 2001; Ritter, 2007). Indeed, it is noted that in some cases the capacity of
UGT1A1 appears to rival that of the liver (Fisher et al., 2001; Kaminsky and Zhang, 2003).
The distribution of UGTs is reportedly analogous to that of CYP, decreasing distally from
the pylorus (Tukey and Strassburg, 2001; Galetin et al., 2010). Reported UGT family and
orthalogue expression can be compared between species in Table 1-4. The ability of
measure absolute protein abundances of UGT enzymes using antibodies is limited in light
of their sequence similarities, and location within the endoplasmic reticulum. The main
UGT enzymes expressed at levels higher than the liver in the human intestine are
UGT1A5, UGT1A7, UGT1A8 UGT1A10 and UGT2B17 (Ohno and Nakajin, 2009).
UGT1A8 and UGT1A10 are selectively expressed in the human intestine and not in the
liver (Ohno and Nakajin, 2009).

The probe compound raloxifene and its glucuronidation between species demonstrates how
differences in UGT expression between species can have a dramatic impact on intestinal
metabolism. In the human, raloxifene is extensively glucuronidated to raloxifene 4-p
glucuronide by UGT1A10, a UGT isoform exclusively expressed in the human intestine
(Jeong et al., 2005). A comparatively minor pathway is the glucuronidation to raloxifene
6p-glucuronide metabolised by UGT1A8. Since UGT1A10 is not expressed in the rat
intestine, metabolism can only occur through the minor pathway, and as such is reflected in
the significant differences in intestinal extraction between rats and human (Jeong et al.,
2005).Given its high intrinsic clearance of raloxifene relative to UGT1AS8 this explains a
low observed F (2%) in human verses the rat (39%) (Jeong et al., 2005). Raloxifene is a
clear example where caution should be used when interpreting preclinical information of
UGT1A10 substrates.

Similarly, intestinal sulphation can differ dramatically between species. For low dose drugs
such as ethinylestradiol and salbutamol which are SULT enzyme substrates, SULT1A3
metabolism may limit their F (Mizuma et al., 2005; Cubitt et al., 2011). Of note, SULT1A3
is specific to the human intestine (Riches et al., 2009), and is not reported to be expressed
in animal models (Shin et al., 2009a).
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Table 1-4  Reported mRNA, protein and activity of UGT enzymes detected within the intestine of human, rat, dog, monkey and
mouse.
UGT Human ¢ Rat e Dog ¢ Monkey ? Mouse "
family UGT mRNA Pr/Act UGT mRNA Pr/Act UGT mRNA Pr/Act UGT mRNA UGT MRNA  Pr/Act
UGT1A 1A1 + + 1A1 + + 1A6 + 1A1 1A1 +
1A3 +/- 1A2 + + 1A2 1A6 +
1A4 +/- - 1A3 + 1A6 + 1A7 +
1A5 + - 1A5 +/- 1A8 + 1A8 +/-
1A6 +/- +/- 1A6 + 1A9 +
1A7 +/- 1A7 +
1A8 + + 1A8 +/- +
1A9 +/-
1A10 + +
UGT2A 2A2 + 2A1 +
uGT2B 2B4 +/- - 2B1 - 2B9 + 2B34  +
2B7 + +/- 2B2 - 2B18  +/- 2B35 +
2B10  +/- - 2B3 + 2B20 + 2B36  +/-
2B15  + 2B6 +/- 2B30  +/-
2B17  +/- 2B8 +
2B28  + 2B12 + +

Pr: protein, Act: activity. + positive signal, +/- weak signal, - no signal. a:(Komura and Iwaki, 2011), b: (van de Kerkhof et al., 2007Db), c:
(Ritter, 2007), d: (Shelby et al., 2003), e: (Grams et al., 2000), f: (Jeong et al., 2005), g:(Bock et al., 2002), h: (Buckley and Klaassen, 2007).
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The presence of these diverse classes of enzymes at the site of absorption demonstrates the
potential of the intestine as an extrahepatic organ to contribute significantly to the first-
pass metabolism of xenobiotics. In terms of defining the Eg of orally ingested drugs,
several in vivo, in situ and in vitro methods exist. However in light of their potential
limitations, which will be addressed, a certain element of caution should be exercised when

interpreting their functional utility to assess and aid F¢ prediction strategies.

1.6. Estimating intestinal metabolism in vivo
The argument for a low contribution of the intestinal to overall first-pass metabolism is
partly based on the low levels of metabolising enzymes present compared to the liver.
Furthermore, since the intestine is the first site of exposure to xenobiotics, as such, higher
drug enterocyte cell concentrations are observed than in hepatocytes. Therefore, it is
reasonable to assume that the lower density of enzyme in the gut wall compared to the liver
would increase the likelihood of enzyme saturation and, hence, less extraction (Lin et al.,
1999). However, a recent analysis of the relative contributions of the fraction absorbed
(Fa), the fraction escaping first pass metabolism (Fg), and the fraction escaping hepatic
elimination (Fy) on bioavailability on 309 drugs studied in humans have indicated that for
30% of the compounds, Fg was less than 0.8, highlighting the importance of incorporating
intestinal metabolism in both bioavailability and dose predictions in drug discovery and

development (Varma et al., 2010).

However, in the absence of data derived from administration of compound in the anhepatic
stage of liver transplant surgery (Kolars et al., 1991; Paine et al., 1996) or intestinal
perfusions (von Richter et al., 2001) using portal vein cannulations which both have
limited application in the human due to ethical limitations, the estimation of Fg in vivo is
difficult. Multiple sites of sampling have been applied in rat models, however this is labour
intensive and low throughput, and as such is not routinely applied (Mistry and Houston,
1985; Murakami et al., 2003; Quinney et al., 2008; Kuze et al., 2009; Matsuda et al.,
2012). Particular confounding factors therefore in the estimation of Fg are in part driven
through the difficulties in defining the exact contribution of the intestine indirectly from

more conventional i.v. and p.o. dosing strategies.

The estimation of Fg from i.v. and p.o. data is based on the assumption of negligible
metabolism in enterocytes after i.v. administration and that systemic clearance of a drug

after i.v. dose (corrected for renal excretion) reflects only hepatic elimination (En).
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However, the integrity of this assumption may not be entirely valid, as illustrated in the
case of midazolam where an average 8% extraction ratio after i.v. administration of
midazolam has been reported in anhepatic patients (and up to 26% in one patient) (Paine et
al., 1996; Galetin et al., 2010). The F¢ can also be estimated by comparing oral area under
the curve (AUC) following administration the presence of grapefruit juice which inhibits
CYP3A4 (Gertz et al., 2008a), however this is limited to CYP3A substrates only, and it
assumes that all CYP3A4 metabolism is inhibited in the intestine, and there is no effect on
transporters or on the liver . In addition, as is the case for i.v. and p.o. indirect measures of
Fe, because of the inherent difficulties of separating out both Fa and Fg components of oral
bioavailability, to limit the effect of (Fa) it is important that the dose administered is in
solution. In fact, in the absence of experimental data, the general assumption in these cases
is the Fa is 1 (i.e. absorption is complete) (Galetin et al., 2008; Gertz et al., 2010), which
can result in an under-estimation of Fg. In reflection of this limitation, in some studies the
Fa and Fg components are represented by the dual parameter, FaFg (Kato et al., 2003,
Akabane et al., 2010).

It should also be noted that the sensitivity of hepatic blood clearance (CLy ) to the value of
hepatic blood flow (Qn) (common range from 17.1 to 25mL/min/kg) ultimately limits the
confidence in the value Fg obtained (Galetin et al., 2010; Kadono et al., 2010). This is
especially important for compounds with potential to alter Qy and/or demonstrate high Ey,
which are most sensitive to the values of Qy employed e.g. felodipine and verapamil
(Galetin et al., 2010).
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Table 1-5 Comparison of methods for estimating F¢ in vivo/in situ.
Model Advantages Assumptions/Limitations

Portal vein Direct sampling before Surgical methods required,
sampling hepatic metabolism recovery time after surgery

Unethical in human

Anhepatic models
(e.g. hepatic shunt)

Diversion of liver
ensures intestinal
contribution to be
studied directly

Requires surgical
techniques, low throughput
Frequently disease model
patients in human — poor
relation to healthy
population.

In situ (e.g. gut
loop, Loc-i-gut)

Ability to look at
different intestinal
regions

Surgical techniques
required, expensive in
human

Limited viability in rodents,
use of anaesthetics can
influence outcome
Extraction assumed as
perfusion rate limited — not
valid for permeability
limited compounds

Inhibition of
intestinal enzymes
(e.g. ABT-rodent,
grapefruit juice
human)

Simple, potential to

inhibit either liver or

intestinal enzymes

(especially in rat) for
separate elucidation

Intestinal enzymes are
inhibited - assume other
enzyme pathways do not
compensate

Difficult to separate Fa and
Fe components

If liver is not inhibited,
assume iv is purely hepatic
component

iv po dosing

Simple, high throughput

Indirect measure of Fg
Difficult to separate Fa and
Fc components

Oral dose not administered
at site of absorption
Assume iv is purely hepatic
component (minus renal if
available)

Assumption of liver blood
flow

Increasing confidence in Fg estimation

Indybinoayy Jaybiy pue Audijdwis buiseaou|
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The disadvantage of in vivo/ in situ models is therefore that it is impossible to separate the
variables involved in the process of absorption, i.e. it is not possible to identify individual
rate-limiting factors (Le Ferrec et al., 2001; van de Kerkhof et al., 2007b). In addition, the
given the difficulties in isolating the separate contributions of the liver and intestine
(Galetin et al., 2008), and identifying the respective Fa and Fg components, the ability to
quantifiably investigate intestinal drug metabolism in vivo is limited. A more mechanistic
approach, therefore, is to utilise an in vitro approach to assess organ specific roles in
metabolism, which can be applied to the screening/problem-solving of NCEs during drug

discovery.

1.7. Estimating intestinal metabolism in vitro

Various in vitro methods can be utilised to study intestinal metabolism, for example Ussing
chamber preparations (van de Kerkhof et al., 2006), everted gut sacs (Barr and Riegelman,
1970), precision cut tissue slices (De Kanter et al., 2004; van de Kerkhof et al., 2005; de
Graaf et al., 2006; Martignoni et al., 2006), enterocyte preparations (Klippert et al., 1982;
Koster and Noordhoek, 1983; von Richter et al., 2004) and, intestinal microsomes (Weiser,
1973; Dawson and Bridges, 1981; Bonkovsky et al., 1985; Fasco et al., 1993; Paine et al.,
1996; Paine et al., 1997; Cotreau et al., 2000; Galetin and Houston, 2006; van de Kerkhof
et al., 2007b; Bruyere et al., 2009; Cubitt et al., 2009). However, unlike the liver where
both whole cell hepatocytes as well as subcellular fractions (e.g. microsomes) are routinely
used in predicting Ey (Houston, 1994; Houston and Carlile, 1997; Obach et al., 1997,
Obach, 2001; Ito and Houston, 2004), no consensus has been categorically reached as to
the best in vitro models to quantitatively characterise and extrapolate intestinal metabolism
data since in vitro methods are varied, and each can be chosen for evaluating various
aspects of metabolism (and in some cases permeability), with both advantages and
disadvantages associated with each technique (Table 1-6). Most work recently has focused
on both the utility of intestinal slices (De Kanter et al., 2004; van de Kerkhof et al., 2005;
de Graaf et al., 2006; Martignoni et al., 2006; van de Kerkhof et al., 2006; van de Kerkhof
et al., 2007a; van de Kerkhof et al., 2008; Groothuis and de Graaf, 2013) and intestinal
microsomes (Galetin and Houston, 2006; Cubitt et al., 2009; Gertz et al., 2010; Cubitt et
al., 2011).

The application of precision-cut tissue slices has been extensively characterised, and offer
a medium throughput approach and very efficient use of intestinal samples, since slices can

be very thin (250-400 uM), and remain metabolically active and viable, and contain the
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full complement of enzymes transporters and cofactors. Furthermore, this approach allows
for comparative metabolism between both organs and between species as it is readily
applied to other tissues (e.g. kidney, liver) (De Kanter et al., 2004; de Graaf et al., 2006).
Relative contributions of organs can therefore be assessed. However, there are a few
limitations, the difficulties in distributing substrates evenly (Houston and Carlile, 1997),
and the lag time in phase Il metabolism (van de Kerkhof et al., 2006). In the case of
microsomes, addition of the pore forming alamethacin is routinely applied and this allows
access for the endoplasmic reticulum where UGT resides (Fisher et al., 2000).
Furthermore, whilst scaling up to whole intestine and in vivo is simple based on slice
weight and organ weight with no issues with recovery losses in preparation, comparison
prediction accuracy has not been fully defined (Groothuis and de Graaf, 2013). Finally,
they are not amenable to long term storage and high throughput screening.

The advantages of using microsomes include their capacity for long-term storage,
amenability for high throughput application, and ample characterization of optimal
incubation conditions (Ekins et al.,, 1999). However, their disadvantages are well
understood, in that some enzymes may be more labile following preparation, and also
require the addition of expensive cofactors for optimal activity to replace those lost in
preparation. Limited information is available on physiological concentrations of these
cofactors, and therefore optimised slight excess concentrations are frequently utilised in
order to ensure no limitation of enzyme activity (Kilford et al., 2009; Obach, 2011). For
example UDP-glucuronic acid concentration of approximately 400 nmol/g hepatic tissue
(Goon and Klaassen, 1992). Therefore microsomal concentrations of 5mM UDPGA
(Kilford et al., 2009) is likely to be in excess. Overestimation of in vivo clearance is
possible in this case, however it is more common that clearance is underpredicted to a
greater extent from microsomal incubations than from cellular models e.g hepatocytes
(Houston and Carlile, 1997; Obach, 2001).

Coupled to the removal of cytosolic enzymes, microsomes also therefore absent of the full
complement of enzymes available for metabolism, and as such can display a bias in
xenobiotic metabolism. For example, product accumulation due to loss of sequential
metabolism pathways may result in a possible feedback inhibition effect (Hewitt et al.,
2007). In addition, the removal of the outer plasma membrane results in the loss of any
transporter protein systems which may be important for either the uptake or efflux of the

drug and/or metabolites (Hewitt et al., 2007). Furthermore, the loss of structural integrity
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Table 1-6  Comparison of methods for investigating intestinal contribution in vitro.

Model

Advantages

Assumptions/Limitations

Isolated tissue
perfusions

Controlled Vascular and
luminal perfusion

Applicable to animal tissues

Limited tissue viability (2-3hrs) limits
application to DDI or slowly
metabolised compounds

High dilution complicates analysis

Everted sac

Fast and inexpensive
Regional comparisons
metabolism and
absorption

Applicable to animal tissues

Limited tissue viability (2-3hrs) limits
application to DDI or slowly
metabolised compounds

Generally applied to absorption studi
Presence of smooth muscle and sero
adds to barriers for absorption

Ussing chamber

Application to Human
and other species
Removal of serosa and
smooth muscle wall
removes barriers to
absorption
Bidirectional movement
of compounds can be
observed

Combined effects of
transporters and
metabolism

Limited tissue viability (2-4hrs) limits
application to DDI or slowly
metabolised compounds

Generally applied to absorption studies
Scaling up to whole intestine
undefined

Precision-cut
slices

Efficient use of tissue
through thin slices
Metabolism
Combined effects of
transporters and
metabolism

Bidirectional transport or metabolites
or parent compound cannot be applied
Lag in metabolism of Phase 11
compounds

Enterocyte
preparations

Whole cell models
without need to cofactors

Harvests likely to be contaminated
with various other intestinal cell types
and display low activities making
analysis difficult

Bidirectional transport or metabolites
or parent compound cannot be applied
Limited information of scaling factors

S9/Microsomes

Amenable for long term
storage (-80°C)

High throughput
Metabolism studies
Scaling and correction
approaches well
established

Requirement for expensive cofactors
Phase Il studies require pore forming
additives

Scaling factors available but not yet
fully defined

Bidirectional transport or metabolites
or parent compound cannot be applied
Yield and activities affected by

preparation methodology

Increasing physiological relevance

Cell lines e.g.
Caco-2

Useful for high
throughput absorption
studies

Poor reproducibility between labs
Low expression of metabolic enzymes

Indybinoayy Jaybiy pue Audijdwis Buiseaou|
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results in an in vitro incubation matrix where there is a greater potential for nonspecific
binding than in comparison to the intact cell. However, well established methods for
scaling of metabolism, and correcting for microsomal binding are routinely available and
applied (Houston, 1994).

Measures of intestinal in vitro metabolism data may be obtained using intestinal
microsomes for CYP and UGT metabolism using corresponding cofactors (Cubitt et al.,
2009; Gertz et al., 2010) or cytosol (Cubitt et al., 2011) to account for alternative pathways
e.g. sulfation. However, caution should be applied when utilising microsomal data from
samples obtained from microsomal scraping due to reduced activity and protein yield in
comparison to enterocyte elution (Mohri and Uesawa, 2001; Galetin and Houston, 2006).
Alternative strategies employ hepatic microsomes for the initial assessment of intestinal
CLin following the normalisation for the isoform enzyme abundance data e.g. CYP3A (von
Richter et al., 2004; Galetin and Houston, 2006; Gertz et al., 2010). However, this should
only be utilised with caution unless confident of the main enzymatic route of elimination in

and between species.

Despite these limitations, of all the in vitro tools, intestinal microsomes have been most
widely utilised, a reflection of both their ease of use, commercial availability, as well as
their most thoroughly characterised enzymology and kinetics. However, more serious
limitations with in vitro literature data for either of these methods corresponding to

sufficient validation for making estimates of intestinal metabolism in vivo.

1.8. Intestinal microsome preparation
In the liver, the isolation of subcellular fractions is well established from direct tissue
homogenisation (Wilson et al., 2003; Barter et al., 2007). However, this is not optimal in
the intestine, and care in enterocyte preparation is important. Application of scraping of the
intestinal mucosa using glass slides or metal spatulas provides preparations contaminated
with lymphocytes, plasma cells, granulocytes, macrophages, red blood cells, connective
tissue cells, and mucus (Hulsmann et al., 1974b; Lin et al., 1999). Intestinal mucus
represents a particular problem to microsomal preparation since this tends to aggregate
cellular and subcellular material and as such influences the homogeneity of the

preparations (Hulsmann et al., 1974b; Kaminsky and Fasco, 1991)..

Scraping is a highly mechanical procedure and therefore the damage of CYP is a

characteristic feature of scraping techniques (Kaminsky and Fasco, 1991). This is since
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some of the enterocytes become lysed and the CYP enzymes may be denatured following
exposure to the digestive enzymes present in the intestine (Lin et al., 1999; Galetin and
Houston, 2006). In contrast, chemically based elution protocols provides a more gentle
isolation technique, is less likely to damage the cells, and results in higher enzyme activity
and CYP vyield (Bonkovsky et al., 1985; Kaminsky and Fasco, 1991; Lin et al., 1999;
Mohri and Uesawa, 2001; Galetin and Houston, 2006).

The buffers utilised in intestinal microsome preparation play a significant role in the
preservation of enzyme activity. As such isotonic sucrose, dithiothreitol (DTT) (a thiol to
prevent degradation of CYP (a heme thiol) by proteases), Ethylenediaminetetraacetic acid
(EDTA) (metal chelating agent for deactivation of metal-dependant enzymes) are routinely
utilised, in additional to histidine (an antioxidant) and anticoagulants, e.g. heparin (Fasco et
al., 1993; Emoto et al., 2000; Mohri and Uesawa, 2001). However, the preparation of
intestinal microsomes, even when taking these protective measures is considered to be
difficult compared with hepatic microsomes, because intestinal microsomes are exposed to
abundant intestinal proteases (e.g. various serine and cysteine proteases) during their
isolation (Emoto et al., 2000; Ganapathy et al., 2006; Komura and Iwaki, 2008). Trypsin, a
potent serine protease, is synthesised as the inactive pro-enzyme trypsinogen and packaged
into vesicles is a product of the pancreas secreted into the intestine (Ganapathy et al.,
2006). Presence of these proteases is associated with decreased CYP yields and activity,
and both single and combined cocktails of protease inhibitors have been utilised and
reported to be beneficial (Mohri and Uesawa, 2001; Komura et al., 2002; Komura and
Iwaki, 2008; Bruyere et al., 2009). Comparisons however between studies are limited since
preparation methods are highly varied in the literature (Figure 1-5), and best practices for
microsomal preparation are not fully established, and the effect of preparation on activities

and protein yields has not been characterised.
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Isolation Buffer
Protease Inhibitor:

Intestinal Sample

PMSF [1-4, 6, 10, 12-14, 18-19, 26, 32, 33, 35,36,39,42] I

Trypsin [3,7,, 20, 28, 29,40,41]
Cocktail [3, 5, 8, 14, 17,21, 34,43]

EDTA: 0.1-0.5 mM [20,42]
1-15mM][1,3,5,8, 10,13, 14,17, 22, 26,
32,36,40,41,43]

Flush intestine|0.9% NaCl
(remove mucus)

v

Enterocyte Isolation

Pool Size
1-[1,9,15]
Isolation (4°C) 4-6[5, 8,16-19]
Mincing [11, 27]
Scraping [4, 3,7, 13, 14, 16-20, 23, 28-30, 35,39-44]
Elution: Incubation [2, 22]
Rod Vibration [9, 15, 21, 24, 25, 31]
Agitation [1, 10, 26, 32,45]
Tapping [6, 33,36-37]
High velocity shaking [34]

5mM [9, 15, 21, 22, 24, 31,37,45]
Heparin [5, 7, 8, 10, 13, 25, 28, 29]

Scraping and Elution [5, 8]

AR

Homogenisation

Homogenisation Buffer

Ultracentrifugation | (4°C)
Histidine Used - 5, 6, 8, 10,13, 26, 32,

9000-13 000 xg

3] = [3,4,6,7, 10, 12-14, 16, 17,
Sucrose: Homogenisation (4°C) Purification 20,21, 23, 26-29

0.25M [1,6,11-13, 21, 23, 26, 32- Hand potter [7, 13, Filtration [7, 10,12, 18,19, 3236.39 41 43 4'4]
33,36,39,40,44,45] 20,39,42] 23,26,32] 13500- 20 000 xg

0.25 mM [5,8] Dounce homogenizer 11,9,15,22,23,30,31,33
0.33 M [35] [1,33, 35, 38] Low spin step: 3538404245
0.75M[9, 31] Motorised Potter-Elvenhjenll _gefore Homagenisation 10' B 1/5 r'r/1inl/1tes
EDTA : [2,3,9, 10,12, 15,17- [1,2,4,5-10,15,22,26,33,3540]  [1,5,8, 9,23, 27-31,33,

0.1-0.25 mM [1, 15, 20] 19,26, 28-32, 35]
0.5 mM [6, 10, 21, 26, 32, 35- Sonication

36,42,44] [4,5,8, 10,13, 20, 26,
1mM [4,5,8, 11, 12, 14, 18, 19, 23,41] 29,30, 32,39]

Glycerol 3, 7, 14,28,29,35,43]

-During Homogenisation [5,8. 23]
-Following Homogenisation
[7,9,12,18,19,22, 24, 25,31, 35,45]

!

35,41,42,45]

20 - 35 minutes
[3,7,10,13-15,17-22, 26,

31,32,36,38-40,43]

Storage Buffer . Ultracentrifugation Il {(4°C)
Tris HCL “$9” Fraction Supernatant Pellet | 55000441
(3,6,9,10, 13,14, 17-19, 26, 100000 - 110000 xg
32,33, 35,42,43] [3-10,12-15, 17-22, 26-32, 35-44]
Glycerol [1,3,6,10, 13,14, 17, 26, 140000 xg [23]
32,35,45] v v 45 minutes - 65 minutes
No glycerol - [5, 8, 9, 12, 15,36] Respin (3,6,7,9,10, 13-15,17-23, 26-
Phosphate buffer Supernatant — — — — = >| Pellet 28, 30-32,36-38,40-43]

[15,21, 30,36-37,39,45] Cytosolic Fraction Microsomal Fraction 70-90 minutes [4,5, 8, 9, 12, 15,39]

Figure 1-5
preparation.

Schematic for of literature reported methods for intestinal microsome

References in Appendix 7.1.

1.9. Extrapolation of in vivo intestinal metabolism
A fundamental measure obtained from in vitro metabolism is intrinsic clearance (CLin),
which provides a raw measure of organ metabolic capacity activity independent of blood
flow and blood binding, which can be scaled to the whole organ by means of a
physiologically based scaling factor (Houston and Galetin, 2008). However, it is important
for IVIVE that measures of protein yields reflect that the process of microsome preparation
is an inefficient process, and therefore requires correction for protein lost in preparation by
measurement of a microsomal specific marker (e.g. CYP content) in both the starting

homogenate and final microsome preparation (Wilson et al., 2003).
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1.9.1. Intestinal scaling factors
In the case of the intestine, very few scalars have been published from separate studies.
Literature values for rat, dog and human can be found in Table 1-7. The lack of validation,
limited reports and full characterisation of scaling strategies preclude confidence in

extrapolation to in vivo using microsomal scaling factors.

As a result other strategies have been utilised in order to estimate intestinal intrinsic
clearance for example, based on CYP3A abundance (Gertz et al., 2010). However, CYP
isoform expression and microsomal scaling factors in the human intestine based on limited
datasets (n=20) in contrast to liver (meta-analysis of n=241 for CYP abundance, and 108
for microsomal scalar) (Barter et al., 2007; Rostami-Hodjegan and Tucker, 2007), and
from samples prepared by mucosal scraping, which can bias the estimate for reasons stated
above (Paine et al., 2006; Cubitt et al., 2009; Cubitt et al., 2011). It must be also noted that
this scaling strategies relies on CYP3A abundance from a limited dataset of characterised
abundance data. Furthermore, as illustrated in the case of tacrolimus, Fg showed a general
overprediction trend. The underestimation of the clearance of this drug may be a reflection
of the alternative elimination pathways of this compound via UGT-mediated metabolism.
Since no absolute UGT abundance data is available, incorporation of UGT metabolism into

these reported F¢ prediction’s was not possible (Gertz et al., 2010).

Regional differences have been reported for the intestinal microsomal scalars (14.5-23.5
mg protein/g mucosa for duodenum and ileum, respectively, (Paine et al., 1997; Cubitt et
al., 2009). In contrast, a single value for the whole intestine has been reported for scaling
of intestinal cytosolic metabolic data (Cubitt et al., 2011), which may affect the assessment
of the contribution of intestinal relative to hepatic sulphation. Regional scalars
incorporating correction for losses have been reported in dog, but values are limited in
terms of donors (n=4) (Heikkinen et al., 2012). No know corrected scalars have been

reported in the rat.
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Table 1-7 Reported literature values of microsomal scalars for proximal intestinal

in rat, dog and human.

Scalar Rat Dog Human References
Microsomal protein 27.2+2.5 9] (Dawson and Bridges, 1981),
(mg) per intestine 19.93¢A (Bruyere et al.)
(MPPI) 9.39+0.10[ ] (Yoon et al., 2011)
170.04A (Powell, 2006)
452[1 (Zhang et al., 1999)
2977TAY (Paine et al., 1997)
1012.5 (de Waziers et al., 1990)
Microsomal Protein 10-15A 20.56A (Hoensch et al., 1985)
(mg) Per Gram (g) 1.54 (Cubitt et al., 2009)
Mucosa (MPPGM) +0.55A¥ ¥
15.2A¥ (Bruyere et al., 2010)
8.4 A+ (Hoensch et al., 1979)
544 0] (Heikkinen et al., 2012)
b4
3.9 +0.2 (Pacifici et al., 1988)
Microsomal Protein ~ 2.0-3.0]] (Borm et al., 1983a)
(mg) Per Gram (g) 2.1 +£0.27 (Martignoni et al., 2006)
Intestine organ 2.39 +0.11 (Koster and Noordhoek, 1983)
(MPPGI) 126 ] (Heikkinen et al., 2012)
b4

0.37 £0.07*  (Bruyere etal., 2010)
3ATA¥Y (Paine et al., 1997)

Key: ¢ proximal 60 cm of intestine, ¥ microsomes obtained from direct tissue
homogenisation, A microsomes obtained by Scraping, [| microsomes obtained by elution,
¥ duodenal surgical specimen, + ileum Sample, * microsomes obtained by scraping and

elution, ¥ correction for losses made

1.9.2. The Qq,: model and PBPK approaches
Reasonable attempts have been made to extrapolating the exact relative contributions of
the human, dog and rat intestine within physiology based pharmacokinetic (PBPK) models
with varying degrees of mechanistic complexity (Cong et al., 2000; Agoram et al., 2001;
Gertz et al., 2011; Heikkinen et al., 2013). For example, Advanced Compartmental
Absorption Transit (ACAT) or the advanced dissolution, absorption and metabolism
ADAM model which are multi-compartmental models which incorporate various
physiological and compound specific parameters. For example, The ADAM model divides
the Gl-tract into nine segments that are heterogeneous in terms of size, abundance of
enzymes and transporters, transit time, pH and bile salt concentration (Jamei et al., 2009;
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Darwich et al., 2010). However, these models are limited by the lack of extensively
defined drug specific parameters. In order to obtain true confidence in PBPK modelling of
intestinal metabolism requires data with absolute transporter/enzyme abundances and/or
adequate scaling factors, incorporating regional differences in these estimates and inter-
individual variability data from large cohort of individuals with appropriate covariate
analysis either in preclinical species or in man. Furthermore, many drug specific
parameters are frequently not available, especially in early stages of drug development, and

as such screening approaches are more relevant.

A simplified Qg+ model (Equation 1-3) represents a more simple one compartmental
approach. Whilst this dramatically simplifies the regional differences in metabolism and
transport expression and activities, relying heavily on the impact of Qg a hybrid
parameter consisting of both Quiy;i (villus blood flow) and cellular permeability (CLperm)
(Equation 1-4) to drive prediction of Fg. Utilisation of this strategy provided modest
predictions for low to medium intestinal extraction drugs. However, the highest prediction
inaccuracy was seen for drugs with moderate to high intestinal extractions (Fg <0.5) (Gertz
et al., 2010). This simple model provides an accessible approach for investigating intestinal
metabolism, and has not knowingly been validated using microsomal based scaling
approaches incorporating both CYP and UGT metabolism, and furthermore utilised as a

tool to assess differences in intestinal metabolism between species.

Equation 1-3 F; = Qcur
QGut+ fug X Cluint g
i i11i X CL
Equation 1-4 Qpyr = 2ilti X Clperm

Qvilli"‘ CLperm
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1.10. Aims
The primary aim of this thesis is to determine intestinal microsomal scaling factors in
preclinical species (rat and dog) as well as in human. In order to achieve this, it is first
necessary to establish the best practice and develop a reproducible method for intestinal
subcellular preparation, focusing predominantly on the use of enterocyte elution method.
Since the sensitivities of the method of enterocyte preparation, homogenisation, and the
impact of buffers have not previously been systematically assessed in one lab, the
sensitivities of the method will be critically assessed. The reproducibility of the method

will also be determined.

Correction for any potential losses during microsomal preparation will be made using
multiple markers, namely CYP content, CYP and UGT activity probes (testosterone 6[3-
hydroxylation and 4-nitrophenol glucuronide formation, respectively. Activity probes will
also be utilised in order to make cross-species comparisons and characterisation utilising
the same preparation method. In addition, intestinal microsomes from individual species
will be used to assess metabolic activity for a range of selected compounds using substrate
depletion approach at low substrate concentration. Since intestinal yields are small, a
validation of a combined CYP and UGT cofactor approach (Kilford et al., 2009) will be
investigated in alamethacin activated intestinal microsomes in order to maximise efficiency

of incubations.

Selection of compounds in this study will focus on drugs with available literature in vivo
data and which undergo varying degrees of reported intestinal metabolism. A broad range
physicochemical and pharmaceutically diverse marketed drugs, predominantly CYP3A and
UGT substrates, will be investigated in intestinal microsomes from each species. Where

data were not available, additional in vivo studies will be performed in rat and dog.

Regional variations of intestinal microsomal scaling factors and activities will also be
examined in the dog and human in order to determine the contributions of different
intestinal segments towards first-pass metabolism. Furthermore, comparison between dog
proximal intestinal and hepatic microsomal scalars and metabolic activity data obtained in

the same animal will be made.

Derived microsomal scaling scalars will be used to generate measures of unbound
intestinal metabolic intrinsic clearance for both preclinical species and human. Metabolic

data for selected drugs will be combined with generated permeability data in Caco-2 in
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order to assess prediction accuracies of Fg estimates compared to in vivo measures of Fg
using the Qgu model. Since cross species comparisons in the literature are limited by
different studies and microsomal preparations, and the low incidence of reported overlap of
substrates, species differences in Eg will be assessed for the selected drug set in the current

study.

Finally, prediction of intestinal absorption (estimated by compound physiochemical
properties or Caco-2 based permeability data) and intestinal metabolism in each species
will be used to assess the ability to predict oral drug bioavailability in individual species

and to perform cross-species comparison.
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1.11. Compound selection for studying intestinal metabolism
The compounds selected for this study were primarily selected on the basis of intestinal
metabolism potential and previous literature studies e.g. Gertz et al., (Yang et al., 2007,
2010), and therefore the majority of compounds were substrates of either CYP3A4 or
UGT. Rat, dog and human in vivo estimates of intestinal Fg through comparison of
literature i.v. and p.o. data were compiled. The compounds studied in each species and the
major route of metabolism is indicated in Appendix Table 7-1. Estimates of in vivo Fg for
each species can be found in the respective chapters. A total of 29 compounds were

studied, with 20 undergoing complete cross-species comparison across rat, dog and human.
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2. Rat intestinal microsome preparation optimisation
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2.1. Introduction
The estimation of the extent of intestinal metabolism from in vitro experiments depends

both on the use of a validated and viable in vitro matrix, and the ability to extrapolate to in
vivo. In case of intestinal microsomes, there is poor confidence in the scaling factors
employed and as such is the primary aim of this PhD investigation. However, in order to
facilitate reliable estimates of intestinal metabolism in vivo requires metabolically

competent microsomes to be able to mimic the in vivo situation as best as possible.

Given the low availability of human tissue, the rat was selected as model for optimisation
of the microsomal preparation procedure. In addition, a range of literature data available in
this species (Table 2-1, Table 2-2), and its relevance to preclinical development of NCE’s
rationalised its choice further.

Intestinal microsomes have often been prepared by the scraping of the intestinal mucosa
using a glass slide or spatula (Stohs et al., 1976; Lindeskog et al., 1986; Takemoto et al.,
2003). However, scraping increases potential for mucosal contamination by other intestinal
cell types, connective tissues and mucus (Hulsmann et al., 1974a; Lin et al., 1999).
Alternatively, elution of enterocytes can be used. This method is advantageous as it has
been reported to increase cell viability (87% vs. 61%, elution vs. scraping) (Borm et al.,
1983c) and activity of microsomes (Mohri and Uesawa, 2001; Galetin and Houston, 2006)

relative to mucosal scraping (Table 2-1).

Various sources are available in the literature which have utilised elution for preparation of
intestinal microsomes, and the most comprehensive is described by Fasco et al., (1993).
However, the cumulative effects of differing procedures are difficult to systematically
assess as intestinal length, enterocyte preparation method, homogenisation, protease
inhibitors used, as well as buffer constituents vary among the studies, as summarised in
(Figure 1-5,Table 2-2). Most recently, use of a cocktail of protease inhibitors has resulted
in the best protection of intestinal CYP enzymes (Bruyere et al., 2009). However, even
studies using the same elution agent (e.g. Ethylenediaminetetraacetic acid (EDTA)),
differed in the enterocytes preparation method where vibration using metal rods (Dawson
and Bridges, 1981), gentle agitation (Fasco et al., 1993), tapping, or vigorously shaking
(von Richter et al., 2004) were applied. Furthermore, studies vary with elution times and
EDTA concentrations, and no systematic evaluation has taken place.
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Table 2-1 Comparison of CYP and UGT activities in rat intestinal microsomes prepared through elution or scraping

Protease Enterocyte testosterone 6B-OH hydroxylation  4-NP glucuronidation
Study inhibitor Isolation Method rate pmol/min/mg nmol/min/mg
Takemoto et al.,(2003) Cocktail Scraping 42 £2 3.8+1.6
Mohri et al., (2001) PMSF Scraping <LOQ 2.1+0.33
Mohri et al., (2001) PMSF Elution 268.7 +0 7 +0.81

Cocktail: 1 pM APMSF, 1mgml-1 trypsin inhibitor, 10uM leupeptin, 0.04 UmI™ aprotinin, 1 uM bestatin
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Table 2-2 Comparison of rat mucosal, microsomal and cytochrome contents from studies utilising different isolation,
homogenisation intestinal length and protease inhibitor conditions.
Enterocyte Wetwt of  Microsomal Specific CYP
Protease Homogenisation mucosa Protein (mg) content (nmol/
Study n inhibitor Enterocyte Isolation Method Conditions (9) /cm (MPPcm)? mg protein)
tDamre et al., (2009) 4 PMSF Mincing Sonication 0.68 0.085
tDamre et al., (2009) 4 PMSF Sc Sonication 2.74 0.196
¢Borm et al., (1983a;
1983b) 4 None E (V- 40 min) 5mM EDTA Potter-Elvehjem 0.15 0.065
¢Shirkey et al., (1979) 6 None E (V- 35 min) 5mM EDTA Potter-Elvehjem ~2 0.031
¢Dawson and Bridges,
(1981) 6 None E (V - 30 min) 5mM EDTA Motor driven potter ~ 1.94+0.07 0.45 0.16
Motor driven potter /
¢Bruyere et al., (2009) 6 Cocktail Sc & E (S- 20 min) 1.5mM EDTA Sonication 0.33 ¢ 0.23
Sc & E (Sh- 20 min) 1.5mM Motor driven potter /
?Bruyere et al.,(2009) 6 None EDTA Sonication 0.13

E: Elution, V:vibration, Sc: Scraping, Sh:shaking a: no correction for losses, {from intestinal segment 20-25 cm proximal from the cecum, ¢

from 60 cm proximal intestine, A Correspondence data for male wistar rats, PMSF: phenylmethanesulphonyl fluoride, Cocktail: Antipan,
Aprotinin, Bestatin, E64
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In light of the ‘toughness’ of the enterocytes, sonication is generally used in addition to
rotor driven homogenisation using a Potter-Elvejhem, based on the findings of Lindeskog
et al., (1986). Since the process of microsome isolation is an inefficient process, release of
maximal microsomal protein is important both in terms of yields and determining accurate
measure of intestinal scaling factors. However, although CYP enzymes are sensitive to the

sonication process (Hoensch et al., 1985), the impact of intensity has not been explored.

In addition, conflicting reports exist for the addition of glycerol which is routinely utilised
in liver microsome preparation (Wilson et al., 2003). Glycerol is reported to infer up to
30% protection to CYP during homogenisation (Stohs et al., 1976); however, conversely
no beneficial effect has also been reported (Bruyere et al., 2009). Furthermore, whilst
heparin has been shown to increase the yield of microsomal protein by up to 30% through
preventing agglutination and protein aggregation, this is at the expense of a reduced CYP
concentration. However, the benefits of the inclusion of this anticoagulant may not be fully
realised due to the impact of mucus contamination on microsomal recovery (Shirkey et al.,
1979).

The overall potential impact of factors discussed above on total CYP contents and the
resultant intestinal scalars have not been assessed systematically so far. As demonstrated in
Table 2-2, specific CYP content can vary 8 fold between methods. Furthermore, given that
the techniques employed for enterocyte and microsomal preparation have the potential to
influence the microsomal protein yield (Table 2-2), the choice of a method may also affect

the resulting scaling factors (Galetin et al., 2010).

2.2. Aims
Important parameters for both assessing sensitivity and reproducibility are good enzyme

contents (implying but not necessarily meaning good activities) and yields of microsomal
protein. Using the rat as a model for method optimisation, and primary markers of
microsomal protein yields and CYP content, key parameters which may critically influence
intestinal microsome preparation: elution time and EDTA concentrations; intensity of
homogenisation; and the presence of heparin and glycerol, will be investigated. The direct
systematic comparisons of intestinal microsome optimisation and impact of microsomal

scaling factors will be discussed.
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2.3. Materials and Methods

2.3.1. Reagents
All laboratory chemicals were purchased from either Sigma (Dorset, UK) unless detailed

in the text. Product codes at time of writing are provided in parenthesis.

2.3.2. Source of animal tissue
The strain of rat investigated was the male albino Han-Wistar (Harlan, UK), 289 +21 g,
ranging from 9-10 weeks. Rats were subject to a 12/12 light cycle, and housed on solid
bottom cages with Fibretron 6 (or 6 mesh) wood products for bedding and supplied with
paper flake, rat tunnel and wooden chew block as environmental. The rats were fed on rat
and mouse No.1 maintenance (RM1, SDS, Essex, UK), and water supplied by an automatic
water system, both ad lib.

2.3.3. Optimisation of intestinal microsome preparation
Rat intestinal microsomes were prepared in-house at AstraZeneca, Alderley Park, UK.
Since intestinal microsome vyields are low, intestinal microsomes were pooled each day
from of 3 rats as this was seen to provide increased yields without compromising
preparation time, and therefore microsome quality. Animals were euthanised by rising CO,
at approximately the same time each day (8.30-9.30am). Animals were either surplus to
ongoing project study requirements or utilised from other ongoing in-house studies, and as
such not solely sacrificed for removal of the intestine. Animals were bled prior to organ
procurement in order to remove proteases present in the blood and thus reduce damage to
intestinal CYPs, since the intestine (like the liver) is highly perfused (Bruyere et al., 2009).
Death was confirmed by cervical dislocation, and the first 60 cm of intestine proximal to
the pylorus was removed. The intestinal length of 60 cm (approximately 50% of the total
rat intestinal length (Kararli, 1995) was selected as the most routinely utilised length in the
literature (Shirkey et al., 1979; Dawson and Bridges, 1981; Fasco et al., 1993; Bruyere et
al., 2009), and would therefore serve as a good comparator for assessment of primary
parameters deemed important in prepared microsomes; i.e., microsomal yield and CYP
content. Furthermore, the highest CYP content is reported in the proximal end of the
intestine (duodenum and jejunum) (Zhang et al., 1996), and therefore this procedure should

provide the greatest accuracy in measurements of CYP content.

Following extraction, the intestine was flushed to remove partially digested food material

and excess mucus, using a wash buffer solution (pH 7.4) of 0.9% w/v NaCl (Fischer
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Scientific, UK) and 0.5 mM dithiothreitol (DTT) (#D5652), a thiol, to prevent degradation
of CYP. Furthermore, a protease inhibitor (PI) cocktail (#P8340) was added to prevent
protease damage to CYP. Whilst this cocktail is known to have inhibitory potential to rat
CYP2D' (Bruyere et al., 2009), this enzyme is reported to have more significant
importance in the lower parts of the intestine (Mitschke et al., 2008). All solutions were
prepared the day prior to isolation (with the exception of DTT which was added
extemporaneously) and stored at 4°C. Excess fat was then removed from the tissue, and
the segment blotted dry and weighed. Rat ages, body weights and 60cm intestinal weights

from each preparation can be found in Appendix Table 7-2.

On transfer to the lab, intestines were flushed with 30ml of Solution A, pH7.4, consisting
of phosphate buffered solution (PBS) buffer without Ca** and Mg?®* (#D5652) (used in all
subsequent preparation buffers), 27 mM Sodium Citrate monobasic (#71497), 0.5 mM
DTT, and PI (0.1% v/v, used at the same concentration in all subsequent solutions).
Sodium citrate promotes cell to cell contact breakdown since it is an anti-coagulant, and
acts to prepare cell dissociation prior to elution (Weiser, 1973). Intestines were then filled
with solution A and reclamped, and incubated on ice in a trough of Solution A for 30
minutes. The entire preparation was performed at 4°C to limit warm ischemia and

proteolysis.

The method for intestinal microsome preparation via elution was based on the method of
Fasco et al., (1993), however 3 key steps based on differing reports in the literature were
chosen for optimisation: elution conditions; homogenisation conditions; and two buffer
constituents glycerol and heparin. A summary of the variables tested for intestinal

microsome preparation is shown in Figure 2-1.

! Reported in publication as inhibition towards CYP2B, however reported in thesis and personal
communication as towards CYP2D2 up to 50% inhibition, and CYP2D1 up to 30% inhibition (Bruyere A
(2011) Personal Communication.)
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Elution Intestinal Sample
I Variables

Constants: . ) ) X i *Elution time (20 vs. 60 minutes)
“E Rt sl S0 Lk Flush intestine 0.9% NaCl *Elution EDTA concentration (1.5 vs. 5 mM)
*4°C . ’ ’
remove mucus .
«Clamping and shaking at 250 r.p.m ( ) Heparin content (3U/mLvs. 9U/mL)
*Collection of Solution A W

Enterocyte Isolation

=

Homogenisation

Homogenisation

Constants:
*Low speed enterocyte wash
*Sonication time (2x 30 s)
*Motor driven potter-elvejhem (10 passes, 1250 r.p.m.)
* Low speed homogenate wash

Ultracentrifugation |

Variables
*Glycerol (none vs. 20% v/v)
*Heparin content (none vs. 3U/mL)
*Intensity of sonication (6 vs. 18 vs. 32 W)

Constants:
+10000xg, 15 minutes

Ultracentrifugation Il “$9” Fraction Supernatant Pellet
Constants:
*Filtering of “S9“ I
+100000xg, 70 minutes

Storage W v Variables

Resuspension

Constants: *Glycerol (none vs. 20% v/v)
*Homogenisation hand held Supernatant _____ > Pellet
potter-elvejhem (10 passes) Cytosolic Fraction Microsomal Fraction

Figure 2-1Schematic of general microsomal preparation and variables tested for

optimisation

2.3.3.1.  Enterocyte elution conditions
Intestinal microsomes were prepared by EDTA based calcium elution. EDTA binding to
calcium disrupts the joining of cadherins responsible for cell adhesion, and allows cell
detachment (Panorchan et al., 2006). Solution B (pH 7.4) contained PBS, EDTA (#EDS),
0.5 mM DTT and Pl with 3 Ul/ml heparin (#H3393). Heparin was used to reduce protein
trapping by mucus and therefore improve pellet formation. When incubation conditions
were varied, EDTA concentrations of 1.5 mM were compared to 5 mM.

Following incubation in solution A, intestines were subsequently flushed with solution B
in order to collect the solution A elutant. Intestines were then filled until distended with
solution B, clamped shut, and placed in a conical flask containing an incubation buffer
solution (pH 7.2) of PBS and 20% v/v glycerol (#G2025) and then agitated on ice at 250
rpm (Orbital Shaker SSL1, Stuart) for 20 minutes. Solution B was drained into a conical

flask and intestines flushed with 10ml of solution B, refilled with the same solution,
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clamped and reagitated for a further 20 minutes two more times. When using a shorted
incubation time of 20 minutes, the intestine was flushed with solution B following a 5

minute and two 10 minute incubations.

2.3.3.2. Homogenisation conditions
In order to minimise mucus contamination, the collected raw intestinal mucosa (containing
enterocytes) was centrifuged at 2,000xg (Sorvall legend RT centrifuge, Thermo Fisher
Scientific) for 10 minutes in pre-weighed centrifuge tubes published previously (Fasco et
al., 1993). This procedure was repeated 2 further times to wash the pellet. Following the
final centrifugation, the pellet was weighed (mucosal weight) and taken up by 3 ml of
homogenisation buffer per g of cells. This buffer (pH 7.4) contained PBS, 0.25 M Sucrose
(#S9378), 0.5 mM EDTA, 5 mM histidine (#H7750) and PI. Disruption of cells was
achieved using a Potter-Elvejhem rotating homogeniser (10 passes, 1250 rpm) (IKA
KS130 Basic). Homogenate was treated with an ultrasonic probe (VCX130PB, vibracell,
Sonics, Newtown, USA) for 2 x 10 seconds burst (30 seconds between each burst), using a
10 -25 ml tip to disrupt the cell membranes. When comparing the effect of homogenisation
conditions the amplitude of the sonication was varied to 20% (6W), 60% (18W) and 100%
(30W). The obtained homogenate was re-homogenised using the Potter-Elvejhem. A 4 ml
sample of homogenate was then collected and utilised for protein and CYP measurements
for correction for losses. Homogenate was spun at 1,000xg for 4 minutes three times,

washing the pellet in homogenate buffer and collecting the supernatant.

Homogenate was ultracentrifuged at 10,000xg (Optima LE-80K, Beckman Coulter, 50.2Ti
rotor) for 15 minutes to pellet the mitochondria, peroxisomes, intact cells, lysosomes and
nuclei. The ‘S9’ supernatant was filtered through NYTAL filter mesh (pore size: 150 pum)
(Lockertex, Warrington, UK) and then ultracentrifuged for 70 minutes at 100 000xg. The
final pellet was re-homogenised with 10 passes on ice in a 5ml Potter-Elvehjem
homogeniser in Tris hydrochloric acid (HCI) (#T75941) buffer (pH 7.4) containing Pl with
or without 20% v/v glycerol (#G6279). Microsomal samples were stored on ice (for

immediate protein and CYP content analysis) and remaining yield stored at -80°C.

2.3.3.3. Assessment of the heparin and glycerol effect
The effect of addition of glycerol (20% v/v) to the homogenisation buffer (Solution C) and
the storage buffer (Solution D) was investigated. Glycerol is routinely used with liver

microsome preparation (Wilson et al., 2003) and other extrahepatic microsomes e.g. lung
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(Burke and Orrenius, 1979) since it is reported to protect CYP during homogenisation
(Stohs et al., 1976). Furthermore the addition of heparin (3Ul/ml) to the homogenisation
and centrifugation buffer (solution C) was tested to attempt to increase microsomal yield
since it prevents aggregation caused by mucus contamination (Stohs et al., 1976). Finally,
the impact of using 9U/ml heparin in the incubation buffer (solution B) was investigated,
using no glycerol or heparin in solution C. All experiments investigating the effects of
glycerol and heparin were undertaken following homogenisation at 100% amplitude (30W)
sonication and 5 mM EDTA.

2.3.4. Determination of protein content

The total protein content of both homogenate and microsome samples was assessed using
the Bicinchoninic acid (BCA) Assay (#23227, Pierce Biotechnology, IL, USA,) based on
the method of Smith et al., (1985). Unknown diluted sample concentrations (1:20 and 1:10
for microsomes and 1:20 and 1:50 for homogenate diluted in 0.1M potassium phosphate
buffer, pH 7.4) were plated in triplicate on black 96 well clear flat bottomed plates (#3631,
Costar, NY, USA)), diluted in 1:8 (sample: working reagent), incubated at 37°C for 30
minutes, and absorbance read at 562nm using a Tecan safire 2 spectrafluor (Tecan Group
Ltd, Switzerland). Protein concentrations where quantified by extrapolation to a bovine
serum albumin (BSA) standard curve (range 2 to 0.025 mg/ml) using the regression data
analysis tool pack in Microsoft Excel 2007 (Microsoft, WA, USA).

2.3.5. Determination of Cytochrome P450 content
A Shimadza UV-24001 Double Beam spectrophotometer was used to measure CYP
content of intestinal homogenate and microsomal samples. Measurement of CYP was
achieved using the method of dithionate-difference spectroscopy (Matsubara et al., 1976)
where the difference between the CO-complex of ferrous CYP and the oxidized pigment
are measured. The method of reduced minus oxidised difference spectrum method (Omura
and Sato, 1964) was not used to prevent interference by any haemoglobin which might
have contaminated the samples (Wilson et al.,, 2003). Homogenate and microsomal
preparations were diluted to 3 mg/ml with 0.025 M potassium phosphate buffer, containing
1.15% w/v potassium chloride (KCI) (#P9541) and 30% v/v glycerol as per Wilson et al.,
(2003), except that this solution was at pH 7.4 rather than pH 7.25. Samples where bubbled
for 1 minute (1-2 bubbles/sec) with carbon monoxide (CO), transferred to 1ml semi-micro

cuvettes (#634-2501, VWR, Pennsylvania, USA) and a baseline reference measured
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between 400 and 600 nm. A fresh solution of 200 mg/ml sodium dithionite (#157953) was
prepared in assay solution, and 10 pul added extemporaneously to sample cuvettes. Samples
were inverted 4 times, and left to stand for 4 minutes before reading. The absorbance of
samples between 390 and 600 nm was recorded and the difference in absorbance between
450 (absorbance maxima) and 490 nm (isobestic point) measured. The concentration of
CYP in the sample was determined using Equation 2-1. All samples were analysed in

triplicate.

A Absorbance 450—490 nm

Equation 2-1 nmolCYP.mg™! =

€450—490mMM~1cm~1[Protein (mg.ml—1)]
Where &450-490 = 104 mM/cm (Matsubara et al., 1976).

2.3.6. Recovery and correction for losses
The microsomal specific marker of measured CYP content was utilised to act as a of a
measure of loss (recovery factor) of microsomal protein (Wilson et al., 2003; Barter et al.,
2007; Smith et al., 2008). Recovery was calculated in a similar fashion to these studies;
except that total protein content in homogenate was also corrected for the sample of
homogenate removed prior to ultracentrifugation to increase recovery precision (Equation
2-2). Corrected measures of microsomal protein normalised for intestinal weight, mucosal
yield or per cm (MPPcm) of intestine length were determined using Equation 2-3,

Equation 2-4, and Equation 2-5, respectively.

Equation 2-2

Recovery Factor

nmoles CYP,,;. X mg Protien,,;. > X total mg Protein,;,

B nmolesCYPpyym X mg Proteing,, > X (total mg Protein,,, — mg protein removed po,)

mg Proteingy;. Xgram of intestine™?!

Equation 2-3 Corrected MPPGI =

Recovery Factor

mg Proteing,;. xgram of mucosa™*

Equation 2-4 Corrected MPPGM =

Recovery Factor

mg Protein,;. Xcm length of intestine™1

Equation 2-5 Corrected MPPcm =

Recovery Factor

Where hom= homogenate and mic = microsomes.
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2.3.7. Data analysis
Tests comparing means using Student’s t-test to test for statistical significance at a level of
5%of individual mucoasl yields, microsomal CYP content, recovery, and values of
corrected and uncorrected of MPPGI, MPPGM, and MPPcm for each preparation method
was calculated using SPSS Statistics version 20 (IBM, Chicago, Illinois, USA).
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2.4. Results
Optimisation of rat intestinal microsome preparation comprises two main investigations,
the impact of the initial enterocyte elution conditions, and effect of changes to the intensity
of homogenisation. Investigations were assessed in isolation, and also with the presence of

buffer constituent’s glycerol and/or heparin, as detailed below.

2.4.1. Investigating the impact of enterocyte elution conditions
Use of different EDTA concentration (1.5 and 5mM) and 60 minutes incubation resulted in
no significant differences in mucosal (i.e. enterocyte) yield, CYP content, or uncorrected
microsomal protein yield (Figure 2-3). Mean mucoasl yield and microsomal yield was
however marginally higher in the presence of increased EDTA concentration. Comparison
of 20 and 60 minute elution procedures undertaken at 5mM EDTA indicated that
incubation times of 20 minutes produced a significantly lower mean mucosal yield (0.25
vs. 0.47 g/g intestine, p<0.05) (Table 2-3); however, a statistically higher CYP content
(138.6 nmol/mg vs. 45.6 nmol/mg, p<0.05) was observed. No statistical difference was

observed in values of uncorrected microsomal yields, although the mean value was lower.

Recovery and therefore correction for losses was not possible for 60 minute incubations as
the CYP spectrum was below the limit of quantification for the homogenate samples under
these conditions (Figure 2-2A). Incubations of 20 minutes did however yield homogenate
with enough CYP content to calculate microsomal recoveries and correct for losses during

microsomal preparation (Figure 2-2B); however, CYP content was still low.

0.04 - 0.04 -
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S1E-16 -t g 0 —
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£ -0.02 -0.02
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Wavelength (n.m) Wavelength (n.m)

Figure 2-2  Representative plot of homogenate and microsomal CYP spectra at
3mg/ml using 5mM EDTA and 60 minute incubation (A) or 5mM EDTA and20
minute incubation (B).

Blue: homogenate, Red: microsomes.
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Figure 2-3  Comparison of mean enterocyte yields (A) specific microsomal CYP
contents (B) and uncorrected protein yields per gram intestine (C) under varied
incubation times and concentrations.

Blue: 5mM EDTA, 60 minutes; Red: 1.5mM EDTA 60 minutes; Green: 5mM EDTA, 20
minutes. Homogenisation sonication intensity was set at 20% (6W) and N=3 for all
incubation conditions. *: p<0.05.
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2.4.2. Investigating the impact of homogenisation conditions

A range of homogenisation conditions were investigated and their impact on either CYP
content or microsomal yield was assessed. No significant change in specific CYP content
was observed following homogenisation at sonication intensities of 6, 18 or 30W (138.6,
112.1 and 127.0 nmol/mg, respectively) (Figure 2-4A,Table 2-3).Elution conditions were
kept unchanged throughout at 5mM for 20 minutes, and no differences were observed in
mean mucoasl yields. However, the yield of raw microsomal protein was statistically
higher (3.42 vs.7.77 mg, p<0.05) following treatment at the highest intensity (30W)
(Figure 2-4B). This resulted in a 2.7 fold higher total CYP content of 8.8 vs. 24.4 nmol,
p<0.05, for 6W and 30W, respectively.
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Figure 2-4  Comparison of specific microsomal CYP contents (A) and uncorrected
protein yields per gram intestine (B) under varied homogenisation sonication
intensities.

Green: 20% (6W), Purple: 60% (18W), Turquoise: 100% (30W). Incubation conditions
were 5mM EDTA, 20 minutes and N=3 for all homogenisation intensities. *: p<0.05
relative to 20% (6W).
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2.4.3. Investigating the impact of heparin and glycerol
The effect of addition of 20% v/v glycerol both to the homogenisation (solution C) and
storage buffers (solution D) resulted in a high mean CYP content (203.1 nmol/mg) (Figure
2-5, Table 2-3). However, the CV was high (75%), and mean uncorrected MPPGM
compared to the 100% (30W) sonication control was reduced (from 1.68 to 1.38 mg/g
mucosa). The addition of 3U/ml heparin to both solutions B and C (in combination to the
glycerol in solutions C and D) resulted in a 1.8-fold increase in a mean mucosal yield
(0.39 vs.0.22 g/g intestine), and an increased mean uncorrected MPPGM vyield (2.77 mg/g
mucosa). However, mean CYP content, was reduced compared to no heparin control
(127.0 nmol/mg vs. 95.9 nmol/mg). The removal of heparin from solution C, increase in
heparin content from 3U/ml to 9U/ml in solution B, and removal of glycerol from solutions
C and D resulted in the highest mean CYP specific content, (243.6 +107.7 pmol/mg ,
p<0.05, CV 44%). Mean uncorrected microsomal yields were however significantly
reduced under these conditions (5.77 vs. 7.77 MPPGM, p<0.05). The highest mean CYP
total content was also observed under these conditions (28.3, 13.3, 16.7 and 24.4 nmol for
heparin and glycerol, glycerol and 30W sonication control, respectively). Furthermore,
similar to the observations seen previously with the addition of heparin, mean mucosal

yields were 2.2-fold higher (p<0.05) in comparison with no glycerol controls.
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Figure 2-5  Comparison of mean mucosal yields (A) specific microsomal CYP
contents (B) and uncorrected protein yields per gram intestine (C) under varied
homogenisation sonication intensities.

Turquoise: No heparin or glycerol, Orange: glycerol added to all, Blue: glycerol and
heparin added to all, Pink: heparin 9U/ml in solution B, no glycerol. Incubation conditions
set at 5mM EDTA, 20 minutes, homogenisation intensity at 100% (30W) and N=3 for all
buffer conditions. *: p<0.05 relative to No heparin or glycerol.
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2.4.4. Recovery and correction for losses
The effect of the preparation methods on recoveries and intestinal scalars is summarised in
Figure 2-7 and Table 2-3. Mean mucoasl yields were greatest at 5 mM EDTA and longer
incubation (60 minute (condition 1) and also when heparin content was increased in
solution B (condition 8) using 20 minute incubation (0.47 and 0.48 g/g intestine,
respectively). Mean specific CYP content was however 5.3-fold lower in condition 1
relative to condition 8 (Table 2-3). Recoveries of microsomal protein were the highest
with the inclusion of glycerol and/or heparin; however, the inclusion of glycerol alone
resulted in the highest variability (CV 64%). In comparison to the 100% (30W) sonication
control (condition 5) the CV was 50%. In the presence of heparin alone (condition 8), the

microsomal recovery was 2.6-fold higher than condition 5 with a CV of 12.9%.
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Table 2-3 Summary of mucosal yields, CYP content and recoveries, and respective scalars resulting from differing preparation

methodologies.

Condition Mean mucosal yield  Mean CYP content Recovery MPPGI MPPGM MPPcm Total CYP
(9/g intestine) (pmol/mg) (%) (mg/g) (mg/g) (mg/cm) content (nmol)

EDTA A Son A 1 0.47 +0.20 45.6 +16.4 H<LOQ H<LOQ H<LOQ H<LOQ 115 +4.5
EDTA B _Son A* 2 0.33 +0.03 47.6 £25.5 H<LOQ H<LOQ H<LOQ H<LOQ 8.2+7.1

EDTA C Son A 3 0.25+0.01 138.6 £44.1 19.8+8.1 46+16 18.716.8 0.38 +0.12 8.8 0.7

EDTA_C Son B 4 0.27 £0.02 112.1 £21.0 12.7+74 142184 515%274 1.07 =0.58 20.1£7.9
EDTA C SonC 5 0.22 £0.03 127.0 £21.6 15.1+75 135+8.2 59.6+27.8 1.13 #0.71 24.4 £13.0
Glycerol” 6 0.29 £0.10 203.1 £151.4 285+182 79477 279225 0.72 £0.72 16.7 £8.4
Glycerol_Hep A® 7 0.39£0.10 95.9+£10.5 3194147 95433 24041 0.76 +0.23 13.3+5.3
Hep B° 8 0.48 £0.02 243.6 £107.7 38.745.0 7.2%#13 15.1#21 0.65 +0.15 28.3+14.1

Data represent mean +/- sd of n=3. EDTA_A: 5mM EDTA, 60 minutes, EDTA_B: 1.5mM EDTA, 60 minutes. EDTA_C: 5mM EDTA, 20
minutes, Son_A: 20% (6W) sonication, Son_B: 60% (18W) sonication, Son_C: 100% (30W) sonication, Hep_A: 3U/ml in solution C, Hep_B:
9U/ml in solution B, H<LOQ: Homogenate CYP below limit of quantification, a: data derived from n=3 tissues, n=2 CYP measurements, b:
Incubation conditions: 5SmM EDTA, 20 minutes; homogenisation conditions: 100% (30W) sonication, Heparin was present at 3U/ml in solution
B in all preparations except preparation 8.
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The highest microsomal protein yields were observed in the longer incubations
(preparations 1 and 2) for all the normalised corrected scalars. No significant
differences in corrected scalars expressed per gram intestine (MPPGI) or per cm
(MPPcm) were observed for all the 100% (30W) sonication preparations (condition 5-
8). However, a significantly lower (3.9-fold) scalar was obtained for preparation 8 vs.
preparation 5 when expressed on a gram mucosa. Fold differences in MMPGI and
MPPcm were 1.7 fold. A 2.2- fold difference in mucosal yields was observed. An
example wavelength scans of microsomal and homogenate samples from preparation 8
are shown in Figure 2-6. Peaks are observed at 557, 450 and 428 nm.
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Figure 2-6  Representative plot of homogenate and microsomes CYP spectra at

3mg/ml for preparation 8.

Blue: homogenate, Red: microsomes.
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Figure 2-7  Comparison of microsomal recoveries (A), and scalars expressed as MPPGI (B), MPPGM (C) and MPPcm (D).
*: significantly different to condition 3 (p<0.05), X: significantly different to condition 5 (p<0.05). Condition numbers correspond to those in
Table 2-3.
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2.5. Discussion
Given the reported superiority of activities of intestinal microsomes prepared by elution vs.

scraping (Mohri and Uesawa, 2001; Galetin and Houston, 2006), this technique was
selected as best practice. However, the varied preparation techniques employed in the
literature meant the requirement for method optimisation and validation. Markers of CYP
content and intestinal yield were selected as markers since more viable microsomes would
be expected to be more metabolically active, and furthermore provide more sensitive
measure of intrinsic clearance. Furthermore, a balance of increased yield is required for the
ability for multiple repeated marker measures to assess reproducibility and increase
confidence in measures of metabolism potential of screened compounds. Key steps were
chosen with which to optimise the method included, firstly factors effecting enterocyte
elution; incubation time and EDTA concentration. Secondly, factors affecting microsomal
protein and CYP yields were assessed; homogenisation sonication intensity, and buffer
constituents: glycerol and heparin. It was observed that subtle changes to the method

impacted both CYP enzyme contents as well as microsomal yields.

2.5.1. Impact of preparation conditions on microsomal CYP content yield
EDTA binding to calcium disrupts the joining of cadherins responsible for cell adhesion,
and allows cell detachment (Panorchan et al., 2006). Two commonly applied EDTA
concentrations of 1.5mM and 5mM were chosen for comparison (Dawson and Bridges,
1981; Fasco et al., 1993). When compared using a 60 minute incubation time, CYP content
was below the limits of detection in intestinal homogenate meaning no reliable estimate of
recoveries could be made, and therefore microsomal scaling factors could not be
calculated. Due to the heterogeneous expression of various cell types other than
enterocytes in the intestinal mucosa (consisting also of e.g. mucus-secreting goblet cells,
endocrine cells, Paneth cells), the enterocytes only account for around 25% of the total wet
weight (Burke and Orrenius, 1979; van de Kerkhof et al., 2006; Thelen and Dressman,
2009). Therefore, a shorter incubation time (20 minutes) was selected in order to ensure
minimal contamination of other non-enterocytic cell types and provide increased measure
of CYP contents for making more reliable recovery estimates. As a result, a statistically
lower mucosal (i.e. enterocyte) wet weight yield (1.9-fold), and higher microsomal CYP
content (138.6 nmol/mg vs. 45.6 nmol/mg, p<0.05) was observed, suggesting a reduced
contamination. Furthermore, it is likely that a reduced preparation time may impact on an

increased CYP yield through reduced damage (Burke and Orrenius, 1979). However, it
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was not possible to suggest if this was a result of a decreased P420 denaturation
characteristic of P450 inactivation (Stohs et al., 1976) due to the low content of CYP in the

1hr incubation samples (Figure 2-2.)

The application of sonication to promote increased release of microsomal protein has been
demonstrated to be necessary to ensure complete disruption of enterocytic cells (Lindeskog
et al., 1986). This may not be surprising taking into account their location as a barrier for
the body to the external environment. However, CYP enzymes are sensitive to the intensity
of homogenisation, as demonstrated in preparation of liver microsomes, where 7-
ethoxycoumarin O-deethylase activity, decreases following treatment at 30W for over 20
seconds (Hoensch et al., 1985). Given these sensitivities, it was therefore important to
ensure that increasing homogenisation intensities would not impact intestinal microsome

preparation.

Using increasing homogenisation intensities (6, 18, 30W, all 2 sets of 10 seconds) no
significant change in CYP content was observed. However, microsomal yields were
statistically higher (approximately 2-fold) and in agreement with a 1.5-fold increase in
yield of total CYP, suggesting that there was a minimal induced damage to P450, whilst
increasing the overall microsomal yields since recovery was almost unchanged (19.5 vs.
21.6% for conditions 3 and 5, respectively). Therefore, 20 minute incubation with 5mM
EDTA was selected as optimal preparation conditions for enterocytes.

Glycerol is routinely added to homogenisation buffers during the preparation of hepatic
microsomes. Its addition has been reported to protect CYP during homogenisation
procedure and has been applied with success to other extrahepatic microsomes e.g. lung
(Burke and Orrenius, 1979). Mean specific CYP content in the absence of glycerol was
36% lower than when it was present in the homogenisation buffer (solution C). This was in
line with previously reported data which suggested a 25-35% reduction when glycerol is
excluded (Stohs et al., 1976). However, the inclusion of glycerol was poorly reproducible
since the CV increased from 44% to 75% compared to the no glycerol control, and there
was no significant difference in the total CYP protein (8.8 £0.7 nmol vs.16.7 +8.4 nmol for
conditions 5 and 6 respectively). Therefore, inclusion of glycerol was not seen to be
beneficial for intestinal microsomal preparation considering its poor reproducibility, in
agreement with recent reports (Bruyere et al., 2009). Alternative strategies, including

heparin was therefore trialed to attempt to improve microsome preparation further.
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Intestinal mucus represents a particular problem to microsomal preparation since it tends to
aggregate cellular and subcellular material and as such influences the homogeneity of the
preparations (Hulsmann et al., 1974b; Kaminsky and Fasco, 1991). Strategies for limiting
mucus contamination are predominantly focused around flushing of the intestine prior to
enterocyte isolation. Preparation of enterocytes via elution partially limits, mucus
contamination than scraping techniques by the more selective isolation of the epithelial
layer from the underlying lamina propria (Shirkey et al., 1979), however prevention of
mucus contamination not complete. The addition of heparin prevents agglutination and
protein aggregation, and has been reported to increase the protein yield up to 30%, but at
the expense of decreasing the CYP concentration (Stohs et al., 1976; Burke and Orrenius,
1979).

Similar to the literature, the addition of heparin to solution C had a dramatic effect on both
microsomal protein yields and specific CYP contents. When heparin and glycerol were
both present and compared to the no addition control (preparation 5) there was a 31%
reduction in specific CYP content and a 3.3-fold increase in raw microsomal protein yield.
No literature values are available for the effect of heparin alone at 9U/ml in solution B.
However, the inclusion of heparin resulted in a 1.8-fold increase in CYP specific content to
values similar to 0.23 +0.04 nmol/mg reported in the literature (Bruyere et al., 2009).
Furthermore, microsomal protein was also increased, resulting in a 1.7-fold increase in

total CYP content, the highest for all conditions investigated.

2.5.2. Impact of preparation conditions on recovery and correction for losses
So far, corrected scaling factors for the rat intestine have not been reported in the literature.
However, estimates of microsomal recovery in rat intestine measured through aryl-esterase
activity have been reported to be between 45 and 60% (Stohs et al., 1976; Shirkey et al.,
1979). Mean recovery in this investigation in the absence of heparin and/or glycerol was
between 12.7 and 19.8 %. Inclusion of glycerol increased recovery to 28.5-31.9%. The
highest recovery (38.7%) was however observed in condition 8, when 9U/ml heparin was
present in solution B during elution with a low CV (13%). This also corresponded to a 2.2-
fold increase in mucosal yield, suggesting that heparin provides a greater wet weight of
enterocytes, most likely through preventing aggregation of protein by mucus. Total mean
mucosal yields expressed per intestine using this method were 2.56 +0.24g (0.48 g/g
intestine), similar to those reported previously (0.33 g/intestine) (Shirkey et al., 1979;
Dawson and Bridges, 1981; Borm et al., 1983c) (Table 2-2). The largest yields of raw
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microsomal protein were also observed under these conditions, suggesting that increased
heparin content in the in the initial elution also was beneficial for higher microsomal
yields, most probably due to a decreased mucus contamination. Corrected MPPcm (0.65
+0.15 g/cm) from the final optimised method was higher, compared to uncorrected
estimated values of 0.45 (Dawson and Bridges, 1981) and 0.33 g/cm (Bruyere et al., 2009)
(Table 2-2).

The impact of homogenisation intensity had the greatest effect on microsomal scalars.
Comparing the 20% (6W) and 100% (30W) homogenisation, there was a significant 2-fold
increase for all normalised scalars. However, when comparing all the homogenisations at
30W, only when expressed per gram mucosa was there any significant difference between
conditions 5 and 8. In this case, a significantly lower (3.9-fold) scalar was obtained for
condition 8 vs. condition 5 when expressed on a gram mucosa. By comparison, fold
differences in MPPGI and MPPcm were 1.7-fold. Interestingly, the fold difference between
MPPGM and either MPPGI and MPPcm for preparation 8 was however 2.2-fold, reflecting
the observed fold difference in mucosal yields between both preparations. These findings
highlight the sensitivity of this scalar therefore to the increased wet weight of mucosal cells
yielded with addition of 9U/ml heparin in solution B. Therefore, when comparing between
labs, a normalisation based on intestinal weight or length may be more comparative,
whereas measures based on a per gram mucosa basis may lead to increased discrepancies,

unless mucosal yields are also provided.

The current study represents the first systematic report on the assessment of the impact of
different preparation conditions of intestinal microsomes on corresponding corrected
microsomal scalars within the same lab. An optimised method for microsome preparation
was made (Figure 2-8). As demonstrated, the technique employed for enterocyte
preparation and intestinal microsomal preparation influences both the specific and total
enzyme content, as well as the microsomal protein yield. Unlike MMPGM expressed
scalars, no significant differences in corrected scalars of MPPGI or MPPcm were observed
for all the 100% (30W) sonication preparations (conditions 5-8). This indicates that this
scalar was very sensitive to the wet weight of mucosa, and suggests the impact of
preparation methods on the value of intestine scaling factor and highlights the difficulties

in making direct comparisons between labs.
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Elution Intestinal Sample
I * Elution time 20 minutes
* Elution EDTA concentration 1.5 mM
* Heparin content 9U/mL

+ 3 Rats, proximal 60cm intestine
« 4°C Flush intestine 0.9% NaCl
+ Clamping and shaking at 250 r.p.m (remove mucus)

* Collection of Solution A I

Enterocyte Isolation

=

Homogenisation

Homogenisation N —

* No Heparin
* Intensity of sonication 32 W

+ Low speed enterocyte wash
* Sonication time (2x 30s)

* Motor driven potter-elvejhem (10 passes, 1250 r.p.m.)
* Low speed homogenate wash

Ultracentrifugation |

* 10000xg, 15 minutes

UItrace.ntr.lfu_gatlon 1] “S9” Fraction Supernatant Pellet
* Filtering of “S9“
+ 100000xg, 70 minutes I
Storage W v * H isation hand held potter-
Tl lomﬁgenliaolon an eld potter
_____ llet elvejhem (10 passes)
Supernatant >| Pelle + No Glycerol

Cytosolic Fraction Microsomal Fraction

Figure 2-8  Summary of optimised intestinal microsome preparation method

Comparisons between labs are also dependant on the resulting microsomal active enzyme
present following preparation. When observing the microsomal spectra in the rat intestinal
microsomes and homogenate, a peak around 420-430nm was also observed. Originally it
was assumed that this was a product of denaturisation of CYP to P420, either by
mechanical damage (e.g. sonication), or this process is natural/spontaneous. Spontaneous
denaturation of CYP to P420 is characteristic of rat intestinal microsome preparations (but
not in rabbits, guinea-pigs or hamsters) (Burke and Orrenius, 1979). However, this has
been reportedly limited in the presence of protease inhibitors (Stohs et al., 1976) which
were present in all preparations. Therefore, whilst P420 may be making up a part of this
peak area, on closer inspection this peak was at around 428nm, and therefore it is more
likely that this represents the presence of other heme containing proteins, either
methaglobin (436nm) or cytochrome bs (y band 424 nm). Both methaglobin and
cytochrome bs show an additional peak at 552nm and 557 nm respectively, which is also
observed. Looking at the total spectrum however (Figure 2-1), this observation suggests
that the peak around 420-430nm is most likely cytochrome b5, since this also displays and
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a-band at 557 nm, and B-band at 525 which are both present in these intestinal microsomes
(Klingenberg, 2003), and its content similar to levels of CYP (0.18 nmol/mg) has also been
reported in the rat (Dawson and Bridges, 1981), measured using the Omura and Sato,
(1964) reduced minus oxidised difference spectrum method. Since the method employed in
this work was the Matsubara et al., (1976) method, it was not possible to measure the

absolute abundance of this protein in these samples.

2.6. Conclusions
The impact of subtle variations of intestinal microsome preparation to elution conditions,
homogenisation intensities and the effect of heparin and glycerol were examined. A shorter
incubation time using 5mM EDTA and 9U/ml heparin, and 30W sonication, were
preferential to an increased CYP specific and total content in the proximal 60cm of male
rat intestine. This optimised methodology will be applied to characterise rat, dog and

human intestinal metabolism.
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3. Characterisation of rat intestinal microsomes
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3.1. Introduction
In order to best understand the main metabolic routes of elimination between species it is
important to consider respective differences in enzyme expression and activity. In the
proximal Han Wistar (HW) rat intestine, whilst CYP3A is a major isoform, CYP2B1 is
also a dominant enzyme expressed (Fasco et al., 1993; Zhang et al., 1996; Mitschke et al.,
2008). There is limited information regarding the characterization of activity of the full
comlimetent intestinal enzymes in HW rat, in contrast to data reported for Sprague-Dawley
(SD) rat (Sohlenius-Sternbeck and Orzechowski, 2004). Therefore, since HW was the
strain being utilised in this study it was necessary to characterise the intestinal microsomes

prepared from the optimal methodology described in Chapter 2.

In terms of CYP metabolism, testosterone has been utilised previously to characterise CYP
enzymes in a matrix simultaneously, since the various metabolites formed are markers for
multiple enzymes (Sonderfan et al., 1989; Sohlenius-Sternbeck and Orzechowski, 2004;
Chovan et al., 2007; Bruyere et al., 2009) (Table 3-1, Figure 3-1). Furthermore, hydroxy
testosterone (OH TEST) metabolites, especially 63-OH TEST, are a frequently reported
marker (Mohri and Uesawa, 2001; Takemoto et al., 2003; Bruyere et al., 2009) (Table 2-
1), and therefore can be a good comparator to the literature data. UGT metabolism in the
intestine has been characterised previously using UDP-glucuronosyltransferase (UGT)
substrate 4-nitrophenol glucuronidation (4-NP gluc) (Mohri and Uesawa, 2001; Takemoto
et al., 2003).

Previous analysis (Dawson and Bridges, 1981) and in house results (Chapter 2) has shown
that yields of intestinal microsomes are however low, and as such there is a requirement to
utilise them as efficiently as possible. Combined CYP and UGT cofactors have been
utilised previously in liver microsomes, and enabled the combined screening of CYP and
UGT metabolism (Kilford et al., 2009). However, any potential limitations of using these
in combination in intestinal microsomes have not been characterised. The ability to screen
simultaneously for CYP and UGT metabolism provides the advantage of observing
sequential and or combined substrate metabolism, especially useful since compounds are
invariably not sole substrates for only one metabolic pathway. The caveat, however, is it is
not possible to distinguish by which metabolic pathway investigational compounds are

eliminated.
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Table 3-1 Testosterone metabolites and respective rat CYP isoform

Metabolite CYP Isoform
20-OH TEST 2C11, (3A2)
2B-OH TEST 3AL, 3A2, (1A1)
60-OH TEST 2A1*
6B-OH TEST 85% specific to 3A1, 3A2, 2A2*, 1A1, 2C13*, (LA2, 2C11)
70-OH TEST 2A1*, 2A2*
150-OH TEST 2A2, (2C12*, 2C13%*)
15B-OH TEST 3AL, (2A2)
160-OH TEST 2C11, 2B1, (2B2*, 2C7*, 2C13%)
16-OH TEST 2B1, (2B2*, 3A1, 3A2)

Androstenedione 2C11, 2B2*, 2B1, (2A2*, 3A1, 3A2)

Minor metabolies enzyme pathways are shown in parenthesis. * not reported to be
expressed in rat intestine (Table 1-3). Adapted from Arlotto et al., (1991) and Sohlenius-
Sternbeck et al., (2004).

The complete set of compounds investigated between species and basic molecular
properties is described in Appendix Table 7-1. These compounds were selected on the
implication of intestinal metabolism being involved in their metabolism, and the ability to
look at cross species comparison based on the combination of literature and in house data.
These compounds range in major elimination pathways, although the majority of
compounds are metabolised by CYP3A (e.g. midazolam, buspirone, furosemide),
considering its relevance in the human intestine. In addition, a limited number of
compounds which undergo predominantly UGT mediated elimination where also selected

e.g. raloxifene and 7-hydroxycoumarin (7-HC).

3.2. Aims
The current study aims to characterise rat intestinal microsomes in terms of CYP content,
and CYP and UGT metabolism, and assess the differences between two separate pools of
microsomes prepared by the same method. Furthermore, to compare metabolic activities
and the effects of combined vs. individual cofactors using commercially available rat
intestinal microsomes. Finally, to look at prediction of Fg using the in house prepared

intestinal microsome pools and compare these to in vivo estimates of rat Fg.
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3.3. Materials and Methods

3.3.1. Reagents
All laboratory chemicals were purchased from either Sigma (Dorset, UK) unless detailed
in the text. Product codes at time of writing are provided in parenthesis.

3.3.1. Intestinal microsome pools
Rat intestinal microsomes (RIM) were prepared by the optimised elution method outlined
in Chapter 2, and summarised in (Figure 2-8). Microsomes on three separate occasions
were prepared fresh and characterised for both microsomal and homogenate CYP content
in order to determine microsomal recovery (Equation 2-2, Equation 2-3). Activity of RIM
towards testosterone hydroxylation and 4-NP gluc was also investigated (see below).
Microsomes prepared previously via the optimised method (preparation 8, Chapter 2)
were pooled to form Pool 1 (n=9 rats). A second set of 3 preparations were pooled to form
Pool 2 (n=9 rats). Intestinal microsomes were also prepared from frozen rat intestinal tissue
(n=3 occasions of n=3 samples). Finally for comparison, on one occasion, microsomes
were prepared from scraped intestinal tissues by cutting along the length of intestine and

gentle scraping with a glass microscope slide (n=1 occasions of n=3 samples).

Commercially available pool microsomes were also used as a comparator to those
produced in house. HW (R6000.1, lot #0810335, 90 male donor pool), and SD (R1000.1,
lot #1010043, 135 male donor pool) were obtained from Xenotech (Tebu-Bio Ltd.,
Peterborough, Cambridgeshire, UK). Microsomes were stored at -80°C prior to

experiments.

3.3.2. Assessment of CYP activity in RIM
CYP enzyme activities of in house prepared and commercial RIM were determined using
the probe substrate testosterone. Formation of all testosterone metabolites was monitored
following incubations of RIM at 1mg/ml 0.1 M phosphate buffer (pH7.4) and 100uM
Testosterone (internal AZ compound inventory stock) concentration (2-fold human Ky)
(Obach et al., 2001; Takemoto et al., 2003). RIM were incubated in triplicate with 1mM
NADPH (#481973, Calbiochem, San Diego, USA) for 5 minutes at 37°C shaken at 900
rpm using a CAT SH10 Heater shaker (Hamiliton robotics, Reno, Nevada, USA). Reaction
was initiated by addition of Testosterone. Final organic solvent (methanol) content was
<1% v/v. Samples at 2.5, 5, 15, 30 and 60 minutes were quenched 1:1 with ice cold

methanol containing internal standard (1uM 11-f OH TEST) and stored overnight at -
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20°C. The following day, samples were diluted with 200ul ultra pure (UP) H,0, and spun
at 3000 rpm for 15 minutes, and 200 pl of supernatant taken for analysis. Samples were
quantified using a standard curve of all the metabolites using a LTQ Orbitrap with Accela
pump (Thermo Scientific, Waltham, MA, USA), using an electrospray interface in positive
mode. Samples (10ul) were injected onto a ZORBAX RRHD Eclipse Plus C18 2.1 x 50
mm, 1.8um column (Aligent, Santa Clara, CA, USA) heated to 55°C. Cone voltage and gas
flow and capillary temperature and voltage were 2.8V, 301/h, 350°C and 30V. Flow rates
and gradients and sample traces are provided in Appendix Table 7-3 and Appendix

Figure 7-1.

Following optimisation of the method to increase reproducibility and sensitivity of the
method based on increasing efficiency of protein precipitation (1981), samples were
quenched 1:2 (sample : quench) in ice cold acetonitrile containing internal standard (1uM
11-B OH TEST)and stored overnight at -20°C. The following day, plates were spun at
3000 rpm for 15 minutes, and 50 pl supernatant diluted in 200 pul UPH,O. Samples were
quantified using a Waters Acquity UPLC system with a PDA coupled to a G2 Q-ToF MS
(Waters, Milford, MA, USA), and a Acquity UPLC BEH C18 column, 130A, 1.7 pm, 2.1
mm X 100 mm and Acquity UPLC column with an in-Line Filter Kit made up of the same
phase (Waters). Sample (25ul) was detected using an electrospray interface in positive
mode, and source and desolvation temperatures, and desolvation and cone gas flows of
120°C and 400°C, and 800I/h and 20l/h, respectively. Cone voltage was 30V. Flow rates
gradients are shown in Appendix Table 7-3.

3.3.3. Assessment of glucuronidation in RIM
UGT activity of 4-NP gluc was determined for in house, microsomes and commercial
RIM. Metabolite formation was monitored following incubations of 1mg/ml in 0.1 M
phosphate buffer (pH7.4) and 100uM 4-NP concentration (>2-fold human Ky,) (Takemoto
et al., 2003). Microsomes were activated by incubation with alamethicin (#A4665) (50
ug/mg protein) on ice for 15 min as reported previously (Fisher et al., 2000; Cubitt et al.,
2009; Kilford et al., 2009; Gill et al., 2012).

RIM were incubated in triplicate with 3.4mM MgCl, (#M8266), 115uM D-Saccharic acid
1,4 lactone monohydrate (SAL) (#S0375), 1.15mM EDTA (#EDS) and 5SmM Uridine 5'-
diphosphoglucuronic acid trisodium salt (UDPGA) (#U6751) for 5 minutes at 37°C shaken
at 900 rpm using a CAT SH10 Heater shaker. EDTA is a chelating agent added to prevent
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Cu?* ions within the incubation causing inhibition of the UGT enzymes (Letelier et al.,
2007). Inclusion of SAL inhibits the B-glucuronidase mediated conversion of glucuronide
metabolites back to parent compounds during the incubation and MgCl. is a requisite for
the UGT reaction (Boase and Miners, 2002; Walsky et al., 2012).

Reaction was initiated by addition of 4-NP and final organic solvent (methanol) content
was 1% v/v. Samples at 2.5, 5, 10, and 20 minutes were quenched with 1:1 with ice cold
acetonitrile containing internal standard AZ1 and stored overnight at -20°C. The following
day, samples were diluted with 200pul H,O, and spun at 3000 rpm for 15 minutes, and 200
pl of supernatant taken for analysis. Samples were quantified using a standard curve of 4-
Nitrophenyl B-D-glucuronide (#73677) using a LTQ Orbitrap with Accela pump (Thermo
Scientific, Waltham, MA, USA) and Synergi MAX-RP 80 A, 4 pm, 50x2.0mm
(Phenomenex, Torrance, CA, USA) with guard filter of the same phase. Flow rates and
gradients are provided in Appendix Table 7-3.

3.3.4. Intrinsic clearance

3.3.4.1.  Source of compounds

Compounds in Appendix Table 7-1with high purity were selected from AZ internal
compound stocks (solid or in 10mM DMSO) except for 7-Isopropoxy-3-phenyl-4H-1-
benzopyran-4-one (ipriflavone) (#381551), raloxifene hydrochloride (#R1402), losartan
(#61188), bisoprolol fumerate (#B2185) , atorvastatin (Molekula, Gillingham, UK,
#17630611), irbesartan (Saquoia Research Products Ltd, Pangbourne, UK, #SRP01502i)
saquinavir mesylate (Saquoia, #SRP01070s), and midazolam hydrochloride (Saquoia,
#SRP065525m).

3.3.4.2. Rat intestinal depletion incubations
Depletion experiments for determination of intrinsic clearance (CLin) for RIM in house
pools at were carried out at Img/ml in 0.1M phosphate buffer (pH 7.4). Microsomes were
activated by incubation on ice with alamethacin (50 pg/mg) for 15 min. Coincubation with
50 ng/mg alamethacin has been shown previously to not effect CYP3A Kkinetics (Fisher et
al., 2000). Microsomes were co-incubated in duplicate at 37°C with both CYP and UGT
cofactors (ImM NADPH, 3.4mM MgCl,, 115uM SAL, 1.15mM EDTA (#EDS), and 5mM
UDPGA as per Kilford et al., (2009) for 5 minutes and agitated at 900 rpm using a CAT
SH10 heater shaker. Incubations were started by spiking of 1uM of compound. Final

organic solvent (DMSO) was 1%. Samples where quenched using ice cold acetonitrile (3:1
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quench to sample) containing the internal standard AZ1.The total incubation time was 40
minutes. Quenched samples were stored overnight at -20°C. The following day, samples
were diluted with 200ul UPH,0, and spun at 3000 rpm (Sorvall legend RT centrifuge) for
15 minutes, and 200 pl of supernatant taken for analysis.

3.3.4.3.  Use of combined vs. individual cofactors in commercial
intestinal rat microsomes

In order to investigate the impact of using combined vs. individual CYP and UGT
incubations, 8 compounds were chosen. The compounds selected were raloxifene,
midazolam, amitriptyline, ipriflavone, irbesartan, losartan, nicardipine and 7-
hydroxycoumarin (7-HC) selected on the basis of their reasonable Fg prediction (except in
the case of 7-HC which was selected as a quality control (QC) marker for UGT
metabolism), in order to further assess the impact on estimates of Fg. Combined CYP and
UGT incubations were the same as those utilised for the determination of CLi, by
depletion in the in house prepared pools (3.3.4.2), and individual cofactor incubation
conditions were identical to those utilised for testosterone (CYP) (3.3.2) and 4-nitrophenol
(UGT) (3.3.3) rate of formation (ROF) experiments.

3.34.4. LC-MS/MS
All samples except furosemide were analysed using an Agilent 1100 HPLC system
coupled to a Micromass Quattro Ultima triple quadruple mass spectrometer using an
electrospray interface in positive mode. Samples (25ul) were eluted at 20°C using a
hypersil GOLD 175 A, 5um, 30x2.1mm column (Thermo Scientific) using a flow rate of
0.4 ml/min and 0.1% formic acid in organic (methanol) and inorganic (UPH,0) solvents.
Source temperature was 120°C, desolvation temperature was 350°C, desolvation gas flow
rate was 700 I/h and cone gas flow rate was 24 I/h. Furosemide (10l sample) was analysed
using a Quattro Premier Mass Spectrometer coupled to a Waters Acquity UPLC system
using a Kinetic C18 100 A, 2.6pm, 50 x 4.6 mm column (Phenomenex) and a flow rate of
0.725ml/min. The 2 minute gradients are shown in Appendix Table 7-5. Source and
desolvation temperatures were identical, however the cone gas flow rate was 70 I/h.
Individual compound mass transitions and column voltages are shown in Appendix Table

7-4. Data was integrated using Quanlynx v4.1 (Waters).
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3.3.4.5. Intrinsic clearance determination in RIM

The linear rate of change of compound over the time course for each compound in
duplicate was analysed in Excel to determine halflife (t;,) and the elimination rate constant
(k). The rate constant was used to calculate the intrinsic clearance (CL;;) (Equation 3-1).
The CLiy values were corrected for fuj,c to generate unbound measures of intrinsic
clearance (CLinty). The mean and stdev of unscaled CLiyt, (LL/min/mg protein) have been
presented for each drug. Representative depletion profiles are shown in Appendix Figure
7-2 and Appendix Figure 7-3 for each compound.

kv
Proteingotal

Equation 3-1 CL;,; =

where K, V and Proteing represent elimination rate constant, volume of incubation

and amount of microsomal protein in assay, respectively.

3.3.4.6.  Correction for nonspecific binding
A high throughput equilibrium dialysis method was used to determine fui,c in RIM at 1
mg/ml, using a 96-well Micro-Equilibrium Dialysis Device HTD (HTDialysis, LLC, Gales
Ferry, CT, USA) and dialysis membrane strips (12-14kDa molecular mass cut off) (#1103,
HTDialysis). Microsomes were made up in 0.1M phosphate buffer (pH 7.4), and
compounds were spiked in at 1uM concentrations. Compound spiked microsomes were
aliquot into the donor wells in triplicate, with buffer placed in acceptor wells. The plate
was incubated at 37°C and left to equibrilate on a plate shake (450 rpm) for 4 hours.
Following incubation samples from both the acceptor and donor sides of the membrane
were transferred to 96 well plates and quenched in acetonitrile containing internal standard
AZ1. Sample preparation and LC-MS/MS methods were the same as those for microsomal
incubations. Fui,c was calculated as the ratio of acceptor to donor both normalised for
internal standard using Equation 3-2 (Gertz et al., 2008b). CLi, was corrected for

microsomal binding using Equation 3-3 to calculate CLijn .

__ peak area acceptor / peak area internal standard

Equation 3-2 fUuine =

peak area donor / peak area internal standard

Equation 3-3 Clinty = it

fuinc
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3.3.5. Investigation of rat in vivo intestinal metabolism
In order to provide measures of prediction success, estimates of in vivo Fg were made
using the same in house HW strain. These were made by the indirect measure of
comparing i.v. and p.o. administration of the rat compound set at low doses in order to
prevent saturation of intestinal metabolic enzymes. Doses and formulations are shown in
Table 3-2. The i.v. doses were administered in n=2 rats through bolus administration in the
tail vein. P.o. administration (n=2) was by oral gavage into the stomach. P.o. doses were
administered as solutions in propylene glycol (#W29004), and tested at 1:1 and 1:10
dilutions of 1M HCI for observations of precipitation at low pH. Blood samples were
collected at t=5, 20, 40 minutes, 1.5, 3, 6, 12 and 24 hours for i.v. dosing. P.o. blood
samples were taken at t=15, 30 minutes, 1, 2, 3, 6, 12 and 24 hours. Blood samples (0.3ml
collected in lithium heparin tubes) were stored at 4°C until they were prepared for storage.
Blood samples of 60ul were taken and diluted 1:1 in water for frozen storage (-20 °C). The
remaining samples were spun at 1000rpm for 2 minutes to separate out the plasma (~120-
150ul) which was frozen (-20°C). For analysis, blood and plasma samples were thawed,
and from these smaller samples were quenched in a 3:1 ratio (acetonitrile plus internal
standard AZ1: blood/plasma sample). Remaining sample was refrozen in case of
reanalysis. A standard curve prepared from a 2mM stock and spiked into blood and plasma
matrix for determination of sample time course concentrations and limit of quantification
were quenched in the same way. Samples were placed in the freezer for at least 1 hour
before final preparation and LC-MS/MS analysis as described previously for microsomal
depletion. Individual compound mass transitions and column voltages are shown and 2

minute gradients were the same as applied for RIM depletion sample analysis.

l.v. and p.o. time vs. concentration data were input into Pheonix Winnonlin v6.2 (using
Connect 1.2 and i.v.i.v.C Toolkit 2.0) (Pharsight, California, USA) in order to determine
the kinetic parameters of half life (ty2) and respective area under the curves (AUC).
Estimates of in vivo blood to plasma ratio (Ry) for each compound were determined by
comparing blood and plasma concentrations (Equation 3-4). Parameters of i.v. systemic
clearance (CL;,) and oral bioavailability (F) were determined using Equation 3-5 and
Equation 3-6. Estimates of hepatic extraction were made using CL;,. and subtracting any
literature reported renal clearance data (CLg plasma COrrected for in house determined Ry) of
the drug to derived hepatic clearance (CLy) (Equation 3-7) and normalising for hepatic

blood flow (Qu) (Equation 3-8). It was assumed CLg represent excretion clearance and no
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renal metabolism is occurring. Reported literature rat liver blood flow ranges from 55 to
161 ml/min/kg (Casado et al., 1987; Davies and Morris, 1993; Brown et al., 1997), varying
in both experimental technique used, and strain and sex of rat. Based on an internal
assessment of relationship between cardiac output and body weight, a hepatic blood flow
in the rat was selected as 72 ml/min/kg being the most appropriate to describe the in house
strain (Brown et al., 1997). In order to determine the extent of the intestinal component
(i.e. extent of absorption (Fa) and Fg), F was divided by 1-Ey (Fy) (Equation 3-9).

Equation 3-4 R, = —blood
Cplasma
Equation 3-5CL;,, = %

AUCp o, . DOSEw,
AUC;y  DOSEp,.

Equation 3-6 F =

Equation 3-7 CLy = CL; biood — (W)

Equation 3-8 Ey = CQL—H
H

F

Equation 3-9 Fa - F; = T
—EH

3.3.6. Determination of in vitro effective permeability from Caco-2 data
The apparent Caco-2 apical to basolateral (A to B) permeability (Papp) for the test set of
compounds was determined in a generic assay on a separate AZ site. Cells were incubated
in Hank’s buffered salt solution (HBSS, Gibco, Life Technologies, CA, USA) at pH 7.4
and the assay was initiated by addition of 10 pM of test compound. Calculation of Py, was
achieved using Equation 3-10. P,p, to Pesr scaling was based on an in house AZ derived
Caco-2 Papp to Pesr relationship Equation 3-11.

Equation 3-10 Pupplcm/s] = ((iQ/CAt))
*“D

where (AQ/At) [cm/s] is the cumulative amount of test compound transported over
time to the basolateral (receiver) side, A is the surface area of the monolayer membrane
(cm?) and Cp, is the average drug concentration in the donor chamber over the period which
(AQ/At) was determined.

Equation 3-11 LOGP.sf = LOGP,y, - 0.7233 — 0.0854
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Table 3-2

Dose formulations and amounts for 22 drugs administered i.v. and p.o. to Han Wistar rats

i.v. Dose p.o.
Salt Volume Volume
Compound  i.v. Formulation p.o. Formulation MW MW mg/kg umol/lkg  ml/kg mg/kg  umol/kg ml/kg
Amitriptyline  Saline Propylene Glycol 277.41 313.87 2.00 6.37 2.00 5.00 15.93 5.00
Atorvastatin -~ 20% DMA: 80% UPH,O Propylene Glycol 558.65 558.65 4.00 7.16 2.00 5.97 10.68 5.00
Bisprolol Saline Propylene Glycol 325.45 325.45 1.30 4.00 2.00 3.25 10.00 5.00
Bumetanide  20% DMA: 80% UPH,0O Propylene Glycol 364.42 364.42 2.00 5.49 2.00 5.00 13.72 5.00
Buspirone Saline Propylene Glycol 385.51 421.97 1.85 4.38 2.00 4.62 10.95 5.00
Cyclosporine  Saline Propylene Glycol 1202.62 1202.62 2.00 1.66 2.00 6.01 5.00 5.00
Diclofenac Saline Propylene Glycol 296.15 318.13 1.37 4.30 2.00 3.42 10.74 5.00
Diltiazem Saline Propylene Glycol 414.52 450.98 2.00 4.43 2.00 5.00 11.09 5.00
Furosemide  20% DMA: 80% UPH,0 " Propylene Glycol 330.75 330.75 1.32 4.00 2.00 3.31 10.00 5.00
Indomethacin  30% DMA:30% TEG:40% Citrate Propylene Glycol 357.79 357.79 1.00 2.79 2.00 5.00 13.97 5.00
Ipriflavone Saline Propylene Glycol 280.32 280.32 2.00 7.13 2.00 5.00 17.84 5.00
Irbesartan Saline/20% DMA: 80% UPH,O°  Propylene Glycol 428.54 428.54 1.71 4.00 2.00 4.29 10.00 5.00
Losartan Saline Propylene Glycol 422.92 461.00 2.00 4.34 2.00 5.00 10.85 5.00
Midazolam Saline Propylene Glycol 325.77 362.23 1.00 2.76 2.00 4.42 12.20 5.00
Nicardipine ~ 20% DMA: 80% Saline Propylene Glycol 479.53 515.99 2.00 3.88 2.00 5.00 9.69 5.00
Pirenzepine  Saline Propylene Glycol 351.41 376.72 2.00 531 2.00 5.00 13.27 5.00
Raloxifene 20% DMA: 80% UPH,0O Propylene Glycol 473.59 510.04 2.00 3.92 2.00 5.00 9.80 5.00
Saquinavir 30% DMA:30% TEG:40% Citrate Propylene Glycol 670.85 766.96 2.00 2.61 2.00 5.00 6.52 5.00
Sildenafil Saline Propylene Glycol 474.58 666.71 2.00 3.00 2.00 5.00 7.50 5.00
Simvastatin ~ 20% DMA: 80% UPH,Q" Propylene Glycol 418.57 418.57 4.00 9.56 2.00 5.00 11.95 5.00
Tacrolimus 20% DMA: 80% UPH,0O" Propylene Glycol 804.02 803.00 4.00 4.98 2.00 5.00 6.23 5.00
Terfenadine  20% DMA: 80% UPH,0 ® Propylene Glycol 471.68 471.68 2.00 4.24 2.00 5.00 10.60 5.00
Verapamil Saline Propylene Glycol 454.61 555.45 2.71 4.89 2.00 6.79 12.22 5.00

a: HCL added drop wise until completely dissolved, b: NaOH added drop wise until completely dissolved, TEG: triethylene glycol, DMA:
Dimethylacetamide, UPH,O: ultra pure H,0
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3.3.7. Prediction of Pe from physicochemical data
Physicochemical parameters of hydrogen bond donors and polar surface area were collated
for all compounds investigated. Predicted Pess was estimated using Equation 3-12 as
described previously (Winiwarter et al., 1998). The application of Pes values using this
approach towards the prediction of Fg was assessed in comparison to Fg based on Caco-2
permeability data and applied towards measuers of CLiy, derived from both in house and

commercial RIM.
Equation 3-12 LOGP.ss = —2.546 — 0.011 - PSA — 0.278 - HBD

where PSA is the polar surface area and HBD are the number hydrogen bond
donors. PSA and HBD for the test compounds were estimated using the Selma PSA
method (Bruneau, 2001), and can be found in Table 3-7.

3.3.8. Prediction of Fg from in vitro data

CLintu values were scaled to give CLiq, per gram of tissue by correcting the values for the
corresponding pool microsomal recovery (Equation 3-13). Commercial microsomes were
scaled using mean scalars obtained from both pools 1 and 2. CLpem Was calculated using
Petr and the calculated cylindrical surface area of the 60cm segments with radius of 2.2mm
(DeSesso and Jacobson, 2001) (Equation 3-14). Qg Was calculated using CLperm and rat
Quini of 0.33 I/h (Table 1-2) (Equation 3-15). F¢ was predicted using the Qg model as per
Yang et al., (2007) (Equation 3-16). The fraction unbound in the gut (fug) was assumed to
be 1, since this has been shown to provide the greatest accuracy of prediction when using
the Qg model (Yang et al., 2007). Estimates of Fa.Fg were made using the established
relationship between Caco-2 permeability and rat in vivo absorption as defined by Amidon
et al., (1988) (Equation 3-17).

Equation 3-13 CLintuc = CLujne - MPPGI - Intestine Segment Weight
Equation 3-14 CLperm = Pesr * cylindrical surface area
Equation 3-15 Qqut = Lo Cperm

Quinit+ CLperm

Equation 3-16 F, = Qcur

Qcur+ fug - Clujnt g
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Equation 3-17 Fa=1— e 2Peff

3.3.9. Data analysis
Tests for bias and precision of estimated Fg from in vitro data were calculated as geometric
fold error (gmfe), (Equation 3-16) and rooted mean squared error (rmse) (Equation 3-19)
(Sheiner and Beal, 1981; Fahmi et al., 2008). The gmfe does not allow over- and under-
predictions to cancel each other out and therefore indicates an absolute deviation from the
line of unity (Gertz et al., 2010).

redicted
Equation 3-18 gmfe = 10n2los(Geeroca)|

Equation 3-19 rmse = \/%Z(predicted — observed)?

Scatter plots of CLj, and Fg were compiled in Microsoft Excel (2007) and Matlab v7.14.0
(2012a, Mathworks, Natick, MA, USA). Tests comparing means using Student’s t-test to
test for statistical significance at a level of 5% was applied using SPSS Statistics version
20 (IBM).

Qualitative zoning of predicted low Fg values was performed by classification into
categories of true positive (TP), false positive (FP), true negative (TN) and false negative
(FN) (Figure 3-1). High Fg was defined as >0.5, and low Fg <0.5.

A stricter classification approach based on prediction success of low Fg compounds with a
Fg less than 0.3 (Fg <03), medium Fg within the range of 0.3 and 0.7 (Fg0.3-07), and finally
a high Fg of greater than 0.7 (Fs >0.7) (Figure 3-2).

Finally, prediction success was analysed using log(observed/predicted) vs. observed, using
a prediction accuracy cutof £0.3 log units (representing 50% underprediction (0.5 fold) and
100% overprediction (2 fold)).
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Figure 3-2  Representation of prediction success classifications using 0.3 and 0,7

cutoffs for high and low F¢ extraction respectively.
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3.4. Results

3.4.1. Microsomal recovery in pools
Mean specific CYP content fell 39% in freeze thawed (FT) Pool 1 (Table 3-3). CYP
content was not however further reduced over two additional FT cycles. Similar CYP
levels to pool 1 after FT were observed in microsomes prepared from frozen intestinal
tissue and measured fresh. No further reduction in CYP was observed following FT.
Specific content was 51% lower in Pool 2 vs. Pool 1. Similar levels were observed in
microsomes prepared by gentle scraping.

Table 3-3 Specific CYP content measured fresh and over 3 FT cycles

Pool Fresh® FT1° FT2° FT3?
Pool 1 243.6 x107.7 148.7 £28.3.2 148.5+13.5 136.4 £11.3
Pool 2 1194 £75.1 ND ND ND
Frozen 127.7 +12.9 154.3+17.2  166.5+25.0 166.3+43.8
Scraping 115.3 ND ND ND

a: pmol/mg microsomal protein, ND: not determined

The microsomal recovery based on measuring CYP content in both homogenate and
microsomes for each of the pools is shown in Table 3-4. The highest recovery was seen in
the freshly prepared pools using elution (Pools 1 and 2). Although the recovery in pool 1
was the highest, it was not significantly different to pool 2. Recoveries in all preparations
ranged from 20.8 to 38.7% (CV 13 to 18%). The lowest mean recoveries were observed for
microsomes prepared by scraping and from frozen tissue. Differences in microsomal
scalars were also not significant (p>0.2). Corrected yields based on per gram intestine
ranged from 7.2 to 16.4 mg/g intestine. Mean MPPGI for pools 1 and 2 which were freshly

prepared by elution was 9.7 £3.6 mg/g intestine.

3.4.2. Testosterone metabolite rate of formation in RIM
The rate of formation of 4 major testosterone metabolites, 6p-, 16a-, 163-OH TEST and
androstenedione in each of the pools is shown in Table 3-5. The activity in pools 1 and 2
following one freeze thaw cycle showed mean increase of 16p-OH TEST and
Androstenedione formation within 2-fold (1.4- and 1.7-fold, respectively). Mean 6f3- and
16a-OH TEST formation was however 2.2- and 2.5-fold higher in pool 2, respectively.
Mean 63-OH TEST formation was lowest in scrapped microsomes (66.1 pmol/min/mg
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Table 3-4 Microsomal recoveries and scalars in intestinal microsomal pools

Intestine weight Mucosal yield MPPGI MPPGM MPPcm (mg/cm
Pool (9) (9/g tissue) Recovery (%)*  (mg/g tissue)®  (mg/g mucosa)® intestine length) ®
Pool 1° 5.4 0.3 0.48 £0.02 38.7 £5.0 7.2 1.3 151+2.1 0.65 £0.15
Pool 2° 5.3£0.2 0.47 £0.06 27551 12.1 £3.9 25974 1.06 £0.33
Frozen® 5505 0.66 £0.02 22.4 £7.3 13.8 £2.7 20945 1.26 £0.18
Scraping © 5.0 £0.3 0.49 20.80 11.40 23.00 0.95

a: based on CYP content in microsomes and homogenates from 60cm segments from 9 week old male rats, b: mean of 3 rats on 3 occasions.  c:
mean of 3 rats on 1 occasion

Table 3-5 Maximal rate of formation of testosterone hydroxylation and 4-nitrophenol glucuronide metabolites in intestinal
microsome pools

6p-OH TEST  160-OH TEST 16p-OH TEST Androstenedione 4-NP Gluc

Pool (pmol/min/mg) (pmol/min/mg) (pmol/min/mg) (pmol/min/mg)  (nmol/min/mg)
Pool 1 (Fresh)® ND ND ND ND ND

Pool 1 (FT)" 85.3 +32.5 775452 42.6 +3.8 560.7 +6.6 70.4 £8.9
Pool 2 (Fresh)® 113.3+30.9 55.1+13.1 61.2 4.3 429.9 +30.9 84.8 £28.6
Pool 2 (FT)" 187.5+77.8 87.3+31.7 74.1+£39.4 548.7+188.7 71.4 5.9
Frozen (FT)" ND ND ND ND 13.045.3
Scraping (FT)" 66.1+4.8 86.4 £9.2 73.915.4 457.0 +60.4 46.1 £1.68
Commercial HW" 190 £53.5 86.9 +4.1 121.7 £11.8 314.5 £55.3 56.1 £4.1
Commercial SD" 167.2 +43.7 155.9 £10.2 132.8 +4.74 371.6 £7.2 55.6 +4.7

a: mean of 3 preparations in triplicate, b: 1 occasion in triplicate, Fresh: microsomes analysed on day of preparation before freezing
FT: microsomes analysed following 1 FT cycle, ND: not determined. pmol/min/mg refers to pmol/min/mg of microsomal protein
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microsomal protein). No differences were observed for the other testosterone metabolites.
Mean 6B-OH TEST formation was similar to in house pools in commercial HW and SD
microsomes. Mean 6B3-OH TEST formation in fresh and FT microsomes (pool 2) where
113.3 and 187.5 pmol/min/mg microsomal protein. Androstenedione formation was 1.7
fold higher for in house pools vs. commercial SD microsomes. 16a-OH TEST formation
was 1.8 fold lower in commercial HW microsomes compared to commercial SD

microsomes.

3.4.2. 4-NP glucuronidation in RIM
Mean 4-NP gluc formation was the same in both pool 1 and pool 2 following one FT cycle
(70.4 and 71.4 nmol/min/min, respectively) (Table 3-5). Mean activity in fresh
microsomes showed the highest formation rates, however this was not significant
compared to the FT microsomes. Activity in microsomes prepared via scraping was 1.5-
fold lower than pools 1 and 2. The lowest activity was observed in microsomes prepared
through use of frozen intestinal tissue (13.0 nmol/min/mg microsomal protein). Activity in
commercial microsomes was similar for both strains, with activities lower than the in

house elution pools from fresh tissue, and higher than those prepared via scraping.
3.4.3. Rat intestinal incubations

3.4.3.1. Ratintestinal microsomal binding
The fuinc In rat intestinal microsomes for the compounds investigated is shown in Table
3-6. Microsomal binding ranged from 0% for 7-hydroxycoumarin, pirenzepine, and

furosemide to 98% for terfenadine.

3.4.3.2. Pool 1vs. pool 2 unbound intrinsic clearance comparison
Measures of unbound clearance corrected for protein binding showed a range of
microsomal clearance (Table 3-6). In pool 1 microsomal clearance ranged from 2.6 to
31928 pl/min/mg, and in pools 2 from 0.1 to 39704 pl/min/mg, for diclofenac and
terfenadine respectively. Mean CLy, of midazolam was similar in both pools (22.0 and
19.9 pl/min/mg for pool 1 and 2, respectively). The correlation between CL;y, Vvalues
obtained in the two pools of RIM is shown in Figure 3-3. The correlation between the
pools was strong (R?=0.998, p<0.001), with 61% of compounds within 2-fold. Mean fold
difference between the pools was 4-fold. The greatest fold difference was observed for
compounds with CLjn, below 10 pl/min/mg (diclofenac and furosemide, 23 and 27- fold

respectively). Excluding these compounds, mean fold difference was 2-fold.
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Table 3-6 Mean fui,. and CLn, determined in rat intestinal pools and commercial HW microsomes using combined and individual
CYP and UGT cofactors

CLinty (UI/min/mg microsomal proetein)?

In house Combined Cofactors Commercial HW pool
Study # Compound fUjnc Pool 1 Pool 2 Combined Cofactors  CYP Cofactors UGT Cofactors
1 7-Hydroxycoumarin 1.00 196.5 264.2 271.7 0.9 327.3
2 Amitriptyline 0.20 24.3 19.9 23.8 5.3 3.0
3 Atorvastatin 0.57 5.3
4 Bisporolol 0.89 5.4 0.9
5 Bumetanide 0.92 2.8 7.3
6 Buspirone 0.91 3.2 14
8 Cyclosporine A 0.82 21.0 30.8 13.7
9 Diclofenac 0.98 2.6 0.1 5.0
10 Diltiazem 0.85 21.8 26.7
13 Furosemide 1.00 2.9 0.1
14 Indomethacin 0.88 48.9 62.4
15 Ipriflavone 0.28 495.0 550.3 72.0 59.1 7.3
16 Irbesartan 0.79 31.9 35.9 15.2 15 94
17 Losartan 0.87 34.8 14.8 10.0 0.1 9.0
18 Midazolam 0.72 22.0 19.9 12.3 18.2 2.8
19 Nicardipine 0.09 1780.2 3106.2 865.7 1048.0 1.2
21 Omeprazole 0.90 7.6
22 Pirenzepine 1.00 3.9 2.7
23 Raloxifene 0.06 1135.3 1654.3 1042.1 9.8 927.0
24 Saquinavir 0.11 3948.8 6414.7
25 Sildenafil 0.73 23.8 18.4
26 Simvastatin 0.93 13.6 41.5
27 Tacrolimus 0.32 705.7 627.3
28 Terfenadine 0.02 31928.2 39704.4
29 Verapamil 0.65 29.1 6.9

a: incubations at 1 mg microsomal protein/ml at compound concentration of 1puM.

Page 99 of 258



10000 -
| y=1.2472x + 93.326
1 R2=0.9981

p= 5.99051E-30

1000 -

100 -

10 - 5‘

Mean pool 2 CL;,,, (W/min/mg)

100 1000 10000
Mean pool 1 CL;,, (u/min/mg)

Figure 3-3  Correlation between CLiyy in pool 1 and pool 2 rat intestinal
MiCrosomes.

Solid line represents line of unity, dashed lines 2-fold. 9:diclofenac, 13:furosemide,
4:biosoprolol, 14:indomethacin, 5:bumetemide, 17:losartan, 26:simvastatin. n=22. Data
represent mean xstdev of n=3 of duplicate incubations. ul/min/mg represents pl/min/mg
microsomal protein.

3.4.3.3. Comparison of commercial and in house intestinal microsomal
pools
The mean CLin for a number of selected compounds (n=11) overlapping with those
studied previously in house microsomes were screened in commercial microsomes
using combined CYP and UGT cofactors is shown in Table 3-6. Mean CLj, ranged

from 5 to 1042 pl/min/mg from diclofenac and raloxifene respectively. There was a
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positive correlation between both commercial and in house rat intestinal microsomes
(R?=0.77, p<0.001) (Figure 3-4). However, 54% of compounds studied showed a
greater than 2-fold difference. Mean fold difference was 2.5-fold. Good correlation was

observed for midazolam, amitryptiline, 7-HC and raloxifene.
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Figure 3-4  Correlation between CLjn, for in house and commercial rat intestinal
microsomes using combined CYP and UGT cofactors (n=11).

Solid line represents line of unity, dashed lines 2-fold. 9: diclofenac, 29: verapamil, 3:
losartan, 4: ibesartan, 5: ipriflavone, 19: nicardipine. Data represent mean +stdev of n=3 of
duplicate incubations. pl/min/mg represents pl/min/mg microsomal protein.
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3.4.3.4. Comparison of combined vs. individual CYP and UGT cofactors
Mean CLiy, for CYP incubations in commercial microsomes ranged from 0.1 to 1048
pl/min/mg for losartan and nicardipine, respectively. Mean CLjy, for UGT incubations
ranged from 1.2 and 927 pl/min/mg microsomal protein for nicardipine and raloxifene,
respectively. The main route of elimination for midazolam, nicardipine and ipriflavone was
via CYPs, whereas glucuronidation was the major clearance pathway for 7-HC, raloxifene,
irbesartan and losartan. In the case of amitryptiline, significant reduction in CLi, was
observed using individual vs. combined cofactors (8.3 vs. 23.8 pl/min/mg microsomal

protein) .

When comparing mean CL;,, Obtained in the presence of combined cofactors and additive
CLinu for individual cofactors, a strong positive correlation was observed (R?=0.966,
p<0.001) (Figure 3-5). Observed CLi, were within 2-fold for all compounds, with the
exception of amitryptiline. Observed mean CV was lowest for individual cofactors (39%
vs. 58% for individual and combined cofactors, respectively). Mean fold difference was
1.4-fold.
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Figure 3-5  Correlation between CLjy, for commercial HW rat intestinal
microsomes using combined and individual CYP and UGT cofactor incubations.

Solid line represents line of unity, dashed lines 2-fold. 2: amitriptyline. Data represent
mean stdev of n=3 of duplicate incubations. pl/min/mg represents pl/min/mg microsomal
protein.

3.4.4. Scaling of intestinal metabolism

3.441. Rat Qg and Fa prediction
Of all the compounds screened, Caco-2 Pap, ranged from 0.13 (furosemide) to 121 x10°®
cm/s) (indomethacin), and 29% of compounds displayed low Caco-2 permeability
(<10x10° cm/s). Estimates of rat intestinal Qgut based on physiochemical properties of
individual compounds and Caco-2 permeability data is shown in Table 3-7. For 5
compounds P, and subsequently Qg could not be determined (i.e. Qgyu <0.01 I/h) based
on physicochemical properties, namely cyclosporine, bumetamide, furosemide, saquinavir,

and tacrolimus. Maximal Qg based on physiochemical properties was 0.27 I/h
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(amitriptyline). The range of Qg was estimated between 0.01 I/h (pirenzepine and
furosemide) and 0.23 I/h (indomethacin) for Caco-2 based estimates. P values for
cyclosporine could not be predicted using in house Caco-2 data, and therefore an in vivo
Pefr value was taken from the literature (Zakeri-Milani et al., 2008).

Estimates of Fa based on physicochemical data ranged from <0.01 (cyclosporine) and 1.00
(midazolam, 7-HC, buspirone, pirenzepine, diltizem, amitriptylone, ipriflovone and
verapamil). Based on Caco-2 data, estimated Fa ranged from 0.21 (pirenzepine) to 1.00
(midazolam, 7-HC, indomethacin, atorvastatin, cyclosporine, nicardipine, ipriflavone and
diclofenac). The largest discrepancies in estimated Fa between physicochemical and Caco-
2 based estimates were observed for pirenzepine (5-fold), atorvastatin (5-fold), tacrolimus
(14-fold), saquinavir (70-fold), and cyclosporine (100-fold).
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Table 3-7

Qqut estimates based on physicochemical data and Caco-2 permeability data

Physicochemical Caco-2
Compound PSA HBD Qg (I/h) Fa’ P.op A-B (10°cm/s) Pers (10 cm/s) Qqut (I7h) Fa’
7-Hydroxycoumarin 51 1 0.14 1.00 61.68 7.41 0.19 1.00
Amitriptyline 1 0 0.28 1.00 13.70 2.49 0.10 0.99
Atorvastatin 119 4 0.01 0.19 18.49 3.10 0.12 1.00
Bisporolol 64 2 0.07 0.96 6.85 151 0.07 0.95
Bumetanide 130 4 <0.01 0.15 1.73 0.56 0.03 0.67
Buspirone 60 0 0.18 1.00 11.02 2.13 0.09 0.99
Cyclosporine A 290 5 <0.01 <0.01 NV 3.34° 0.12 1.00
Diclofenac 55 2 0.09 0.98 111.60 11.37 0.23 1.00
Diltiazem 56 0 0.19 1.00 9.61 1.93 0.09 0.98
Furosemide 130 4 <0.01 0.15 0.13 0.09 0.01 0.16
Indomethacin 69 1 0.11 0.99 121.00 12.06 0.23 1.00
Ipriflavone 37 0 0.22 1.00 57.37 7.03 0.19 1.00
Irbesartan 82 1 0.08 0.98 13.31 2.44 0.10 0.99
Losartan 87 2 0.04 0.83 2.72 0.78 0.04 0.79
Midazolam 20 0 0.25 1.00 36.24 5.04 0.16 1.00
Nicardipine 114 1 0.04 0.81 26.51 4.02 0.14 1.00
Omeprazole 71 1 0.10 0.99 NV NV NV NV
Pirenzepine 64 1 0.12 1.00 0.20 0.12 0.01 0.21
Raloxifene 74 2 0.06 0.91 6.23 141 0.07 0.94
Saquinavir 179 6 <0.01 0.01 1.96 0.61 0.03 0.71
Sildenafil 105 1 0.05 0.88 40.27 5.44 0.17 1.00
Simvastatin 77 1 0.09 0.99 NV NV NV 0.95
Tacrolimus 186 3 <0.01 0.07 73.60 8.42 0.20 1.00
Terfenadine 46 2 0.10 0.99 5.76 1.33 0.06 0.93
Verapamil 56 0 0.19 1.00 12.70 2.36 0.10 0.99

a: Zakeri-Milani et al.,(2008) , b: based on Equation 3-17. NV: no value available due to poor MS signal.
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3.4.4.2. Invivo Fg determination
Literature and in house generated values of Fg in the rat are summarised in Table 3-8. For
the dataset investigated, Fg ranged from 0% (buspirone, furosemide, sildenafil, nicardipine
and amitriptyline) to 98% (diclofenac). Pharmacokinetics could not be described for
tacrolimus or simvastatin at the doses and route of i.v. administration used. Fa.Fs values
ranged from 0.00 (nicardipine, terfenadine) to 1.00 (midazolam, buspirone, bisoprolol,
sildenafil, diltiazem, diclofenac, amitriptyline and verapamil). No literature data were
available for pirenzepine, terfenidine or simvastatin. In cases where it had not been
possible to determine the extent of metabolism at the dose used, and the ethical limitations
of repeating dosing and using increased doses (e.g. midazolam central nervous system
effects), literature values were selected for the assessment of Fg prediction success and are
indicated in Table 3-8. Intestinal metabolism determined by portal vein cannulation if
available in the literature and was selected as the most accurate measure of Fg. Out of the
23 compounds with in vivo Fa.Fg estimates, 11 compounds indicated high intestinal

extraction (Fa.F<0.5).

3.4.4.3. Prediction of Fg using metabolic data from in house pools

Summaries of predicted rat Fg using CLiy, data obtained using in house intestinal
microsomes are shown in Table 3-9. Estimates of Fg based on compound physicochemical
properties ranged from 0.00 (cyclosporine, terfenidine, saquinavir, nicardipine and
tacrolimus) to 0.95 for diclofenac. Fg values predicted using Caco-2 data ranged from 0.00
(terfenadine and saquinavir) to 0.98 (diclofenac). Mean CV between the two in house
pools for all compounds for Caco-2 based scaling was 32%. Estimates of Eg for
compounds with a fujnc <0.3 vs. >0.3 demonstrated a mean CV of 46% vs. 25%.

Correlations of in vivo Fa.Fg and predicted Fg using either physicochemical or Caco-2
based permeability estimate is shown in Figure 3-6. R? values were similar between both
scaling strategies (0.29 and 0.30, respectively). Predictions of Fg were within 2-fold for
65% and 59% of compounds for physicochemical and Caco-2 based estimates respectively
Table 3-13. Prediction accuracy was the same between Caco-2 based vs. physicochemical
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Table 3-8 Rat in house and literature in vivo pharmacokinetics

In House Literature
Compound Ry F F.® FaFg Fa.Fg References
Amitriptyline 0.94 0.00 0.00 1.00 1.00 (Bae et al., 2009)
Atorvastatin 1.26 0.04 055 0.07 0.10 (Lau et al., 2006)
Bisporolol® 9.99 0.33 0.23 1.00 0.17 (Buhring et al., 1986; Tahara et al., 2006)
Bumetanide 0.35 0.10 0.23 0.43 0.61 (Han et al., 1993; Lee et al., 1994; Kim et al., 2000b)
Buspirone 0.67 0.00 0.00 1.00 1.00 (Caccia et al., 1983; Caccia et al., 1986; Wong et al., 2007)

(Sangalli et al., 1988; Luke et al., 1990; Kawai et al., 1998; Molpeceres et al., 1998; Lee et al.,

Cyclosporine A T 0.65 0.97 0.70 0.25 2000; Tanaka et al., 2000; Hirunpanich et al., 2006)
. c (Peris-Ribera et al., 1991; Grace et al., 2000; Kim et al., 2006; Reyes-Gordillo et al., 2007;
Diclofenac 0.48 0.98 0.66 1.00 1.00 Deguchi et al., 2011)
Diltiazem 0.99 0.02 0.00 1.00 0.15 (Choi et al., 2006; Bertera et al., 2007)
Furosemide 0.90 0.11 0.99 0.11 0.39 (Hammarlund and Paalzow, 1982; Kim et al., 1993; Kim et al., 2000a; Deguchi et al., 2011)
Indomethacin 0.38 088 099 0.89 0.86 (Matsuda et al., 2012)
Ipriflavone 1.03 0.05 036 0.14 0.22 (Kim and Lee, 2002; Chung et al., 2009; Lee et al., 2009)
Irbesartan® 0.50 0.08 1.00 0.08 0.23 (Davi et al., 2000)
Losartan 0.64 033 0.74 0.44 0.87 (Moon et al., 1998)
Midazolam® 0.40 0.00 0.00 1.00 0.72 (Kuze et al., 2009; Matsuda et al., 2012)
Nicardipine 0.53 0.00 0.64 0.00 1.00 (Higuchi and Shiobara, 1980; Piao and Choi, 2008; Chung et al., 2010)
Omeprazole® 0.22 (Watanabe et al., 1994; Katashima et al., 1995; Lee et al., 2007)
Pirenzepine® 119 008 075 011
Raloxifene 1.08 0.06 0.70 0.09 0.15 (Kosaka et al., 2011; Matsuda et al., 2012)
Saquinavir” 0.52 0.05 0.35 0.14 0.14 (Shibata et al., 2002)
Sildenafil 0.56 0.00 0.00 1.00 1.00 (Walker et al., 1999; Shin et al., 2006)
Tacrolimus® 0.63 (Takada et al., 1991; Hashimoto et al., 1998)
Terfenadine 1.98 0.02 0.00 0.00°
Verapamil 0.65 0.01 0.00 1.00 1.00 (Chen et al., 2008; Choi et al., 2008; Hu et al., 2011)

a: literature value used for assessing prediction accuracies, b not corrected for renal clearance, c: enterohepatic circulation, d: Qu=72 ml/min/kg, e:
reclassified Fa.Fg as 0.00 due to high intestinal CLn
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estimates (rmse=0.34). Prediction accuracy for compounds with in vivo estimates of
Fs<0.5 was decreased in both cases (rmse= 0.39 and 0.37) with 46% and 42% within 2-
fold for physicochemical and Caco-2 based scaling, respectively. The highest incidence of
TN and lowest of FP was observed for Caco-2 based scaling (45% and 5%). However, the
lowest incidence of FN and highest TP was observed using physicochemical based scaling
(3% and 43%).

Improved correlations (R?=0.40 and 0.43 for physicochemical and Caco-2 based scaling)
were observed correcting estimates of Fg for estimates of Fa (Figure 3-7). Estimates of in
vitro Fa.Fg were within 2-fold for 65% and 73% of compounds for physicochemical and
Caco-2 based estimates respectively Table 3-13. Observed CV in Fa.Fg estimates using
combined data from in house pools using was 32% and 31% for physicochemical and

Caco-2 based estimates, respectively.

Overprediction of Fa.Fg for Caco-2 based scaling was observed for atorvastatin and
irbesartan. Underprediction was observed for raloxifene, saquinavir, and tacrolimus.
Predictions within 2-fold for compounds with in vivo Fa.Fg<0.5 were 42% and 45% for
physicochemical and Caco-2 based scaling. Rmse was 0.43 and 0.38 for physicochemical

and Caco-2 respectively.

Incorporation of Fa to estimates of Fg improved furosemide and pirenzepine prediction and
changed classification from a FN to TP. No improvement was observed for irbesartan. In
both correlations, atorvastatin was better predicted using permeability/Qgq.: based on
physicochemical properties. Predictions based on compounds physicochemical properties
resulted in poor success for cyclosporine, sildenafil, tacrolimus and pirenzepine. Improved
prediction success was observed when Caco-2 data was incorporated for these compounds,
however tacrolimus was poorly predicted using both scaling methods. Buspirone

prediction was poor using Caco-2 based scaling.

Overall TN classification was higher using Caco-2 vs. physicochemical based scaling (41%
vs. 35%). However, incidence of TP for Caco-2 based scaling was 41% vs. 48% for
physiochemical based scaling (Table 3-10). Overall TN and TP classification was high,
with 82% prediction success and 83% in Caco-2 and physiochemical scaling methods,
respectively.

Page 108 of 258



Table 3-9 Summary of mean Fg values determined in house and commercial rat
intestinal microsomes using Qgut based on either physiochemical and Caco-2 based

permeability estimates

Compound Physicochemical Fg Caco-2 F¢
Study # Name In house®  Commercial® In house®  Commercial®
1 7-Hydroxycoumarin 0.20 £0.10 0.15+0.01 0.25+0.11 0.19 £0.01
2 Amitriptyline 0.81+0.07 0.80 +0.08 0.62 +0.10  0.60 +0.13
3 Atorvastatin 0.34 +0.04 0.91+0.01
4 Bisporolol 0.90 £0.09 0.90 £0.09
5 Bumetanide 0.41 +0.29 0.73 +0.23
6 Buspirone 0.42 +0.10 0.60 +0.10
8 Cyclosporine A 0.00 +0.00 0.00 +0.00 0.65+0.15  0.87 +0.15
9 Diclofenac 0.97 +0.06 0.85 +0.03 0.99 +0.03  0.94 +0.01
10 Diltiazem 0.72 +0.08 0.55 +0.10
13 Furosemide 0.69 £0.29 0.70 £0.29
14 Indomethacin 0.96 +0.02 0.93 +0.04
15 Ipriflavone 0.15 +0.09 0.55 +0.16 0.13 +0.08 0.50 £017
16 Irbesartan 0.47 +0.09 0.65 +0.08 0.52 +0.09  0.69 +0.08
17 Losartan 0.42 +0.02 0.65 +0.21 0.39 +0.02  0.63 +0.22
18 Midazolam 0.80 +0.08 0.87 +0.06 0.72+0.10  0.81 +0.08
19 Nicardipine 0.01 +0.01 0.02 +0.00 0.02+0.01  0.05+0.01
21 Omeprazole 0.43 £0.05 NV
22 Pirenzepine 0.93 +0.08 0.63 £0.30
23 Raloxifene 0.02 +0.01 0.02 +0.00 0.02+0.01  0.02 +0.00
24 Saquinavir 0.00 £0.00 0.00 £0.00
25 Sildenafil 0.47 +0.07 0.73 +0.06
26 Simvastatin 0.61 £0.21 0.56 £0.21
27 Tacrolimus 0.00 +0.00 0.13 +0.07
28 Terfenadine 0.00 +0.00 0.00 +0.00
29 Verapamil 0.66 +0.13 0.90 +0.02 0.51+0.13  0.82 +0.04

a: Mean and Stdev of 2 pools, n=3 in duplicate, b: Mean and Std n=3 in duplicate, NV: no
value

Incidence of correct and incorrect Fa.Fg estimation based on stricter prediction critera
plotted on Figure 3-7 are shown in Table 3-11. For phyiscochemical based scaling, correct
catergorisation of Fa.Fg <3 was 30%, Fa.Fg, 03.07 Wwas 4% and Fa.Fg <7 was 26% (Total
correct 61%). Incorrect catergorisation was 13% in each case. For Caco-2 based scaling,
total correct catergorisation was 68%, with 32,14 and 23% for Fa.Fg <03, Fa.Fg, 03-07 and

Fa.Fg <07, respectively.
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Figure 3-6  Comparison of in vivo Fa.Fg vs. predicted Fg from in vitro CLj,, from
in house rat intestinal microsomes and permeability data based on either
physicochemical (A) Caco-2 (B) data.

Compound numbers relate to Table 3-9. Data represents mean of two in house pools.
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Figure 3-7  Comparison of in vivo Fa.Fg vs. predicted Fa.Fg from in vitro CLq
from in house rat intestinal microsomes and permeability data based on either
physicochemical (A) Caco-2 (B) data.

Compound numbers relate to Table 3-9. Data represents mean and Stdev of two in house
pools.

Page 111 of 258



Table 3-10  Incidence of low Fg categorisation using either predicted F¢ or
predicted Fa.Fg vs. observed Fa.FG using metabolism data and either

physicochemical or Caco-2 based scaling methodologies.

Fc Fa.Fg
Physicochemical Caco-2 Physicochemical Caco-2
Class N % Class N % Class N % Class N %
TP 10 43% TP 6 27% TP 11 48% TP 9 41%
TN 7 30% TN 10 45% TN 8 35% TN 9 41%
FP 4 1% FP 1 5% FP 3 13% FP 2 9%
FN 2 9% FN 5 23% FN 1 4% FN 2 9%

In all the cases CLin, Was obtained using in house rat intestinal microsomes, as listed in
Table 3-6.Values of Qg and Fa used are as listed in Table 3-7.

Table 3-11  Incidence of Fa.Fg <3, Fa.Fg03-07 and Fa.Fg >07 correct and incorrect
categorisation for predicted and observed Fa.Fg using metabolism data and either
physicochemical or Caco-2 based scaling methodologies.

Fa.Fg
Physicochemical Caco-2
Correct Incorrect Correct Incorrect
Fa.Fg <03 7 30% 3 13% Fa.Fc <03 7 32% 2 9%
Fa.Fc 0307 1 4% 3 13% Fa.Fc o307 3 14% 1 5%
Fa.Fc>07 6 26% 3 13% Fa.Fc>o07 5 23% 4  18%
Y 23 14 61% 9 41% 22 15 68% 7 32%

Prediction accuracy based on the ratio of observed/predicted clearance for Fa.Fg estimated
demonstrated 73% of compounds within 2 fold for Caco-2 based estimates, and 57% for
physicochemical estimates (Figure 3-8). Improved predictions using Caco-2 approaces
were seen for pirenzepine, buspirone, cyclosporine, bumetamide and sildenafil, and worse
for atorvastatin.Worst estimates in both stratergies were seen for raloxifene, saquinavir,

nicardipine and tacrolimus.
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3.4.4.4. Estimates of Fg for in house vs. commercial pools
Estimates of Fg for in house and commercial microsomes based on Caco-2 and
physicochemical Qg predictions are shown in Table 3-9. Estimates ranged from 0.02 for
raloxifene in both Caco-2 and physicochemical based estimates, and 0.86 (verapamil) and
0.92 (diclofenac) in Caco-2 based scaling strategies. Comparative plots of in vivo and
predicted Fa.Fg to display prediction success in both intestinal microsome pools are shown
in Figure 3-9. Poor prediction was observed for both sets of microsomes for irbesartan,
however a worse prediction for ipriflavone was observed in commercial microsomes. TP

and TN classed compounds were well predicted in both sets of microsomes.

Characterisation of prediction success on the basis of low Fg is shown in Table 3-12.
Improved incidence of TP was observed in physicochemical based permeability
approaches using in house microsomes (56% vs. 22%). Incidence of TN and TP was

improved for commercial microsomes using Caco-2 based permeabilities.

Prediction of bias for Fa.Fg is displayed in Table 3-14. Estimates for compounds with high
intestinal extraction (Fa.Fg<0.5) was high for in house microsomes compared to
commercial microsomes. Using commercial microsomes, the greatest prediction accuracy
slightly improved using physicochemical vs. Caco-2 based scaling strategies (rmse 0.30 vs.
0.33, gmfe 2.31 vs. 3.57). For both set of microsomes, however, increased correlation was

observed using Caco-2 based permeability estimates.
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Compound numbers relate to Table 3-9.
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Table 3-12  Incidence of low Fg categorisation using predicted Fa.Fg vs. in vivo
Fa.Fg for in house and commercial rat intestinal microsomes

Physiochemical Caco-2
In house Commercial In house Commercial
Class N % Class N % Class N % Class N %
TP 5 56% TP 2 22% TP 4 44% TP 3 33%
TN 3 33% TN 3 33% TN 4 44% TN 4 44%
FP 1 11% FP 1 11% FP 0 0% FP 0 0%
FN 0 0% FN 3 33% FN 1 11% FN 2 22%
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Table 3-13  Description of bias (gmfe), rmse and percentage within 2-fold of unity for predictions of Fa.Fg and Fg for either total set
of drugs or for a subset of drugs for which in vivo Fs<0.5 for both Caco-2 and physicochemical based scaling strategies.

Fs Fa.Fg

Physicochemical Caco-2 Physicochemical Caco-2
n 23 n 22 n 23 n 22
>2-fold (%) 35 >2-fold (%) 41 >2-fold (%) 35 >2-fold (%) 27
<2-fold (%) 65 <2-fold (%) 59 <2-fold (%) 65 <2-fold (%) 73
gmfe 0.78 gmfe 1.04 gmfe 0.25 gmfe 0.94
rmse 0.34 rmse 0.34 rmse 0.35 rmse 0.30
Fs<0.5 n 13 Fa.Fs<0.5 n 12 Fa.Fs<0.5 n 12 Fa.Fg<0.5 n 11
>2-fold (%) 54 >2-fold (%) 58 >2-fold (%) 58 >2-fold (%) 55
<2-fold (%) 46 <2-fold (%) 42 <2-fold (%) 42 <2-fold (%) 45
gmfe 1.11 gmfe 1.93 gmfe 0.22 gmfe 0.89
rmse 0.39 rmse 0.37 rmse 0.43 rmse 0.38

gmfe: geometric fold error, rmse: root mean squared error

Table 3-14  Description of bias (gmfe), rmse and percentage within 2-fold of unity for predictions of the Fa.Fg compounds screened in
both commercial and in house intestinal microsome for both Caco-2 and physicochemical based scaling strategies.

Physiochemical Caco-2
In house Commercial In house Commercial

n 10 n 10 n 10 n 10

>2-fold (%) 30 >2-fold (%) 60 >2-fold (%) 30 >2-fold (%) 40
<2-fold (%) 70 <2-fold (%) 40 <2-fold (%) 70 <2-fold (%) 60
gmfe 0.29 gmfe  0.85 gmfe 1.19 gmfe 1.82

rmse 0.29 rmse 0.34 rmse 0.25 rmse 0.28

Fa.F¢<0.5 n 6 Fa.F¢<0.5 n 6 Fa.F¢<0.5 n 5 Fa.F¢<0.5 n 5

>2-fold (%) 33 >2-fold (%) 83 >2-fold (%) 60 >2-fold (%) 80
<2-fold (%) 67 <2-fold (%) 17 <2-fold (%) 40 <2-fold (%) 20
gmfe 1.18 gmfe 2.33 gmfe 1.82 gmfe 3.59

rmse 0.22 rmse 0.30 rmse 0.21 rmse 0.33
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3.5. Discussion

3.5.3. Microsomal pool characterisation

Microsomes were prepared to create 2 pools in order to determine reproducibility of the
elution method, and furthermore make estimates of rat intestinal metabolism. Comparing
Pool 2 prepared using identical techniques to Pool 1, a lower recovery but higher scalar
were observed, but these results were not statistically significant. A similar mucosal yield
could be achieved through scraping intestinal tissue gently using a glass microscope slide.
However the use of frozen rat intestinal tissue resulted in a larger mucosal yield. When
flushed, unlike fresh tissue, the intestine was easily striped of its mucosa. This may in part
be down to the simple tube like structure of the intestine which, unlike human tissue, is not
folded (Kararli, 1995; DeSesso and Jacobson, 2001).

Mean CYP content was 2-fold lower in pool 2 vs. pool 1 when measured fresh. Pool 1
however showed a 39% reduction on CYP content following one FT cycle. Subsequent FT
cycles showed no further decrease suggesting that the CYP was stable following the initial
freezing. Interestingly, in frozen tissue, when microsomes were measured on the day of
preparation the CYP levels were similar across the FT samples, suggesting that any

reduction of CYP occurs following the first freezing of either tissue or microsomes.

A fall in specific CYP content following freezing was not matched by any significant
reductions in testosterone metabolite formations in pool 2. The main metabolites observed
were 6f-, 16a-, 163-OH TEST and androstenedione. These represented the activities of
CYP3ALl, and CYP2B. No peaks were observed for 2a- or 6a-OH TEST suggesting that
little/no 2C11 or 2A1 content was present. This was different to previous results observed
in Sprague Dawley rats where 60-OH TEST formation was high (Sohlenius-Sternbeck and
Orzechowski, 2004). Interestingly in commercial SD microsomes, 2a-OH TEST or 6a-OH
TEST formation was not observed, however the highest 16a-OH TEST was seen possibly
indicating a role of CYP2C11. Intestinal CYP2A1 is not detected at an mRNA level in
Wistar rats (Zhang et al., 1996), and CYP2C11 is not reported to have any protein
expression (Mitschke et al., 2008). However, CYP2B is a major enzyme expressed in
Wistar rat intestines, accounting for the majority of CYP expression (Fasco et al., 1993;
Zhang et al., 1996; Mitschke et al., 2008). Androsteinedione was also the major metabolite
observed in all microsomes studied; suggesting CYP3A was is not the dominant route of

metabolism in the rat intestine. 63-OH TEST formation in HW rat intestinal microsomes
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prepared by elution microsomes was slightly below previous reports (268.7 £0), however
this is likely due to the shorter length of intestine used (30cm) and the reported decreasing
CYP3A content in the rat small intestine (Zhang et al., 1996; Mitschke et al., 2008). In line
with previous reports using microsomes prepared through scraping of the intestinal tissue,
the lowest activity in CYP3A (6p-OH TEST formation) was observed (Mohri and Uesawa,
2001; Galetin and Houston, 2006).

The rate of 4-NP glucuronidation was also low in microsomes prepared through scraping
compared to elution’s from fresh tissue. No reduction in activity was observed in
glucuronidation activities using fresh or FT microsomes. Glucuronidation was however 10
fold higher than previously reported (7.00 £0.81nmol/min/mg) (Mohri and Uesawa, 2001).
Glucuronidation was lowest in microsomes prepared from frozen tissue, and therefore may
be a result of the increased mucosal tissue in the initial enterocyte elution procedure,

similar to observations in scraped microsomes.

3.5.4. Rat intestinal pool clearance
Compounds selected for screening represented a diverse range of metabolism pathways
and expected intestinal metabolism. The impact of 2% albumin has been reported to
improve extrapolation of UGT metabolism by reducing enzyme specific competitive
inhibition of glucuronidation clearance by free fatty acids (FFA), which are released from
microsomal membranes during incubation (Rowland et al., 2008). However in the one
occasion this was trialed in rat intestinal microsomes, no metabolism was observed,
suggesting that protein binding was potentially limiting metabolism, and was not included
for subsequent deleption experiments. When comparing rat intestinal pools, similar
measures of unbound intrinsic clearance were observed for matched compounds, and a
strong correlation was observed between the pools (R?= 0.998, p<0.001), with 61% of
compounds within 2-fold. The poorest correlation was observed for compounds with a
CLintuy <10pl/min/mg. This however most likely represents the reduced sensitivity of
depletion for compounds with a low rate of metabolism (requirement for at least 20% of

substrate metabolism) (Jones and Houston, 2004).

A positive but weaker correlation (R*= 0.773, p<0.001) was observed between mean CLiny
and CL;n;, determined from commercial microsomes. Of the smaller subset of 11 compounds,

6 showed increased metabolism for in house microsomes. Of these compounds, 50% undergo

CYP1A2 metabolism to some extent (pirenzepine, ipriflavone and nicardipine). It was not possible
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to determine if this was CYPL1AZ2 related as no testosterone metabolite is selective for this enzyme.

Good correlation was observed for midazolam, amitriptyline, 7-HC and raloxifene.

Microsomal yields were low from intestinal tissue, and as a way of maximising their
potential for screening of compounds, a combination of CYP and UGT cofactors were
utilised. As a way of validation of the use of combined cofactors, these were compared to
the individual CYP and UGT cofactors as per Kilford et al (2009), in the absence of 2%
bovine serum albumin. Eight compounds were screened in commercial microsomes using
both incubation techniques. The additive CLiy. Were strongly correlated (R?*=0.966,
p<0.001), with only amitriptyline outside 2-fold suggesting no limitations to the use of
combined cofactors in intestinal microsomes as observed previously (Kilford et al., 2009).
Indeed, the advantage of combination of cofactors was highlighted in the case of
amitryptiline, where a significant reduction in CLi, was observed using individual vs.
combined cofactors (8.3 vs. 23.8 pl/min/mg microsomal protein), suggestive of sequential

phase | and phase Il metabolism .

3.5.5. Invitro Fg determination
Estimates of Fg using microsomal metabolism data and either Caco-2 or physicochemical
based scaling strategies were similar. The worst estimates in physicochemical based
scaling was observed for compounds which had a PSA >100A (e.g. cyclosporine,
tacrolimus, sildenafil and pirenzepine.) This is likely to be related to the lack of
compounds with PSA >100A in the original study dataset from which the relationship to in
Vivo Pesr was made (Winiwarter et al., 1998; Gertz et al., 2010). As a result, the prediction
for these compounds was improved when Caco-2 data was used to make estimates of

CLperm. Estimates were however made worse for atorvastatin.

As expected, when comparing estimates of intestinal metabolism to measured Fa.Fg
values, the highest prediction accuracy was seen when Fg was corrected for predicted
intestinal absorption (Fa.Fg), with an increase in incidence of TP from 27% to 41% for
Caco-2 based scaling. Correlations were also stronger for both Caco-2 and
physicochemical based methods. For Caco-2 and physicochemical based scaling, 73% and
65% of compounds were within 2-fold of in vivo values for the whole data set, however
this was reduced when considering high extraction compounds (in vivo Fa.Fs<0.5), where
compounds under 2-fold were 45% and 42% respectively. Description of bias (gmfe) was

0.89 and 0.22 for Caco-2 and physicochemical based scaling for compounds with an in
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vivo Fa.Fg<0.5. Rmse was 0.38 and 0.43 respectively. Overall TN and TP classification
was high, with 82% prediction success and 83% in Caco-2 and physiochemical scaling

methods, respectively.

When assess using more constrained Fa.Fg boundaries, the overall success of Caco-2 based
scaling was highlighted with an increased correct catergorisation (68% Vvs.61%).
Furthermore, low and middle range Fa.Fg compounds showed the most improved
predictions (32% and 13% vs. 30% and 4%). Prediction accuracy was also assessed by
comparing the ratio of obereved/predicted vs.observed clearance. Again, improved
accuracy was observed for Caco-2 scaling (73% vs.55% within 2 fold).

Overprediction of Fa.Fg for Caco-2 based scaling was observed for atorvastatin,
nicardipine and irbesartan. Underprediction was observed for raloxifene, saquinavir, and
tacrolimus. However, given that raloxifene and saquinavir are highly protein bound
compounds, a small error in measured fui,. can subsequently affect the determined CLinty
(Gertz et al., 2010). The mean CV of Fg was 32% between the two pools. However,
interestingly, the CV for compounds with a fuj,; <0.3 was 46%. For compounds with a fuinc
>0.3, the CV was lower (25%). Furthermore, raloxifene and saquinavir display low

solubility (<10uM, Appendix Table 7-7) and may drive the higher Fg observed in vivo.

Classification of compounds based on low Fg prediction indicated a higher incidence of TP
using physicochemical based permeability estimates, and a higher success of TN for Caco-
2 based scaling. The reason for this observation may be 2-fold. FP in physicochemical
permeability estimates may in part be related to the previously described limitations of
estimating permeabilities for compounds with a PSA >100A using the described formula.
Secondly, the lower incidence of Caco-2 TP success may be in part down to the species
differences in Pess between rat and human, in light of the relationship being derived based
on observed human Ps. Although, rat absorption has been described as a good predictor of
human absorption (Zhao et al., 2003; Cao et al., 2006), it is likely that species differences
may contribute to differences in the actual observed rat Pe. However, utilisation of a
reported relationship between human Pes and rat Per significantly reduced prediction

accuracies in this investigation (Zakeri-Milani et al., 2007).

Best practice for Pesr estimation from Caco-2 data would be to incorporate Py, data derived
in the presence of transport inhibitors in order to obtain an intrinsic permeability. This

would therefore remove any transporter mediated transport effects and provide a “best
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case” scenario in terms of Fa and CLyerm, and allow improved Pes extrapolations since this
would negate differences between transport expression (e.g. P-pg) in cell lines between
laboratories, and furthermore between species. Data was produced in house for some
compounds studied, especially for the P-pg substrates saquinavir, raloxifene and
furosemide, where up to 4 fold differences in P, were observed (Appendix Table 7-7).
However, incorporation of this data did not improve estimates of Fa.Fg for these
compounds since these estimates were already well predicted and in vivo Fa.Fg was very
low (<0.25). Conversely, for compounds with a higher F¢ (e.g. terfenadine and indinavir in
human) (Gertz et al., 2011) improved predictions using a PBPK approach have been
observed for these class of compounds P-pg transported compounds, suggesting that a
more dynamic PBPK model is better suited rather than the static Qg model to incorporate
transporter effects. Tacrolimus is a P-pg substrate and was very poorly predicted using all
scaling attempts (FN). It is likely that improved prediction in the rat may be observed using

a PBPK approach since the in vivo Fg was high (0.63).

For terfenadine, given the substantial metabolism which was observed in intestinal
microsomes, this compound in vivo Fa.Fg estimate was reclassified to 0.00, as it is likely
that this was instead a miscalculation of the in vivo intestinal component based on the high
hepatic clearance of this compound. This reflected the limitations in using the in vivo

indirect method employed in this study to estimate the metabolic intestinal component.

Estimates of the in vivo contribution of the intestine to oral bioavailability were made using
indirect measures of i.v. clearance and oral bioavailability. Low doses were selected in
order to minimise saturation of intestinal enzymes (Lin et al., 1999). Measures of Fg are
often described by indirect measures of intestinal metabolism by comparing i.v. clearance
and p.o. F. However, there are several assumptions, for example negligible metabolism
occurring in enterocytes after i.v. administration and that systemic clearance of a drug after
I.v. dose (corrected for renal excretion) reflects only hepatic elimination (Ey). The validity
of this assessment has been proved to be invalid for certain compounds where enterocytic
contribution has been observed following i.v. administration, e.g. midazolam (Galetin et
al., 2010). Furthermore, using this indirect method, estimates of intestinal metabolism are

sensitive to the value hepatic blood flow used (Kadono et al., 2010).

In this study, for a number of compounds, e.g. terfenidine (as discussed above), bisoprolol,
sildenafil and midazolam, the exact intestinal contribution was masked by the estimated
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hepatic component. In some cases where the intestinal component was not determined, an
alternative literature references were selected. For example, in the case of midazolam, the
Fc based on portal vein cannulation was utilised (Murakami et al., 2003; Kuze et al.,
2009). The use of the more labour intensive cannulation of portal vein can more accurately
account for intestinal metabolism by sampling at the site following absorption and passage
through enterocytes, before reaching the liver (Murakami et al., 2003; Kuze et al., 2009;
Matsuda et al., 2012). However, the requirements for this specialised procedure, and
ethical limitations around these techniques precluded the use of these methods in this

study.

In agreement with other estimates of midazolam F¢ using indirect methods available in the
literature, the apparent midazolam contribution is calculated as Fg=1. However, utilisation
of cannulation techniques reveal the intestinal contribution to be Fs=0.72 (Kuze et al.,
2009; Matsuda et al., 2012). As well as for midazolam, successful applications of this
method have been demonstrated in the literature for other compounds, e.g. indomethacin
and raloxifene (Kuze et al., 2009; Matsuda et al., 2012). Interestingly, estimates of
indomethacin and raloxifene were similar to those derived from cannulation based
methods, most likely due to the low hepatic contributions which prevent the masking of the
intestinal component. As with the indirect measures, no mass balance was available to
determine Fa, and as such the in vivo intestinal component is represented in this report by

the dual parameter Fa.Fg.

Atorvastatin was poorly predicted using Caco-2 based scaling strategies. Whilst the hepatic
component for this compound was significant, it was not a limitation to the estimation of
the hepatic component in this case. The solubility of atorvastatin compound is high
(Lennernas, 2003) (confirmed using in house solubility studies, Appendix Table 7-7), and
given the administration of the oral formulation in solution, and the precipitation test at
lower pH therefore limit the possibility for reduced in vivo absorption as a result of
precipitation. However, the in vitro estimate of Caco-2 Pes (3.1 x10™ cm/s) was 8 fold
higher than what has been reported previously in the rat (0.4 x10™“ cm/s) (Mandal et al.,
2010). Using this estimate, Fg was 0.64 and Fa.Fg 0.35, which was improved but still
outside 2-fold. It was difficult to determine in vivo Fa.Fg for irbesartan since this drug

showed enterohepatic recycling in the rat in line with previous reports (Davi et al., 2000).
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Using a smaller data set of compounds, the prediction accuracy was increased; however
this is biased as these compounds were selected for comparison to commercial on the basis
of their relative prediction success. However, when comparing estimates, gmfe for low in
vivo Fa.Fg (<0.5) commercial microsomes was increased to 3.57 and 2.31 in Caco-2 and
physicochemical based scaling for compounds respectively. A reduction in TP and increase
in FN classifications were observed using commercial microsomes using physicochemical
based permeability estimation vs. in house microsomes. Although no change using the
Caco-2 based approach was observed, there was an increase in borderline cases (e.g.
ipriflavone and losartan). As a result, care should be taken when using scaling factors
which have not been characterised to the microsomal pool under investigation.
Furthermore, this may reflect differences in metabolic enzymes present between
commercial and in house prepared intestinal microsomes. This may be due to differences
in preparation in which the protection of enzymes is different. For example, in human,
scrapping has been reported to result in a more detrimental effect on CYP2C19 activity and
a modest effect on CYP3A4, whilst CYP2C9 and CYP2D6 substrates show comparible
activites to elution prepared microsomes (Galetin and Houston, 2006). Reductions in UGT
activites have also been shown using different preparation methods (Mohri and Uesawa,
2001). In this study, as discussed previously, whilst CYP3A 6B-OH TEST activity was
similar to in house activity, there was a reduced androsteinedione (CYP2C and CYP2B)
and 4-NP gluc (UGT) activities in commercial microsomes. Alternatively this may be
influenced by environmental factors, e.g. diet, since this can influence enzyme expression
in the intestine through induction or inhibition (Hoensch et al., 1976). In the case of the

Xenotech commercial microsomes, UGT activites were similar for both strains.

The worst prediction was seen for ipriflavone and irbesartan, and this corresponded to
lower CLiq, activity when compared to in house pools. Therefore, this may indicate
metabolic differences in active enzymes between the microsomes rather than issues with
scalars. Both undergo CYP and UGT metabolism. Ipriflavone undergoes CYP3A and
CYP2C mediated metabolism (Moon et al., 2007), Irbesartan also undergoes CYP2C
metabolism, however, the major clearance pathway for the rat as was observed in
commercial microsomes is UGT metabolism (Perrier et al., 1994; Moon et al., 1998).
Furthermore formation of the CYP2C metabolite 16a-OH TEST was not significantly
different between in house and commercial Wistar microsomes. UGT clearance was

however was lower in commercial microsomes by 86% for ipriflavone and 55% for
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irbesartan. The rate of 4-NP glucuronidation was 79% (21% reduced) to in house
microsomes, however since this is a major substrate for UGT1A6 (Hanioka et al., 2001a)
this does not represent the full complement of UGT enzymes. Irbesartan is glucuronidated
predominantly by UGT1A3 (Perrier et al., 1994). The UGT enzymes involved in the

ipriflavone glucuronidation pathway have not been reported.

3.6. Conclusions

Two pools of rat intestinal microsomes were prepared using the optimised methodology
and showed good reproducibility in terms of enzyme activities for both CYP and UGT
metabolism. Testosterone hydroxylation highlighted major enzyme pathways of CYP2B
and CYP3A in the rat. Glucuronidation is also a major elimination pathway. Activities
from scraping or frozen tissues were lowest. Frozen tissue in the rat may have limited use
due to the simple structure of the tissue meaning it does not remain stable. Coincubation
was shown to provide equal results to individual phase | and phase Il cofactor incubations,
and was beneficial in cases of sequential metabolism (e.g. amitriptyline). Scaling
approaches of in house CLinty Using Caco-2 Qg approaches provided improved estimates
of rat intestinal contribution over physicochemical approaches. Prediction accuracy based
on the ratio of observed/predicted clearance for Fa.Fg estimated demonstrated 73% of
compounds within 2 fold for Caco-2 based estimates, and 57% for physicochemical
estimates. Prediction accuracy based on correct allocation Fa.Fs<0.3, 0.31-0.7 and >0.7
showed 61% and 68% accuracy for physicochemical and Caco-2 based estimates. Scaling
of commercial microsomal using in house scalars data was generally worse than in house
metabolism scaling. However this may be due to differences in metabolic enzymes present.
For example, this may be due to differences in preparation, or due to environmental
factors, e.g. diet. Each pool should therefore be characterised using its own set of markers
(both phase I and phase II).
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4. Scaling factors for intestinal metabolism in dogs: Examining
interindividual and regional variability, and correlations to hepatic
scaling factors
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4.1. Introduction

The beagle dog is a regulatory and industrially established preclinical species routinely
used in both toxicity studies through chronic dosing, but also as a tool for making
assessments of pharmacokinetic performance of drugs within drug research and
development programs. In vitro screening may be performed on a large array of drugs
using hepatic microsomes or hepatocytes to drive pre-clinical drug development (Smith et
al., 2008). Microsomal protein per gram liver (MPPGL) scalars for dog hepatic metabolism
have previously been reported where correction for losses have been applied (Baarnhielm
et al., 1986; Smith et al., 2008), with values of 43 and 55 (48-62) mg/g liver respectively.
Most recently values of 43.5 and 67.5mg/g liver have been reported from frozen livers
(Heikkinen et al., 2012).

At the onset of this project, no known scalars for dog intestine were available. However,
recently, corrected regional scalars have also been published (Heikkinen et al., 2012).
Regional expression of microsomal protein appears to peak in the middle of the intestine,
and shows a general decline distally Figure 4-1. Similar distributions are observed for
CYP3A12 and CYP2B11 protein expression and activities. However, knowledge of the

dog intestine is limited to one study using 4 dogs.
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Figure 4-1  Reported regional distributions (% of peak) for MPPGI (@), CYP3A12
content expressed per mg of microsomal protein(*), CYP3A12 abundance per gram
of tissue (-), activity towards the probe substrate temazepam per mg of microsomal
protein (®) and per gram of tissue (-). Data from (Heikkinen et al., 2012). n=4.
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The dog intestine is relatively short and simple with minimal visible differentiation
between segments (Kararli, 1995). In the dog small intestine, the duodenum is reported to
comprise the proximal 25 cm and ileum the final 15cm, with the remainder described as
jejunum (Kararli, 1995). However, given the length of the beagle intestine relative to rat,
and its similarities to that of the human gastrointestinal tract in terms of folded structure
(Kararli, 1995), the dog presents an opportunity for observation of regional trends in both

intestinal scalars and activity.

4.2. Aims

The primary aims of this chapter are to derive scalars for intestinal and hepatic tissue for
both male and female dogs, and based on donor availability to utilise the female dog to
characterise regional differences in scalars. The secondary aims are to assess differences in
metabolic activity between liver and intestine and also within intestinal regions using
specific probes. Rate of formation probes (CYP — 6B-OH TEST; UGT — 4-NP gluc), as
well as screening a broad range of compounds using combined CYP and UGT cofactors
and a substrate depletion approach. In vitro-in vivo extrapolation of generated CLiy, data
will be performed using defined scalars to predict Eg and E4. Comparison to in vivo
measures of Ey and Eg will also be discussed.
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4.3. Materials and Methods

4.3.1. Dog microsomal preparation
Male (47 £2 months, 13.9 £2.8 kg) and female (104 £20 months, 12.6 +2.6 kg) beagle
dogs deemed surplus to further project use were euthanised by overdose of i.v.
phenobarbital. Death was confirmed by exsanguination and draining of the jugular arteries.
Dog small intestine was collected whole, and split into six equal segments circa 60cm in
length and flushed. Segment chosen for isolation was placed in 750ml polypropylene bottle
(Sovril, #75006443) for microsome isolation. Dog intestinal microsomes where prepared
from fresh tissue following the method described for rat intestinal microsomes (Chapter
2). The only exception was that elution’s were carried out over 30 minutes instead of 20
minutes to account for the increased trapping of enterocytes in the folded intestinal
structure. At the same time, both livers and kidneys were harvested from the donors. The
liver was weighed, and weighted tissue samples taken (three from the largest left lateral
lobe, and on occasion two from the smallest quadrate lobe) and frozen. Liver microsomes
were only prepared from the large left lateral lobe. Kidneys were processed and are subject

to a separate PhD investigation (Daniel Scotcher, CAPKR).

Dog liver microsomes were only prepared from the dog donors from which intestinal
segment 1 was used (3 male and 3 female dogs). Tissue samples from the same donor were
prepared on two separate occasions using different operators in order to assess the impact
of inter-day and inter-operator variability. Weighted liver samples were finely chopped
with scissors and homogenised using a hand held bladed tissue homogeniser (Omni, GA,
USA). Homogenates were further homogenised using a motorised potter, 30W sonication
and subject to ultracentrifugation as previously described for rat intestinal microsome
preparation (Chapter 2).

4.3.2. Determination of dog microsomal liver and intestinal scalars
MPPGL and MPPGI were determined using measures of CYP content, and 68-OH TEST
and 4-NP gluc formation activity markers for correction for losses expoeriments in freshly
prepared dog intestinal homogenate and microsomes. Asseays were performed as
described previously using RIM (Section 3.3.2 and Section 3.3.3), except that homogenate
was also screened for activity. Concentrations of 2 mg/ml were used for analysis of
homogenate and microsomal CYP content. For CYP and UGT ROF experiments, intestinal

homogenates and microsomes were incubated at 1mg/ml. Liver homogenates and

Page 129 of 258



microsome incubations were undertaken at protein concentrations of 0.5mg/ml. The
cofactors and starting concentrations of testosterone and 4-NP were the same as described
in rat microsomes. However, in both cases samples were taken at 2.5, 5, 10, and 20
minutes. Linearity was observed up to 10 minutes. The calculation of recovery for ROF
experiments was based on the maximal observed rate of formation in the homogenate or
microsome matrix (Equation 4-1). Calculation of the recovery factor was similar to
calculation based on CYP concentrations (Equation 4-2). Calculation of MPPGI, MPPGM
and MPPcm were made using the derived recovery factors as applied previously
(Equation 2-3 to Equation 2-5).

__ AConcentration

Equation 4-1 ROF 1ax matrix =

Time
Where matrix is either homogenate or microsomal protein and AConcentration is

under zero order conditions.

Equation 4-2

ROF 1qx.mic Xmg Proteing;.~ " x total mg Protein;.

Recovery Factor = , =1 ,
ROF max,nom Xmg Proteinpo, ~ X total mg Proteinpom

4.3.3. Dog microsome intrinsic clearance and microsomal binding

Individual CL;,; experiments were carried out in DIM and DLM for matched segment 1 and
liver donors on 3 occasions in duplicate. Segments 2, 3 and segment 6 prepared
microsomes were respectively pooled and screened in duplicate on 2 occasions in order to
assess regional metabolism contribution. Cofactor and substrate concentrations were the
same as in RIM (Section 3.2.4.2). Incubation times were 30 minutes. The compounds
used, and their MS transitions are shown in Appendix Table 7-5. Representative depletion
profiles for each compound in DIM and DLM are shown in Appendix Figure 7-2 and
Appendix Figure 7-3. Control CL;y incubations were also performed for each drug in
DLM with no cofactor present to account for any potential cofactor independent loss of the
drug over the incubation time. Representative depletion profiles for each compound no
cofactor controls in DLM are also shown in Appendix Figure 7-2 and Appendix Figure
7-3.

Incubations were undertaken at protein concentrations of 1mg/ml and at compound

concentrations of 1uM. The fuij,c was determined at 1mg/ml for the complete set of
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compounds screened in the dog (Appendix Table 7-1) in DLM as described previously for
RIM (Section 3.3.4.6). Only selected compounds which had shown high binding in the rat
were tested for the extent of nonspecific binding in segment 1 DIM.

In order to assess relationships between liver and the intestinal activity, values of hepatic
and segment 1 CL;n, for CYP3A substrate compounds normalised for literature reported
CYP3A12 content (Heikkinen et al., 2012). Reported values for microsomal CYP3A12
content in male and female hepatic microsomes where 70.5, 128 pmol/mg, and intestinal
microsomes, 5.9 and 9.75 pmol/mg (n=2 per sex). Values of hepatic and segment 1 CLn,
for CYP3A substrate compounds were also normalised for mean testosterone 68-OH TEST

formation rates for male and female liver and intestinal microsomes.

4.3.4. Dog intestinal permeability and Fa

Papp t0 Pesr scaling from AZ in house Caco-2 data was made using an AZ in house derived
Papp t0 Per relationship as defined previously (Equation 3-11). Where Caco-2 data was
unavailable, values were derived from literature or alternatively from physicochemical
relationships (Equation 3-12). Physiological parameters used were the average length of
intestine from this study (Table 4-2) and an intestinal radius of 0.53cm (Pappenheimer,
1998) for scaling to values of CLperm (Equation 3-14). Qg estimation was made using
Equation 3-15. The value of Qyi;; was 5.61 I/h (Table 1-2).

Estimates of dog Fa were made using the relationship between small intestinal transit time
(Ts)), radius, and Peg (Yu and Amidon, 1999) (Equation 4-3). Small intestinal transit time
in the dog is estimated to be 1.85 hours (Dressman, 1986).

Equation 4-3 Fa = 1 — (1 + %)

4.3.5. Scaling of dog intestinal and hepatic extraction
Scaling of dog intestinal clearance was achieved the derived scaling factors (Equation
3-13). Predictions of Fg were made using the Qg model (Equation 3-16). Values of CLy
were estimated using the ‘well-stirred’ liver model (Equation 4-4) using measured hepatic
unbound intrinsic clearance (CLjnun) Observed in DLM , measures of fraction unbound in
the blood (fup) and a value of liver blood flow (Qy) of 42.5 I/h (55 ml/min/kg) (McEntee et
al., 1996; Taylor et al., 2007). Measures of fu, were made using measured of unbound in
the plasma (fup) (Section 4.3.6) and correcting for in house or literature in vivo Ry values

(Equation 4-5). Ey was calculated by normalising CLy by Qn (Equation 4-6).
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Equation 4-4 Cly = Qu+fpClintun
. = fup
Equation 4-5 fup =7~
b
Equation 4-6 Ey =22
QH

4.3.6. Fraction unbound in dog plasma
Measures of fu, were determined in 10% dog plasma by equilibrium dialysis. Plasma was
diluted in an isotonic solution of isotonic solution of 0.013M Potassium phosphate
monobasic (Sigma, #P0662), 0.075M NaCl, 0.054M Sodium phosphate dibasic (Sigma,
#255793), pH 7.4 and placed in donor wells 96-well Micro-Equilibrium Dialysis Device
HTD and dialysis membrane strips (12-14kDa molecular mass cut off). Acceptor wells
were loaded with isotonic solution. Compounds were incubated at 20uM compound
shaken for 18 hours at 37°C. Following incubation samples from both the acceptor and
donor sides of the membrane were transferred to 96 well plates and quenched in
acetonitrile containing internal standard AZ1. Sample preparation and LC-MS/MS
methods were the same as those for microsomal incubations. Calculation of fu, was the
same as calculation of fui,. using the ratio of acceptor and donor peaks, each respectively
normalised for internal standard (Equation 3-2).Measures of fu, were also made in rat

plasma.

4.3.7. Investigation of dog in vivo intestinal metabolism
Literature values of in vivo intestinal metabolism were limited for the compounds used in
this study, therefore estimates of in vivo Fg were made for a small number of compounds
using in house Beagle dogs. The difference in measures of fu, in the rat and dog were used
in order to generate estimates of plasma levels in the dog based on in house rat
pharmacokinetic data (Chapter 3) The i.v. doses were administered in n=2 dogs through
bolus administration. P.o. administration (n=2) was by oral gavage into the stomach. P.o.
doses were administered as solutions, and tested at 1:1 and 1:10 dilutions of 1M HCI for
observations of precipitation at low pH. Doses and formulations are shown in Table 4-1.
Blood samples were collected at t=5, 20, 40 minutes, 1.2, 3, 4, 6, 12 and 24 hours for i.v.
dosing. p.o. blood samples were taken at t=5, 10, 20, 40 minutes, 1, 2, 4, 6, 12 and 24

hours. Blood and plasma storage, preparation, and LC-MS/MS analysis was performed
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Table 4-1

Dose formulations and amounts for 10 drugs administered i.v. and p.o. to Beagle dogs

i.v. Dose p.o.
Salt Volume Volume

Compound i.v. Formulation p.o. Formulation MW MW  mg/kg pumol/kg ml/kg mg/kg umol/lkg  mil/kg

Buspirone®  Saline Propylene Glycol =~ 385.51 42197 0.78 2.00 2.00 1.57 4.00 2.00

Diltiazem®  Saline Propylene Glycol 41452  450.98  0.82 2.00 2.00 1.66 4.00 2.00
. ¢ 5% DMSO0:95% (25%wi/v

Ipriflavone Cyclodextrin:UPH20) Propylene Glycol 280.32  280.32 1.00 3.57 2.00 2.00 7.13 2.00

Losartan® Saline Propylene Glycol ~ 422.92 461 1.00 2.17 2.00 2.00 4.34 2.00

Midazolam®  Saline Propylene Glycol ~ 325.77  362.23  0.50 1.38 2.00 0.50 1.38 2.00

Nicardipine® Saline Propylene Glycol 47953 51599  1.03 2.00 2.00 2.06 4.00 2.00

. . 4 0.1% Tween 80; Citrate buffer

Pirenzepine 0.5%HPMC (pH5) 35141 376.72  3.00 8.54 2.00 3.00 8.837 2.00
0, . 0 . 0,

Raloxifene® Eﬁ’HDg/ISO' 35%TEG:60% Propylene Glycol 47359 510.04 1.02 2.00 2.00 2.04 4.00 2.00

2
Sildenafil® Saline Propylene Glycol 47458  666.71 1.00 1.50 2.00 2.00 3.00 2.00
Verapamil®  Saline Propylene Glycol ~ 454.61 55545  0.56 1.00 2.00 2.22 4.00 2.00

a:1 male and 1 female dog i.v. and p.o matched. , b: 2 male dogs i.v. and p.o matched, c: 2 male dogs i.v. and p.o, 1 dog matched, d: dosed as
part of a separate study, unknown sex of i.v., 3 male p.o.
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identically to the rat (Section 3.2.5). Estimates of i.v. systemic clearance (CL;,) and oral
bioavailability (F) were determined using Equation 3-5 and Equation 3-6 using i.v. and
p.o. vs. concentration data input into Pheonix Winnonlin v6.2. Ry, values were determined
using Equation 3-4. Estimates of Fy and Fa.Fg were made as described previously
(Equation 3-7 to Equation 3-9).

4.3.8. Physiologically based pharmacokinetic modelling on dog Fg

As a means of comparing the predictive power of Fg based on the Qg model to a dog
PBPK model, Simcyp v12 animal (Cetara, Sheffiled, UK) was used to make F¢ estimates.
Files were created for each compound using measures of Ry, fu,, determined as described
previously, and in house database values of logP, pKa, molecular weight. Compound
specific parameters are summarised in Appendix Table 7-7. Predicted Fa and Qgu
measures were input as estimated for the Qg model. In vivo measures of renal clearance
were included for each compound. DIM and regional DIM CL;,; metabolism was also
incorporated for each compound. It should be noted that to prevent a correction applied to
elution based DIM within the v.12 software, CLix was input as scraping prepared
microsomes. The model species was modified to include the measured liver and regional
intestinal scaling factors and mucosal (i.e. enterocyte) yields. An example input for
midazolam is included in Appendix Table 7-8.

4.3.9. Data analysis
Scatter plots of CLiy and Fg were complied in Matlab (2012a). Tests comparing means
using Student’s t-test to test for statistical significance at a level of 5% was applied using
SPSS Statistics version 20. Tests for bias and precision of estimated Fa.Fg (gmfe and rmse)
and qualitative zoning of predicted low Fg values were applied as described previously in
the rat (Chapter 3).
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4.4, Results

4.4.1. Male and female dog intestinal characteristics
Demographic data for the dogs utilised in this study is presented in Table 4-2 along with
information of liver and intestinal organ weights, and intestinal mucosal and homogenate
yields. The average length of intestine for male (n=3) and female (n=12) dogs were 392
+10 and 311 +41 cm respectively (p<0.01). Average small intestinal weights were 353 £51
and 294 +42 g for male and female dogs. Distribution of gut weight per cumulative length
of intestine is shown in Figure 4-2. In both male and females the highest weight per cm of
intestine was found in the proximal segment (duodenum), falling sharply to a baseline
value, until rising slightly in the distal ileum. Yield of mucosa showed no differences
between sex or regions, and ranged between 0.16 to 0.29 g/cm (Figure 4-3). Similar
observations were apparent in total protein homogenate yields, however mean segment 6
homogenate yield was 5.9 mg/cm, whereas proximal homogenate yields in segments 1-3

were 12.0 mg/cm (Figure 4-4).

2 R2=0.3728
1.8 - R2=0.4357

1_
N

> = /
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Cumulative length of small intestine (cm)

Figure 4-2  Intestinal weight as a function of cumulative length of beagle dog
intestine.
Male (Blue lines) n=3 and Female (Red lines) n=12.
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Table 4-2 Mean dog donor details for male (n=3) and female (n=12) dogs.
Mean Age Mean Liver Weight Mean Total Mean Total Intestine
Sex Mean Body Weight (kg) (months) (9) Intestine Weight % BW Length (cm)
Male 13.9 (x2.9) 47 (£2) 466 (£98) 353 (£51) 2.57 (£0.31) 392 (x10)
Female 12.6 (+2.6) 104 (£20) 428 (+112) 294 (+42) 2.37 (£0.39) 311 (#41)
Table 4-3 Mean segment weights and mucoasl and homogenate yields and for male (n=3) and female (n=12) dogs.

Mean homogenate protein

Mean segment Mean mucosal yield yield
Sex Segment  weight (g/cm) (9/g intestine) (mg/g intestine)
1 1.39 (£0.16) 0.16 (+0.05) 10.5 (£4.0)
2 0.94 (£0.12)
3 0.74 (£0.19)
Male 0.84 (0.09)
5 0.74 (+0.11)
S SO 074(#024) | ...
1 1.34 (£0.22) 0.19 (+0.04) 8.6 (x2.4)
2 0.91 (+0.10) 0.21 (+0.08) 12.2 (+4.8)
3 0.84 (+0.11) 0.29 (+0.04) 23.1 (+10.8)
Female 4 0.80 (x0.12)
5 0.86 (+0.13)
6 0.88 (+0.14) 0.29 (+0.10) 8.8 (+2.1)

Mucosal and homogenate yields represent n=3 for each segment.
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Figure 4-3  Mucoasl yields in male () and female (M) beagle dog intestines as a
function of cumulative length of intestine.

Data represents n=3 for segment 1 of male intestine, and n=3 for segments 1, 2, 3 and 6 of
female intestine
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Figure 4-4  Homogenate yields in male () and female (M) beagle dog intestines as
a function of cumulative length of intestine.

Data represents n=3 for segment 1 of male intestine, and n=3 for segments 1, 2, 3 and 6 of
female intestine
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4.5. Dog microsomal preparation

4.5.1. Comparison of male and female hepatic and proximal intestine scalars
Comparison of microsomal liver and intestinal recoveries, scalars and metabolic activities
are shown in Table 4-4. Results shown are from the preparation of one liver sample and
the proximal intestine (Segment 1) from each male (n=3) and female (n=3) dog.
Comparison of the microsomal recoveries is shown in Figure 4-5. Recovery was 2.2- to
4.3-fold higher in male and female dogs in hepatic tissue relative to intestine, however no

trends were observed comparing either individual or sex (R?=0.006).
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Figure 4-5  Comparison of intestinal and hepatic microsomal recoveries obtained
from the same in male (@) (n=3) and female (M) (n=3) beagle dogs.
Data represent mean xstdev of 3 microsomal marker based recoveries of CYP content and

CYP and UGT activities for each sample preparation.

Corrected mean scalars where higher in both tissues for male vs. female (43.6 vs. 36.3
mg/g) but were not statistically significant (p=0.13). Mean 6B-OH TEST activities in male
and female liver microsomes were 1.29 and 1.05 nmol/min/mg. 16a-OH TEST was also a
major metabolite formed in the DLM which rivalled 68-OH TEST formation (Table 4-4).

Mean 4-NP gluc activities were 62.5 and 74.4 nmol/min/mg. Activities in both male and
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female liver microsomes towards CYP and UGT marker probes showed no significant

differences (p=0.13 and 0.22 respectively).

By means of assessing the impact of inter-operator variability in the microsome
preparation method, liver microsomes from a separate tissue sample from the same lobe
were also prepared. Mean values of male and female MPPGL for each operator are shown
in Table 4-4. No significant difference was observed between operators in recovery or
corrected (p=0.12, p=0.46 for male and female respectively) values of MPPGL. Again
whilst corrected scalars showed a mean value higher in male, no significant difference was
observed (p=0.17). The mean CV between corrected liver microsomal scalars for the two

operators was 20.3%.

Correlations between liver and proximal intestinal scalars are shown in Figure 4-6. When
the intestinal scalar is expressed in terms of per gram mucosa, the values are near
equivalent to the corresponding hepatic values. Good correlations was observed between
the values of scalar obtained for liver and proximal intestine from the same dogs,
regardless of sex for both MPPGI vs. MPPGL (R?=0.91, p<0.01) or MPPGM vs. MPPGL
(R?=0.81, p<0.01).

In segment 1 of male and female beagle dog intestine, mean 6B-OH TEST (0.3 vs. 0.8
nmol/min/mg), and 4-NP gluc formation (0.69 and 1.25 nmol/min/mg) was highest in
female vs. male proximal intestine but not statistically significant (p=0.24 and 0.08). 16a-
OH TEST was not a metabolite formed in segment 1 intestinal microsomes (Appendix
Figure 7-1).
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Table 4-4 Comparison of microsomal hepatic and proximal intestinal microsomal activities and scalars.

Liver Segment 1 Intestine
CYP 6p-OH TEST 4-NP gluc CYP 6p-OH TEST 4-NP gluc

Dog Recovery® MPPGL? content activity activity Recovery® MPPGI® MPPGM? content activity activity

# Sex (%) (mg/g) (nmol/mg)  (nmol/min/mg)  (nmol/min/mg) (%) (mg/g) (mg/g) (nmol/mg)  (nmol/min/mg)  (nmol/min/mg)

1 Male  74.3(x10.7) 35.6 (+4.7) 0.73 1.14 79.01 16.4 (#5.4) 4.2 (+12) 355 (9.8) 0.07 0.38 1.11

2 Male  57.7 (+21.5) 54.0 (¢25.5) 0.48 1.61 54.18 20.1(+1.7) 11.2(x0.9) 52.0(¢4.4) 0.05 0.23 0.37

3 Male  62.2 (+22.4) 41.2(+13.5) 0.68 111 54.34 19.9 (#5.3) 45(#14) 29.0(#9.1) 0.08 0.28 0.59
Mean 64.7 (+8.6)  43.6 (¥9.5) 0.63(+0.13) 1.29 (£0.28) 62.51 (+14.29) | 18.8(x2.0) 6.7(¥3.9) 38.8(¥11.9) 0.07 (x0.02) 0.30 (+0.07) 0.69 (+0.38)

4 Female 65.4(x2.0) 33.5(+1.8) 0.71 11 74.34 24.6 (x1.9)" 2.7 (x0.2)" 18.0 (x1.4)" 0.07 1.29 11

5 Female 50.3(+8.5)  45.0(48.5) 0.50 0.83 72.60 16.0 (+3.8) 6.2(¥1.2) 33.1(%6.3) 0.07 0.86 1.21

6  Female 559 (+8.3) 30.5(+5.9) 0.75 1.23 76.15 25.7(¥10.2) 2.2 (x1.1)  12.2(+4.9) 0.06 0.32 1.44
Mean 57.2 (¥7.6) 36.3(x7.7) 0.65(0.15)  1.05 (+0.20) 7436 (#1.77) | 221(#5.3) 3.9 (*2.0) 21.1(x10.8) 0.07 (x0.00)  0.82 (+0.49)* 1.25 (+0.17)

a:represent mean (xstdev) of 3 microsomal correction for losses markers of CYP content, and CYP and UGT activity. A mean of CYP and UGT activities

only.
Table 4-5 Inter-operator variability in preparation of matched dog male and female liver samples.

Operator 1 Operator 2
6p-OH TEST 160-OH TEST  4-NP Gluc Recovery MPPGL 6p-OH TEST 16a-OH TEST  4-NP Gluc Recovery MPPGL
Sex (nmol/min/mg)  (nmol/min/mg)  (nmol/min/mg) (%) (mg/q) (nmol/min/mg)  (nmol/min/mg)  (nmol/min/mg) (%) (mg/q)
Male  1.29 (+0.28) 1.14 (+0.10) 62.51 (¥14.29) 64.7 (x18.0) 43.8 (¥15.6) 0.75 (x0.16) 0.81 (x0.15) 63.2 (x24.7) 46.1 (¥12.3) 54.2 (x20.8)
Female 1.05 (+0.20) 1.53 (+0.20) 74.36 (x1.77) 57.2 (¥9.7) 36.9 (+8.1) 1.2 (¥0.31) 1.62 (£0.14) 63.22 (¥10.17) 60.5 (£16.8) 41.1(x10.9)

Data represent mean (xstdev) of n=3
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4.5.2. Female regional intestinal characterisation

Comparison of the regional distributions of CYP content, CYP and UGT activities, as well
as scalars observed in female dogs is shown in Table 4-6. Representative plots for regional
intestinal CYP content and CYP and UGT activity, and scalars are shown in Figure 4-7
and Figure 4-8 respectively. Regional changes in testosterone 63-OH TEST indicated the
maximal activities occurring in segments 1 and 3 (823.7 and 810.8 pmol/min/mg). The
lowest activity was observed in segment 6 (153.0 pmol/min/mg) (Table 4-6). 63-OH
TEST formation indicated a distal reduction in CYP3A activity indicated a modest decline
distally (Figure 4-8B). However, CYP activity in the third segment rivalled that of the
proximal segment (Figure 4-8B). 4-NP gluc formation fell sharply along the course of the
intestine. A significantly reduced activity in the distal vs. proximal segment (p<0.05) was
observed (Figure 4-8C).

Regional distributions of scalars, either expressed per gram intestine tissue, per gram of
mucosa (effectively enterocyte yeild), or alternatively per cm of length of intestine, for all
the markers for correction indicated a increasing microsomal scalar from the first until the
third segment (Figure 4-8). For example, when expressed per gram of mucosa, mean
scalars for the first, second and third segments were 21.5 (x10. 8), 30.9 (¢8.0) and 37.2
(£17.2) respectively. Distal scalars fell to near proximal segment levels (18.7 6.3
MPPGM) (Table 4-6).
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Figure 4-6  Correlation between values of matched individual male (®) and female
(™) hepatic and intestinal scalars expressed per gram of organ (A) or per gram

mucosa (B). N=3 per sex.
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Table 4-6 Comparison of regional CYP contents, CYP and UGT activities and scalars in the female dog intestine.

6p-OH TEST 4-NP Gluc Max

Mean CYP Max Rate of Rate of MPPGI MPPGM
content Formation Formation Recovery (mgl/g (mgl/g MPPcm
Sex Segment  (pmol/mg)?  (pmol/min/mg)®  (nmol/min/mg)® (%) intestine) mucosa) (mg/cm)
Female 1 69.5 (+4.2) 823.7 (488.7) 1.25 (x0.17) 21.8 (+7.3) 41(x2.0) 215(+108) 5.5 (+3.4)
Female 2 51.4 (£9.2) 381.30 (x£332.2) 0.86 (+0.53 26.0 (£9.6) 6.6 (x2.7) 30.9 (x8.0) 6.4 (x3.2)
Female 3 55.6 (+27.2) 810.8 (+265.6) 0.51 (+0.15) 19.6 (£5.6) 10.2 (#3.5) 37.2(x17.2) 9.3(x3.9)
Female 6 51.2 (+15.3) 153.0 (+45.3) 0.42 (+0.06) 21.4 (+6.5) 5.2 (£1.8) 18.7 (£6.3) 4.2 (£1.3)

n=3 for each segment for unmatched donors. a, represents per mg of microsomal protein.
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4.5.3. In vitro microsomal protein binding and intrinsic clearance in dog liver

and proximal intestinal microsomes
Values of mean fuj,c and CLiy in either pooled or individual microsomes are shown in
Table 4-7. Terfendine showed the lowest measure fui,c (0.01 and 0.02, respectively) in
both liver and intestinal microsomes. Minimal non-specific protein binding (fuinc >0.98)
was observed in DLM for 43% of the compounds studied. A greater than 2-fold difference

in value of fuj,. between liver and microsomes was observed for cyclosporine.

Highest mean CLin, Was seen in liver tissue vs. the intestine in both male and female.
Values of CLj, in DLM ranged from 4.4 (pirenzepine) and 13064 (saquinavir) pl/min/mg.
Values in DIM ranged from 1.2 (pirenzepine) to 3924 (saquinavir) pl/min/mg. Mean CV
for male liver, segment 1 and female liver, segment 1, were 78, 119, 70 and 87%

respectively.

Sex differences in the relative importance of hepatic and intestinal metabolism was
highlighted for omeprazole, nitrendipine, terfenadine and ipriflavone where in male dogs,
the dominant route of metabolism was hepatic. However, in female dogs the intestinal

component near rivalled that of the hepatic component.

Values of hepatic and segment 1 CLiy, for CYP3A substrate compounds normalised for
literature reported CYP3A12 content (Heikkinen et al., 2012) are shown in Figure 4-9.
Values normalised for mean testosterone 63-OH TEST formation rates for male and female
liver and intestinal microsomes (Table 4-4) is shown in Figure 4-10. Positive correlations
for CYP3A substrates are shown between the liver and intestine was observed for both
CYP3A content normalisation (R°=0.64 and 0.94 for male and female respectively) and
activity (R?=0.64 and 0.94 for male and female respectively). Values corrected for CYP3A
activity were closer to unity vs. normalisation by reported CYP3A12 content (Table 4-8).
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Table 4-7 CLintu and fuijnc determined for n=24 compounds in male and female DLM and DIM.

CLjney (LI/min/mg)

Male Female
Compound fUinc » DIM b DIM
a a DLM T Camant 10 DLM b C C C
Study # Name DLM DIM Segment 1 Segment 1 Segment 2 Segment 3 Segment 6

1 7-Hydroxycoumarin 1.00 640.4 36.8 285.2 91.7 152.2 357.9 18.1

4 Bisporolol 1.00 7.8 2.6 1.6 0.9 2.0 13 6.2

6 Buspirone 0.99 136.9 3.9 148.0 24.5 18.3 15.8 3.1

7 Cimetidine 1.00 11.8 8.8 6.8 14.9 8.9 7.1 2.3

8 Cyclosporine A 0.86 0.33 151 104 10.7 5.0 45 3.8 2.1
10 Diltiazem 0.72 78.4 6.0 63.7 17.1 12.8 15.4 7.7
11 Domperidone 0.37 58.6 5.2 46.6 11.7 24.2 304 54
12 Felodipine 1.00 59 1.8 21.6 175 21.7 16.8 7.1
13 Furosemide 1.00 0.63 51.4 21.7 24.9 41.6 2.0 111 25.8
14 Indomethacin 0.82 14.8 11.0 141 12.6 1.8 8.7 0.4
15 Ipriflavone 0.40 0.40 2330.0 66.1 1852.7 837.6 53.8 69.5 29.0
16 Irbesartan 1.00 26.6 55 20.6 3.8 2.8 10.8 3.0
17 Losartan 1.00 40.1 35 32.3 6.3 7.2 14.3 2.6
18 Midazolam 0.74 0.99 193.7 163.2 237.5 331.9 277.2 276.7 38.9
19 Nicardipine 0.16 0.08 8552.0 942.5 8042.9 3544.1 2775.1 3273.2 585.4
19 Nitredipine 0.22 751.9 55.7 766.1 288.3 109.0 88.7 90.8
21 Omeprazole 1.00 183.1 22.3 164.8 146.4 37.7 44.0 17.6
22 Pirenzepine 1.00 4.4 1.2 6.9 5.0 9.3 115 0.8
23 Raloxifene 0.15 0.06 4868.8 763.2 5688.1 1098.9 324.4 244.2 45.8
24 Saquinavir 0.22 0.12 13064.4 593.8 13035.8 3924.9 1877.0 2061.9 442.0
25 Sildenafil 0.87 1.00 34.4 16.1 32.1 22.4 19.2 29.1 15
27 Tacrolimus 0.22 0.21 1261.1 406.1 1742.9 947.7 557.9 1896.6 516.4
28 Terfenadine 0.02 0.01 1610.5 496.1 1154.3 1186.8 1082.6 1554.1 697.1
29 Verapamil 0.60 191.7 4.8 149.4 19.6 41.9 49.0 59

A: Data represent n=2 of triplicate incubations in pooled DIM and DLM microsomes at 1 mg/ml, b: Data represent a n=3 occasion mean from
duplicate incubations at 1 mg/ml in DIM and DLM microsomes from individual donors after correction for fuinc
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for CYP3A substrates normalised for reported intestinal and hepatic CYP3A content
(Heikkinen et al., 2012).
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Figure 4-10
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Table 4-8 Assessment of liver and intestinal normalisation through literature

reported CYP3A content or in house measured activity.

CLinu CYP3A content normalised CLinu CYP3A activity normalised
Male Female Male Female
gmfe 1.93 6.75 0.70 0.65
rmse 28.53 80.63 1.96 1.81
>5-fold (%0) 25.00 58.33 16.67 4.17
> 2-fold (%) 62.50 95.83 66.67 50.00

gmfe: geometric mean fold error, rmse: root mean standard error.

4.5.4. Regional intestinal in vitro intrinsic clearance
The regional CLin, for n=24 compounds in each segment is shown in Table 4-7. The
highest metabolism was observed in CYP3A substrates in segment 1. Coefficient of variation
for segments 2, 3 and 6 were 53, 64, and 85% respectively The lowest mean CLy, for all
substrates was observed in segment 6, were mean activity was 4.9-fold lower than segment
1. The largest fold changes between segments 1 and 6 were observed for CYP3A substrate
ipriflavone (29-fold), CYP2C substrate indomethacin (30-fold), as well as UGT substrate
raloxifene (24-fold). The compounds which displayed the highest metabolism in all regions

were saquinavir, terfenadine, tacrolimus and nicardipine.

4.5.5. IVIVE of dog hepatic and intestinal microsomal clearance
The microsomal and organ specific scalars for extrapolating in vitro CL;,; from hepatic and
segment intestinal microsomes are shown in (Table 4-9). Liver scalars ranged from 30.5 to
54.0mg/g and segment 1 intestinal scalars from 2.7 to 11.2 mg/g. Liver weights ranged
from 410.9 to 545.3 g, and segment 1 intestine 58.2 to 94.2 g. Regional intestinal scalars
based on pools from each segments are shown in Table 4-10. The highest intestinal

microsomal scalar was observed in segment 3 (10.2 mg/g) and lowest in segment 6 (5.2

mg/g).
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Table 4-9 Microsomal Scalars and organ weights utilised for male and female
beagle dog hepatic and segment 1 intestinal metabolism.

Liver Intestine Segment 1
MPPGL Organ Weight MPPGI Organ Weight
Dog (mg/g) (9) (ma/g) (9)

Male 1 35.6 545.3 4.4 94.1
Male 2 54.0 357.2 11.2 78.3
Male 3 41.2 496.3 4.5 94.2
Female 1 335 415.6 2.7 87.9
Female 2 45.0 435.3 6.2 85.1
Female 3 30.5 410.9 2.7 58.2

Scalars based on mean of three markers for correction for losses.

Table 4-10  Microsomal Scalars and organ weights utilised for female beagle dog
intestinal segments 2, 3 and 6.

Segment MPPGI (mg/g) Organ Weight (g)

2 6.5 60.3
3 10.2 51.9
4 5.2 50.4

Scalars based on mean of three markers for correction for losses. Mean of n=3 preparations
for pooled segments 2, 3 and 6.

Table 4-11 shows measured P,p, A-B Caco-2 values (unless stated) which were scaled to
make estimates of Qgqu. Values of P,y ranged from 0.1 (pirenzipine) to 121x10°.cm/s
(indomethacin).Scaled measures of Fg and Fy in segment 1 and hepatic microsomes for
male and female dogs, and comparison to literature or in house estimates of Fg and Fy
based on comparison of p.o.and i.v. dosing are shown in Table 4-12. Reported Fg cover a
range from 0.0) (raloxifene) to 1 (diltizem, buspirone, ipriflavone, verapermil and
nicardipine), with 8 compounds with an Fg lower than 0.5.

Plots showing in vitro estimates of Fg in both male and female segment 1 based on both
Caco-2 or physicochemical based relationships are displayed in Figure 4-11 and Figure
4-12, respectively, alongside estimates of Fy. Underprediction of in vitro Fg is observed
for CYP3A substrates midazolam, saquinavir, tacrolimus, ipriflavone and nicardipine. The
degree of prediction accuracy is described in. Poor prediction of Fy was observed for
diltizem, buspirone, verapamil ipriflavone. Prediction accuracies were similar for both
Caco-2 and physicochemical based scaling of Fg. Similar estimates of Fy were observed
using Simcyp animal v12 ADAM PBPK model, however poorer estimates of Fa.Fg were
made (Figure 4-14, Table 4-13, Table 4-14).
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Table 4-11 Measured Caco-2 P,pp and estimates of Peff, Qqu:and Fa in the dog intestine

Physicochemical Caco-2
Compound PSA HBD Qqut (I/0) Fa’ Pap A-B (x10°cm/s)  Pesr (x10* cm/s)  Qque(I/h)  Fa’
7-Hydroxycoumarin 51 1 1.25 1.00 61.7 7.41 1.91 1.00
Bisporolol Fumerate 64 2 0.55 1.00 5.8 1.34 0.48 1.00
Buspirone 60 0 1.70 1.00 9.8 1.96 0.68 1.00
Cimetidine 82 3 0.20 0.95 0.6 0.26 0.10 0.80
Cyclosporine A 290 5 0.00 0.01 NV NV NV NV
Diltiazem 56 0 1.82 1.00 10.5 2.06 0.71 1.00
Domperidone 67 2 0.52 1.00 6.7 1.49 0.53 1.00
Felodipine 69 1 0.87 1.00 3.3 0.89 0.33 0.99
Furosemide 130 4 0.03 0.42 0.3 0.16 0.06 0.64
Indomethacin 69 1 0.87 1.00 121 12.06 2.57 1.00
Ipriflavone 37 0 2.46 1.00 57.4 7.03 1.85 1.00
Irbesartan 82 1 0.65 1.00 13.3 2.44 0.82 1.00
Losartan K 87 2 0.32 0.99 1.9 0.60 0.23 0.96
Midazolam HCI 20 0 3.06 1.00 36.2 5.04 1.46 1.00
Nicardipine 114 1 0.31 0.99 26.5 4.02 1.23 1.00
Nitrendipine 113 1 0.32 0.99 84.8 9.32 2.21 1.00
Omeprazole 71 1 0.83 1.00 NV NV NV NV
Pirenzepine HCI 64 1 0.96 1.00 0.2 0.12 0.05 0.54
Raloxifene HCI 74 2 0.44 1.00 4.9 1.19 0.43 1.00
Saquinavir Mesylate 179 6 0.00 0.04 3.3 0.89 0.33 0.99
Sildenafil 105 1 0.38 0.99 40.3 5.44 1.55 1.00
Tacrolimus 186 3 0.01 0.23 73.6 8.42 2.08 1.00
Terfenadine 46 2 0.83 1.00 9 1.84 0.64 1.00
Verapamil 56 0 1.82 1.00 15.7 2.75 0.91 1.00
NV: no value.
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Table 4-12

Literature reported observed and in house predicted F, Fg and Fy from IVIVE of male and female dog segment 1 DIM and DLM
and Qg and Fa predictions from either Caco-2 data or physicochemical based permeability

F Fa.Fg Fy

Compound Caco-2 Phys
Study # Name Ob Ob M F M F Ob M F Observed Reference
1 7-Hydroxycoumarin  0.48 0.54 0.67 0.65 059 0.6 0.89 0.47 0.67 (Ritschel and Grummich, 1981)
4 Bisporolol 0.86 0.94 0.89 0.96 0.90 0.96 0.92 0.97 0.99 (Beddies et al., 2008)
6 Buspirone 0.02 1.00 0.86 0.62 0.93 0.78 0.00 0.49 0.53 In house
7 Cimetidine 0.75 0.95 0.42 0.37 0.58 0.54 0.79 0.93 0.97 (Le Traon et al., 2009)
8 Cyclosporine A 0.46 0.51 NV NV 0.00 0.00 0.90 NV NV (Mealey et al., 2010)
10 Diltiazem 0.19 1.00 0.85 0.71 0.93 0.85 0.00 0.58 0.72 In house
11 Domperidone 0.20 0.32 0.81 0.72 081 0.71 0.62 0.78 0.82 (Heykants et al., 1981b)
12 Felodipine 0.17 0.35 0.90 0.59 0.95 0.78 0.49 1.00 1.00 (Baarnhielm et al., 1986)
13 Furosemide 0.47 0.54 0.13 0.12 0.07 0.05 0.87 0.91 0.94 (YYakatan et al., 1979)
14 Indomethacin NV NV 091 0.94 0.80 0.87 NV 0.99 0.97
15 Ipriflavone 0.01 1.00 0.57 0.35 0.63 0.38 0.00 0.45 0.54 In house
16 Irbesartan NV NV 0.87 0.92 0.85 0.90 NV 0.96 0.95
17 Losartan 0.41 0.56 0.75 0.66 0.80 0.73 0.73 0.96 0.94 (Lo etal., 1995)
18 Midazolam 0.02 0.04 0.35 0.24 0.48 0.37 0.51 0.63 0.61 (Nishimura et al., 2007)
19 Nicardipine 0.06 1.00 0.11 0.05 0.08 0.01 0.00 0.16 0.29 (Kadono et al., 2010)
20 Nitrendipine 0.29 0.48 0.66 0.42 0.30 0.11 0.61 0.39 0.44 (Krause et al., 1988)
21 Omeprazole 0.15 0.17 NV NV 0.65 0.32 0.89 NV NV
22 Pirenzepine 0.60 0.67 0.46 0.27 0.97 0.89 0.90 0.98 0.98 In house
23 Raloxifene 0.00 0.00 0.12 0.03 0.12 0.03 0.48 0.25 0.30 (Kosaka et al., 2011)
24 Saquinavir 0.08 0.17 0.10 0.01 0.00 0.00 0.50 0.03 0.16 (Tam-Zaman et al., 2004)
25 Sildenafil 0.34 0.56 0.81 0.79 0.60 0.53 0.60 0.79 0.82 (Walker et al., 1999)
27 Tacrolimus 0.07 0.07 0.26 0.18 0.01 0.00 0.98 0.50 0.38 (Jacobson et al., 2001)
28 Terfenadine NV NV 0.15 0.05 0.17 0.06 NV 0.21 0.26
29 Verapamil 0.13 1.00 091 0.87 0.95 0.92 0.00 0.41 0.62 (Toffoli et al., 1997)

Ob: Observed in vivo, Caco-2: Caco-2 based permeability scaling, Phys: Physicochemical permeability based scaling, NV: no value.
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Figure 4-11 Comparison of predicted and observed measures of Fa.Fg Fy and F
based on Caco-2 permeability extrapolated from DIM and DLM. Male Fa.Fg (A) and
female Fa.Fg (B) based on Qg model, male Fy (C) and female Fy (D) based ‘well-

stirred’ liver model, male F (E) and female F (F) based on Fy and Fa.F¢ predictions.
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Figure 4-12 Comparison of predicted and observed measures of Fa.Fg Fy and F
based on compound physiochemical based permeability extrapolated from DIM and
DLM. Male Fa.F¢ (A) and female Fa.F¢ (B) based on Qg model, male Fy (C) and

female Fy (D) based ‘well-stirred’ liver model, male F (E) and female F (F) based on
Fuy and Fa.Fg predictions.
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TN and TP categorisation for Qg approaches were similar between sexes and between
physicochemical and Caco-2 based scaling techniques, with Fa.Fg, Fy and F in the male
using Caco-2 of 63%, 76% and 68% respectively. Similar predictions were observed in the
female, however the accuracy in Fy was reduced (67%). The model estimates of Fa.Fg, Fy
and F using the ADAM model, were 76%, 71% and 62% respectively.

Precision accuracy asseed using the ratio of observed and predicted Fa.Fg, Fy and F is
shown in Figure 4-13. Precision accuracy was within 2-fold for 58% and 47% of
compounds for male and female Caco-2 based Fa.Fg predictions. Similar accuracy was
sheen in physicochemical based estimates (52% and 48% for male and female
respectiuvely). Highest prediction accuraracy was observed for FH estimates 66% and 61%
for male and female, respectively. Estimates of F were low, with highest prediction
accuracies seen using Fa.Fg predictions based on Caco-2 based scaling. Highest
inaccuracies were seen for compounds with low observed bioavailability. Highest
underprediction in Fa.Fg was observed for saquinavir, ipriflavone, nicardipine and
furosemide. Overprediction was observed for raloxifene, midazolam and tacrolimus based
on Caco-2 scaling. Overprediction for the ADAM model was for saquinavir and raloxifene.
Underprediction was observed for nitrendipine and ipriflavone.

Assesment using the narrow rage of Fa.Fg, Fy and F (FM <3, FMg307 and FMo7)
classifications is shown in Table 4-15. Correct classification was more frequently observed
using Caco-2 over physicochemical based scaling stratergies (52% vs. 43% and 58% vs.
43% for male and female respectively). Similar results were shown for F (52% vs. 38%
and 58% vs. 58% for male and female respectively). ADAM classifications are shown in
Table 4-16. Correct categorisation was observed for 57% of compounds for Fa.Fc.
Incidence of Fa.Fg <03, Fa.Fgo3.07 and Fa.Fg 07 was 19%, 14% and 24%. In all, 80% of
Fa.Fg <3 compounds were accurately predicted using the ADAM model. Correct
prediction of Fy and F accounted for 48% and 57% respectively, although F <o 3 accounted
for 67%.
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Figure 4-13  Precision of predictions for Male (A,C,E), Female (B,D,F) of Fa.Fg, Fu

and F using form physicochemical (A) and Caco-2 (o) based scaling of in vitro dog

intestinal metabolic data.

The dotted lines at £0.3 log units represents 50% underprediction and 100% overprediction

precision limits.
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Table 4-13  Prediction accuracy of Fg and Fy and for all compounds, and compounds with a fraction metabolized less than 0.5 using
Qqut and ‘well-stirred’ models and ADAM model estimates

‘Well-Stirred’

Qqut Model ADAM Model
Caco-2 Fa.Fg? Physicochemical Fa.Fg Fu

Male Female Male Female Male Female Fa.Fg Fn

All compounds n 19 19 21 21 21 21 21 21
>2-fold (%) 47.4 31.6 47.6 33.3 33.3 9.5 38.1 38.1
<2-fold (%) 52.6 68.4 52.4 66.7 66.7 90.5 61.9 61.9
gmfe 1.30 0.85 0.74 0.33 3,51 4.20 1.06 4.05
rmse 0.35 0.37 0.37 0.37 0.32 0.35 0.36 0.35

in vivo FM<0.5 n 7 7 8 8 8 8 8 8
>2-fold (%) 85.7 14.3 87.5 375 87.5 12.5 75.0 87.5
<2-fold (%) 14.3 85.7 125 62.5 12.5 87.5 25.0 125
gmfe 1.27 1.92 1.37 0.28 29.06 4152 2.36 36.2
rmse 0.56 0.21 0.54 0.28 0.5 0.54 0.28 0.47

FM: Fraction metabolised. a: Cyclosporine (8) and omeprazole (21) were not included in calculations as these were estimated based on
physicochemical properties only
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Table 4-14
model estimates

Prediction accuracy of low FM or F categorisation for all compounds using Qgu: and ‘well-stirred’ models and ADAM

Male Female ADAM
Categorisation of low Fa.Fg Categorisation of low Fa.F¢ Categorisation of low Fa.Fg
Physicochemical Caco-2% Physicochemical Caco-22 Fa.FG

Class n % Class n % Class n % Class n % Class n %
TP 6 28.6 TP 5 238 TP 6 286 TP 6 28.6 TP 6 28.7
TN 9 42.9 TN 10 476 TN 9 429 TN 9 428 TN 10 47.6
FP 3 14.3 FP 3 143 FP 4 191 FP 4 19.1 FP 3 14.2
FN 3 14.3 FN 3 143 FN 2 9.5 FN 2 9.5 FN 2 9.5

Categorisation of low Fy Categorisation of low Fy Categorisation of low Fy

Well-stirred Well-stirred Fy

Class % Class n % Class N %
TP 28.6 TP 3 143 TP 3 14.3
TN 52.4 TN 11 524 TN 12 57.1
FP 9.5 FP 2 9.5 FP 1 4.8
FN 9.5 FN 5 238 FN 5 23.8

Categorisation of low F Categorisation of low F Categorisation of low F

Physicochemical Caco-2% Physicochemical Caco-2% F

Class n % Class n % Class n % Class n % Class N %
TP 14 66.7 TP 14 66.7 TP 12 571 TP 12 57.1 TP 11 52.4
TN 3 14.3 TN 1 4.8 TN 3 143 TN 1 4.8 TN 2 9.5
FP 0 0.00 FP 2 9.5 FP 0 0.00 FP 2 9.5 FP 1 4.8
FN 4 19.1 FN 4 19.1 FN 6 28.6 FN 6 28.6 FN 7 33.3

a: Cyclosporine (8) and omeprazole (21) were not included in calculations as these were estimated based on physicochemical properties only.
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Table 4-15

using metabolism data and either physicochemical or Caco-2 based scaling methodologies.

Incidence of FM <3, FM g3.07 and FM 5o 7 correct and incorrect categorisation for predicted and observed Fa.Fg Fyand F

Male Female
Fa.FG Fa.FG
Physicochemical Caco-2 Physicochemical Caco-2
Correct Incorrect Correct Incorrect Correct Incorrect Correct Incorrect
Fa.Fs<0.3 3 14.3% 2 9.5% Fa.Fs<0.3 3 15.8% 1 5.3% Fa.Fs<0.3 3 14.3% 2 9.5% Fa.Fs<0.3 4 21.1% 0 0.0%
Fa.Fs 0.3-0.7 2 9.5% 7 33.3% Fa.Fg 0.3-0.7 3 15.8% 5 26.3% Fa.Fs0.3-0.7 2 9.5% 7 33.3% Fa.Fs 0.3-0.7 4 21.1% 4 21.1%
Fa.Fc>0.7 4 19.0% 3 143% Fa.Fc>0.7 4 21.1% 3  15.8% Fa.Fc>0.7 4 19.0% 3 14.3% Fa.Fc>0.7 3 15.8% 4 21.1%
> 21 9 42.9% 12 57.1% 19 10 52.6% 9 47.4% > 21 9 42.9% 12 57.1% 19 11 57.9% 8 42.1%
Fy Fy
Correct Incorrect Correct Incorrect
Fu<0.3 1 4.8% 4 19.0% Fu<0.3 1 4.8% 4 19.0%
F40.3-0.7 2 9.5% 5 23.8% Fy 0.3-0.7 3 143% 4 19.0%
Fu>0.7 6 28.6% 3 14.3% Fu>0.7 7 33.3% 2 9.5%
> 21 9  42.9% 12 57.1% > 21 11  52.4% 10 47.6%
F F
Physicochemical Caco-2 Physicochemical Caco-2
Correct Incorrect Correct Incorrect Correct Incorrect Correct Incorrect
F<0.3 6 28.6% 7  33.3% F<0.3 7 33.3% 6 28.6% F<0.3 8 38.1% 5 23.8% F<0.3 7 36.8% 5 26.3%
F0.3-0.7 1 4.8% 5 23.8% F0.3-0.7 3 14.3% 3 14.3% F0.3-0.7 3 14.3% 3 143% F0.3-0.7 3 15.8% 2 10.5%
F>0.7 1 4.8% 1 4.8% F>0.7 1 4.8% 1 4.8% F>0.7 1 4.8% 1 4.8% F>0.7 1 5.3% 1 53%
> 21 8 38.1% 13 61.9% 21 11 52.4% 10 47.6% > 21 12 57.1% 9 42.9% 19 11 57.9% 8 42.1%
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Table 4-16  Incidence of FM 3, FMgso7 and FMso7; correct and incorrect
categorisation for predicted and observed Fa.Fs Fyand F using metabolism data and
theADAM model.

ADAM
Fa.Fg
Correct Incorrect
Fa.Fz<0.3 4 19.0% 1 4.8%
Fa.Fs 0.3-0.7 3 14.3% 6 28.6%
Fa.F>0.7 5 23.8% 2 9.5%
> 21 12 57.1% 9 42.9%
Fu
Correct Incorrect
Fu<0.3 1 4.8% 4 19.0%
Fy 0.3-0.7 2 9.5% 5 23.8%
F>0.7 7 33.3% 2 9.5%
> 21 10 47.6% 11 52.4%
=
Correct Incorrect
F<0.3 8 38.1% 5 23.8%
F 0.3-0.7 3 14.3% 3 14.3%
F>0.7 1 4.8% 1 4.8%
> 21 12 57.1% 9 42.9%

4.5.6. Regional intestinal metabolism in the female beagle dog.
The predicted regional Eg is shown in Table 4-17. The rank order for intestinal
metabolism was segment 1<=segment 2<segment3>>segment 6 (p<0.05). Intestinal
extraction in segment 1 was in general lower in male vs. female but not statistically
significant. The regional distribution of Eg in segment 1 of male and segments 1, 2, 3 and 6
of female beagle intestine is shown in Figure 4-15. Lowest mean Eg is observed in the
distal segment for both CYP3A and UGT compounds, with segment 1 and 3 showing the

highest mean Eg.
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Table 4-17  Regional estimates of intestinal Eg in segment one of male and
segments 1, 2, 3 and 6 for female dogs from Caco-2 based Qg estimates

Male Female
Compound Segment 1° Segment 1° Segment 2° Segment 3¢ Segment 6°
7-Hydroxycoumarin 0.33 0.35 0.65 0.62 0.09
Bisporolol 0.11 0.04 0.08 0.07 0.16
Buspirone 0.14 0.38 0.39 0.41 0.07
Cimetidine 0.47 0.53 0.64 0.45 0.20
Cyclosporine A 0.80 0.71 0.50 0.50 0.50
Diltiazem 0.15 0.29 0.29 0.38 0.14
Domperidone 0.18 0.28 0.51 0.64 0.12
Felodipine 0.08 0.41 0.61 0.60 0.24
Furosemide 0.79 0.81 0.31 0.65 0.80
Indomethacin 0.08 0.06 0.02 0.09 0.00
Ipriflavone 0.43 0.65 0.41 0.54 0.19
Irbesartan 0.15 0.10 0.09 0.26 0.06
Losartan K 0.22 0.31 0.43 0.47 0.13
Midazolam 0.65 0.76 0.82 0.86 0.29
Nicardipine 0.89 0.95 0.98 0.99 0.88
Nitredipine 0.34 0.58 0.53 0.53 0.35
Omeprazole 0.35 0.68 0.51 0.61 0.23
Pirenzepine 0.15 0.51 0.60 0.67 0.13
Raloxifene 0.88 0.97 0.90 0.92 0.54
Saquinavir 0.90 0.99 0.99 0.99 0.95
Sildenafil 0.19 0.21 0.22 0.36 0.02
Tacrolimus 0.74 0.82 0.44 0.97 0.68
Terfenadine 0.85 0.95 0.97 0.99 0.94
Verapamil 0.09 0.13 0.52 0.62 0.09

a: based on Physchem properties b: Data represent a n=3 occasion mean from duplicate
incubations in DIM microsomes from individual donors c: Data represent a n=2 occasion

mean from duplicate incubations
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Figure 4-15 Regional predicted Eg in segment 1 of male and segments 1, 2,3 and 6
in female beagle dog intestine for all 24 compounds (A) and CYP3A (B) (n=12) and
UGT (C) (n=2) substrate compounds.
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4.6. Discussion
The primary aims of this chapter were to derive intestinal and hepatic scalars for male and
female dogs, and to characterise regional gradients in scalars. Secondly, the focus was to
characterise the regional activities of intestinal microsomes towards marker probes and a
diverse range of compounds to assess both metabolic contributions and to estimate scaled

up measures of intestinal extraction (Eg).

4.6.1. Male and female dog intestinal characteristics
Comparing both male and female dogs, both the length and weight of total intestine was
longer in male dogs. In terms of weight of tissue per cm length, the main proportion of the
intestine was uniform, with higher weight per gram in the proximal and distal segments.
These most likely represent the duodenum (i.e. segment 1) and ileum (i.e. segment 6), and
are in line with these being reported in the dog to being relatively short segments in
comparison to the jejunum (Kararli, 1995). Observed mucosal yields (0.16 to 0.29 g/cm)
did not indicate any significant regional changes, suggesting that changes in weight are not
related to changes in enterocyte number, rather more likely changes other cell types (e.g.
smooth muscle). Similar yields have also been recently reported to be observed in beagle
dogs (0.16 to 0.45 g/cm) (Heikkinen et al., 2012). Homogenate yields in the distal segment
(segment 6) were slightly lower (5.9 vs. 12.0) than mean proximal yield (segments 1-3),
however this may in part be due to the increased mucus content in the distal portion of the
small intestine (Koropatkin et al., 2012), and its effect of trapping protein during
centrifugation (Stohs et al., 1976). The addition of heparin to the initial elution buffer and
subsequent low speed centrifugation steps to dilute out mucus content utilised in the
method (Chapter 2) was incorporated in mind to reduce the aggregation of proteins caused
by the presence of mucus. This may be harder to prevent in distal portions of the intestine,
and future work should investigate increasing the heparin concentration further. However,
comparison of recoveries between segments was equivalent between all segments,

suggesting that mucus contamination was not responsible (see below).

4.6.2. Male and female hepatic and proximal intestine scalar comparisons
Comparing dog intestinal microsomes prepared from segment 1 of male and female dogs
to those of the liver prepared from matched donors did not indicate any trends in terms of

inter-individual specific factors which influence the recovery of microsomal protein.
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Recovery was between 2.2-4.3 fold higher in the liver vs. intestine, reflective of the

difficulties in isolating microsomes from intestinal tissue.

Male and female hepatic microsomal scalars from frozen tissue where 43.0 (£16.9) and
36.9 (£8.1) mg/g liver respectively and were within values reported in the literature.
Previously reported hepatic scalars where corrections for losses had been applied where 43
in male liver (Baarnhielm et al., 1986). Smith et al (2008) reported in microsomes prepared
from fresh liver homogenate values of 59 (48-70) (n=5) and 52 (42-62) mg/g liver (n=4) in
male and female dogs respectively. Values from frozen homogenate were 27(20-34) and
33 (24-42) mg/g liver. Most recently values of 43.5 (£20.5) and 72.5 (x47.4) (n=2) have
been reported using similar corrections for losses based on CYP content and testosterone
6p-hydroxylation (Heikkinen et al., 2012). Assessment of inter-operator variability
revealed no significant differences in values of matched corrected or uncorrected
microsomal scalars or recoveries indicating that the method was highly reproducible.

Reproducibility between separate operators on liver samples from the same animal in this
study was high (CV 20%), suggesting low inter-operator variability. Weighted mean of
combining the results from this study and these previous studies reveals MPPGL scaling
factors of 47.7 (n=12), 38.8 (n=10), and 43.7 (n=22) mg/g for female, male and mixed

populations.

Mean activities towards testosterone 6f3-hydroxylation in DLM were similar to literature
values (1.12nmol/min/mg and 1.07 nmol/min/mg for male and female liver microsomes,
respectively) (Kyokawa et al., 2001). 4-NP gluc was however 4-fold lower than reported

previously in dog liver microsomes (Kaivosaari et al., 2002).

CYP content in dog liver microsomes (0.62 nmol/mg microsomal protein in both male and
female dogs) was within the range of previously reported values of 0.78 and 0.77 nmol
P450/mg microsomal protein (Smith et al., 2008), 0.51 and 0.48 nmol/mg (Kyokawa et al.,
2001) and 0.45 and 47 nmol/mg (Nishibe et al., 1998) from freshly prepared male and
female livers. Values of 0.40 and 0.61 nmol/mg in microsomes prepared from frozen male

and female respectively livers have also been reported recently (Heikkinen et al., 2012).

In comparison to the liver, intestinal values of CYP content were 10-fold lower (0.07
nmol/mg in both male and female). Previously reported values of 38 and 37 pmol/mg have
been reported in dog duodenal male and female intestinal microsomes (Kyokawa et al.,
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2001). These values are 2-fold lower than those observed in these studies, likely to be
because these were prepared through the less optimal method of intestinal scrapping,
shown to induce more damage and contamination to enzymes resulting in lower enzyme
contents and activities (Mohri and Uesawa, 2001; Galetin and Houston, 2006). 6p3-OH
TEST and 4-NP gluc rates in this study were also over 10-fold higher than those prepared
by intestinal scraping (Prueksaritanont et al., 1996; Kyokawa et al., 2001). Activity of
testosterone 6p-hydroxylation rate of formation differed between male and female segment
1 microsomes, where in the lowest was seen in males, but female activity rivalled that of

the liver. Formation of 4-nitrophenol glucuronide was similar between the sexes.

Scaling factors based on values of microsomal protein per weight of tissue where 4.5- to
12.5- fold lower in the intestine compared to the liver, but within 2.5-fold when expressed
on a gram mucosa (enterocytes) basis. A strong positive correlation was observed between
values of hepatic and proximal intestinal scalars (R>=0.91 and R?=0.81 for gram intestine
or gram mucosal normalised scalars). No known correlations between matched donor liver
and intestinal scaling factors have been previously published. The importance of these
relationships may drive future estimates of inter-individual scaling factors for estimating

intestinal extraction based on known liver scaling factors and metabolism.

4.6.3. Female regional intestinal characterisation

In comparison to the literature, values of intestinal CYP content were higher than reported
in the literature (Kyokawa et al., 2001) presumably for the reasons stated above with
regard to the elution vs. scraping preparation method. 63-OH TEST formation indicated a
distal reduction in CYP3A activity (Figure 4-8B). However, CYP activity in the third
segment rivalled that of the proximal segment (Figure 4-8B). This regional distribution is
similar to that recorded for formation rate of the CYP3A substrate temazepam, where the
highest activities were observed in segments 1 and 3 (Figure 4-1) (Heikkinen et al., 2012).
An identical pattern of CYP3A12 measured through mass spectrometry based expression is
observed as reported in the same study Figure 1-4 (Heikkinen et al., 2012). Mean
microsomal total CYP was consistent along the intestine for the segments tested (Figure
4-7). The full complement of CYP enzymes is not known for the dog intestine, but it is
likely that more distal portions of the intestine have alternative dominant CYP isoform
expression, similar to CYP2J2 in human intestine (Paine et al., 2006) to account for the
lack of change in overall CYP content observed.
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4-NP gluc formation fell sharply along the course of the intestine. A significantly reduced
activity was observed in the distal vs. proximal segment (p<0.05). 4-NP has been reported
to be a substrate for UGT1A6 in mice rats and humans (Shiratani et al., 2008), and an
observed decreased distal activity is similar to what has been reported on an mRNA level
in dog small intestines (Haller et al., 2012). No information of UGT protein expression in

dog small intestine has been reported in the literature.

Regional distributions of intestinal scalars in female dogs expressed per unit length or unit
weight of intestine or mucosa showed a mean increase from segments 1-3 for all the
markers for correction for losses. A similar peak of microsomal scalar was reported in
segment 4 in dog intestinal microsomes (Figure 1-4)(Heikkinen et al., 2012). Reported
scalars were 2- to 3-fold higher than those observed in these studies, and may reflect higher
mucus contamination. However this may be explained through a longer elution time (45 vs.
30 minutes) which may increase non-microsomal protein contamination of the microsome
pellet. This may be evidenced through lower observed testosterone 6B-hydroxylation (0.03-
0.12 nmol/min/mg protein) (Heikkinen, A., personal communication). Recoveries for dog
intestinal microsomes were equivalent for all segments studied, indicating that any effect

of mucus contamination effecting microsomal preparation was equivalent in all segments.

4.6.4. In vitro intrinsic clearance in dog liver and proximal intestinal
microsomes

In terms of measured values of CLjy., an interesting observation was that whilst mean
values in liver microsomes were equivalent in both male and female, the relative
contributions of intestinal metabolic capability was much lower in male vs. female. The
relative importance of sex differences hepatic and intestinal metabolism was especially
highlighted for omeprazole, nitrendipine, terfenadine and ipriflavone where in male dogs,
the dominant route of metabolism was hepatic. However, in female dogs the intestinal
component near rivalled that of the hepatic component. All these compounds are substrates
for CYP3A dependant metabolism. This corresponds to the decreased 6p-OH TEST
formation seen in male vs. female segment 1 intestinal microsomes, and furthermore the

capability of female intestinal microsome activity to rival that of the liver.

Normalising the observed CLiy, to measured testosterone activities in respective hepatic
and intestinal microsomes produced the most unified statistically significant positive

relationship to that of both respective tissues. Normalisation based on reported CYP
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content (Heikkinen et al., 2012) also produced a positive correlation, however these
relationships were further removed from unity. This may in part be a limitation of using
measured enzyme content from only 2 donors per sex, and intestinal microsomes prepared

in another lab.

4.6.5. Regional intestinal in vitro intrinsic clearance
The metabolic capabilities of segments 2, 3 and 6 where compared to that of segment 1 in
female. CLjn, metabolic activities were similar in the proximal 3 segments, and lowest in
the distal segment. This was true of all the substrates studied, and reflects both the
gradients in probe CYP and UGT activities along the course of the intestine and reported
enzyme expression levels (Haller et al., 2012; Heikkinen et al., 2012).

4.6.6. IVIVE of dog hepatic and intestinal clearance
Limited data on intestinal contributions in of the dog has been reported in the literature.
Estimates of Fg and Fy were made form data available from i.v. and p.o. dosing wither in
house or from literature searching. Comparing scaled up estimates of Fg based on
individual scaling of metabolism and extrapolation of either measured Caco-2 permeability
or permeabilities based on physiochemical properties of the compounds indicated near
equivalent prediction success. A consistent observation between methods was
underestimation of Fg (overestimation of intestinal metabolism). The worst prediction
success was observed for CYP3A substrates: midazolam, saquinavir, tacrolimus,
ipriflavone and nicardipine. Predictions were worsened using a PBPK model using drug
and species specific inputs, however the reasons for this underprediction of Fg is unknown.
Estimates of Fy were similar using both models suggesting it was related to a
marginalisation of the intestinal component. Nicardipine, ipriflavone and saquinavir
display low solubility (<10uM, Appendix Table 7-7) and may also drive the higher Fg
observed in vivo. Further work would be required to see if incorporation of solubility
which was not applied in this case since it was presumed that dissolution would be
minimal following administration of solution, and when in house PK was preformed, p.o.

solutions were tested for dissolution following acid addition.

TN and TP categorisation for Qg approaches was successful between sexes and between
physicochemical and Caco-2 based scaling techniques, with Fa.Fg, Fy and F in the male

using Caco-2 of 71%, 81% and 71% respectively. Similar predictions were observed in the
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female dog, however the accuracy in Fy was reduced. Similar model estimates of Fa.Fg

and F were seen using ADAM model estimates, of 76%, 71% and 62% respectively.

Precision accuracy asseed using the ratio of observed and predicted Fa.Fg, Fy and F is
shown in Figure 4-13 and Figure 4-14. Precision accuracy was within 2-fold for 58% and
47% of compounds for male and female Caco-2 based Fa.Fg predictions. Similar accuracy
was seen in physicochemical based estimates (52% and 48% for male and female
respectiuvely). Highest prediction accuraracy was observed for Fy estimates 66% and 61%
for male and female, respectively. Estimates of F were low, with highest prediction
accuracies seen using Fa.Fg predictions based on Caco-2 based scaling. Highest
inaccuracies were seen for compounds with low observed bioavailability. Highest
underprediction in Fa.Fg was observed for saquinavir, ipriflavone, nicardipine and
furosemide. Overprediction was observed for raloxifene, midazolam and tacrolimus based
on Caco-2 scaling. Overprediction for the ADAM model was reduced in line with an
increase in compounds within 2-fold (62%), but still observed for saquinavir and

raloxifene. Underprediction was observed for nitrendipine and ipriflavone.

Assesment using the narrow rage of Fa.Fg, Fy and F (FM <3, FMg307 and FMo7)
classifications is shown in Table 4-15. Correct classification was more frequently observed
using Caco-2 over physicochemical based scaling stratergies (52% vs. 43% and 58% vs.
43% for male and female respectively). Similar results were shown for F (52% vs. 38%
and 58% vs. 58% for male and female respectively). ADAM classifications are shown in
Table 4-16. Correct categorisation was observed for 57% of compounds for Fa.Fc.
Incidence of Fa.Fg<p3, Fa.Fgos07 and Fa.Fg>07 was 19%, 14% and 24%, and within
Fa.Fg <03 for the female dog based in caco-2 scaling, 100% of compounds were correctly
classified. In all, 80% of Fa.Fg <93 compounds were accurately predicted using the ADAM
model. Correct prediction of Fyy and F accounted for 48% and 57% respectively, although

F <0.3accounted for 67%.

In general, prediction accuracy was similar between approaches, however worst
predictions were generally observed using physicochemical based Qgut scaling
approiaches vs. either Caco-2 based Qg or ADAM scaling. PBPK modelling using the
ACAT model has been applied in the dog using intestinal and hepatic enzyme expression
and distributions through emerging mass spec (MS) based measures of enzyme abundance,
and application has shown improved estimations of intestinal metabolism (with 1.5 fold)
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and F in the dog for a limited set (n=5) of compounds (Heikkinen et al., 2012; Heikkinen et
al., 2013). Furthermore, the in vivo extraction ranged from 0.42 to 0.90 and predictions
ranged for 0.60 to 0.96, and so the predictive limits of the model were not pushed to
compounds with high intestinal extraction since, when Fg is >0.5, it is not possible to
overpredict Fg by more than 2-fold. In this in house study the predicted and observed
Fa.Fg covered the complete range (0.00 to 1.00). Reported estimates overlapping
compounds of sildenafil, domparidone, felodipine and nitrendipine were 0.96, 0.54, 0.75
and 0.72 which were similar to estimates in this study, except for nitrendipine which

appeared to fit with better in house to in vivo Fa.Fg estimates.

Prediction success for intestinal metabolism is in part dependant on reliable measures of
the absolute in vivo metabolic component. The method used to estimate intestinal
metabolism in this work was an indirect measure through comparing i.v and p.o. dosing.
Using this technique, the choice of a low administered dose is preferable in order to
prevent saturation of intestinal metabolism (Lin et al., 1999). One of the primary
assumptions of this method is that there is negligible metabolism in enterocytes following
I.v. administration and that systemic clearance of a drug after i.v. dose (corrected for renal
excretion) reflects only hepatic elimination (Ey). However, in instances of compounds with
a high observed blood clearance, the integrity of this assumption may not be entirely valid,
as illustrated in the case of midazolam where an average 8% extraction ratio after an i.v.
dosed midazolam has been reported in anhepatic patients (and up to 26% in one patient)
(Galetin et al., 2010). In these cases, overestimation of Ey lowers estimated of Eg,
compounding prediction success. A low percentage of drugs (19%) had an in vivo Fg less
than 0.5, highlighting either the low contribution of the dog intestine, or more likely Ey
overestimation, since all the compounds which have low prediction success also
demonstrate high i.v. clearance in the dog (Table 4-12). Poor Fy prediction using the ‘well-
stirred” liver model was observed for high hepatic extraction compounds diltiazem,

buspirone, verapamil and ipriflavone.

Finally, because of the inherent difficulties of separating out both Fa and Fg components of
oral bioavailability, to limit the effect of Fa it is important that as in these studies, the dose
administered was in solution. However in reality is by making indirect measures of Fy and
Fe, the in vivo Fg is a combined effect of both Fg and Fa (Fa.Fg) (Lin et al., 1999). Fa is
dependent on both absorption and actions of efflux transporters (e.g. P-gp), as well as

physiochemical considerations such as solubility and pKa, which are important to consider
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when assessing the absorption potential of drugs in the gastrointestinal tract, with respect
to pH gradients along the course of the intestine. Importantly when considering inter-
species comparisons, the dog pH is at least 1 log unit higher than that of human (Chiou et
al., 2000). The impact of Fa was not fully addressed in this work and would be required to

make more reliable estimates of Fg.

Oral bioavailability in vivo is also dependent on the region where the compound is
absorbed, and as such the impact of regional metabolism may be important either for drugs
not absorbed in the proximal intestine (e.g. delayed release formulations), or alternatively
those undergoing enterohepatic recirculation and efflux from the bile back into the
gastrointestinal tract (Paine et al., 1997; Dressman and Reppas, 2000). Assessment of
regional Eg in the female dog intestine revealed the rank order for intestinal metabolism of
segment 1<=segment 2<segment3>>segment 6(p<0.05). These results were in line both
with observed activities, as well as published gradients of both enzyme expression and
activity (Haller et al., 2012; Heikkinen et al., 2012) as previously discussed.

4.7. Conclusions

Intestinal and hepatic scaling factors were described for both male and female dogs. A
unique correlation between proximal intestinal scaling factors and those in the liver were
described which may be important in future estimations of inter-individual variability
within dog populations. Normalisation of CLjy, to measured liver and intestinal
testosterone 6B-hydroxylation revealed good correlations between hepatic and intestinal
metabolism. Scaling of intestinal metabolism revealed that lowest prediction success was
for CYP3A compounds where overestimation (i.e. underestimation of CYP3A activity) of
in vitro determined Fg was observed. This may be in part be driven by limitations in
estimates of in vivo Fg for high clearance compounds. Similar estimates were seen using
PBPK models (ADAM) model compared to the Qg.: model.
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5. Human intestinal microsome preparation and characterisation, and
comparison and correlation of species differences in intestinal

metabolism to human
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5.1. Introduction

Drug R & D programmes look to design and optimise compounds to have acceptable PK
properties to engage the specific target site of action for the required duration, in order to
elicit a desired PD effect. A key element in determining the probability of success of a
given drug series for driving investment decisions (i.e. first in man studies) is the
predictions of efficacious human dose, MAD and therapeutic safety margin. These
assessments are driven by both in vitro and preclinical in vivo data predictions of human
I.v. and p.o. drug clearance profiles. Predictions in human are driven both from in vitro
methods and animal data. Given the known poor correlations between animal and human
bioavailability (Grass and Sinko, 2002; Musther et al., 2013), therefore more emphasis is
placed on IVIVE, for example using human liver microsomes or hepatocytes (Obach,
2001; Houston and Galetin, 2008; Hallifax et al., 2012).

A recent PhnRMA collaborative study, reported however, that whilst estimates of Fy may
have relative predictive success for estimating i.v. clearance (with a 69% high prediction
accuracy), oral clearance estimates are poor (23% high prediction accuracy) (Poulin et al.,
2011). As in this study, frequently the intestinal component is ignored since estimates of
the contribution of the intestine to oral clearance are limited by a lack of established in
vitro tools, scaling factors and understanding of intestinal species differences (Cubitt et al.,
2009; Kostewicz et al., 2013). Incorporation of the intestinal component however cannot

be ignored.

Scaling of human intestinal metabolism based on total CYP3A content has been applied
using either a minimal Qg,: model or PBPK approaches; however, this is in part limited by
its application to CYP3A substrates only (Gertz et al., 2010; Gertz et al., 2011) due to
availability of CYP abundance data in both intestine and liver. Alternative approaches have
utilised published values based on microsomal scaling factors derived from microsomes
prepared using intestinal scraping (Paine et al., 1997; Cubitt et al., 2009). However,
limitations to intestinal scaling are the number of studies and donors between the liver and
intestine. Scaling based on intestinal CYP3A abundance is based on 31 donors (Paine et
al., 2006), corrected microsomal scalars are only available from 20 donors, and only
available from microsome prepared by intestinal scraping (Paine et al., 1997) for which
activities are reported to be lower (Galetin and Houston, 2006). In contrast, estimates of
liver CYP3A are based on 219 livers (Rowland Yeo et al., 2003), and microsomal scalars
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are based on covariate analysis 108 livers (Barter et al., 2007). Furthermore, since reduced
CYP activities are observed comparing scraping to elution based isolation of intestinal
enterocytes (Galetin and Houston, 2006), the impact of elution on the resulting microsomal
scaling factors is however unknown. This may therefore impact estimates of both CYP and
UGT scaling based on microsomal scaling factors, and similar discrepancies exist in
scaling based on cytosolic scaling factors. However this is further limited by no reported
cytosolic regional protein expression (Cubitt et al., 2009; Cubitt et al., 2011). Considering
the regional distributions of intestinal metabolic enzymes, regional differences in activities
and scalars requires further understanding in order to assist PBPK based approaches to
predicting intestinal metabolism (Kostewicz et al., 2013). Therefore, further confidence in

human intestinal scaling is required.

5.2. Aims
The principle aims of this chapter are to derive scalars for human intestinal tissue, and to
look at regional aspects of both scaling factors, CYP content and CYP and UGT activities.
Furthermore, differences in metabolic activity between intestinal regions will be assessed
by screening a broad range of compounds using combined CYP and UGT cofactors and a
substrate depletion approach. In vitro-in vivo extrapolation of generated CL;y data will be
performed using defined scalars to predict human Fg. Comparison to in vivo measures of

human Fg will also be discussed, and compared to previous rat and dog estimates.
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5.3. Materials and Methods

5.3.1. Source of human tissue
Collection of human intestinal tissues was from surgical resections and their use was
approved by the regional Ethical Committee in Gothenburg (Sweden). Donors were
hospitalized at Ostra Sahlgrenska University Hospital, Gothenburg, and an informed
written consent was obtained from each patient prior to tissue collection. Resections of
jejunum intestinal segments were from two female and one male donors aged 36-43 years
old, undergoing laparoscopic Roux-en-Y gastric bypass. lleum samples were obtained
from two colon cancer patients, one male and one female 77 and 78 years old. Donor

details for each pool are shown in Table 5-1.

Table 5-1 Summary of jejunum and ileum donor pools

Intestinal Age
Region Gender (yr)  Medication
Jejunum Male 43 Tramadol, Metformin, Citalopram
Jejunum Female 36 None
Jejunum Female 43 Losartan
Calcium carbonate, Primidone*, Clonazepam,
lleum Female 78

Levetiracetam
lleum Male 77 None

* known CYP3A4 inducer (Monaco and Cicolin, 1999)

Directly after surgical removal, the tissues were stored in ice-cold, constantly carbogenated
(95 % O,, 5% CO,) Krebs-Ringer buffer (pH 7.4, made up in house), with 5 mM glucose
(Simga, #G0350500), and transported to the laboratory within 30 min. On arrival to the
lab, samples were opened out and flushed with ice cold wash buffer as described
previously. Samples were blotted dry and weighed, before flash freezing in liquid nitrogen

and storage at -80°C.

5.3.2. Microsomal preparation and characterisation
On the day of preparation, either jejunum or ileum segment samples where thawed in wash
buffer, and pinned down with the mucosal side exposed to silicon (Sylgard® 184 silicone
elastomer kit, Dow Corning, Michigan, USA) moulded into a sealable container, similar to
the method of von Richter et al., (2004). Samples were pooled based on section

considering the small size of the samples (5-10 cm) and the limited yields of microsomes.
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Samples were incubated three times for 15 minutes to obtain enterocytes (total 45
minutes). A longer incubation time was required than rat or dog tissue on account of the
increased folded structure of the intestine. Loose mucosa trapped in intestinal folds at the
end of the incubation where gently teased out using a metal spatula. Preparation of
intestinal microsomes was as previously described in the rat and dog (Chapter 2), except
that sonication of mucosa was achieved using a 250 sonifier (Branson Ultrasonics,
Danbury, CT, USA). An output of 30W was set, calculated using the power output chart
supplied. Following preparation both homogenate and microsomal samples were analysed
for CYP content as described previously in the rat and dog at concentrations of 2 mg/ml in
order to correct for losses in preparation. Following analysis, microsomes were
immediately stored at -80°C pending transfer and subsequent storage in the UK. In addition
to CYP content, testosterone metabolite and 4-NP gluc formation in microsome and
homogenate pools were used as markers to correct for losses in the isolation process, as
analogous to work described previously in the rat and dog. In all the cases microsomes
used underwent 1 freeze thaw cycle. Calculation of microsomal scalers was performed as

described previously (Equation 2-3, Equation 2-4, Equation 2-5).

5.3.3. Human jejunum and ileum CL,; determination and microsomal
binding
Microsomal CL;y determination was undertaken with incubations of 40 minutes at 1mg/ml
protein concentration, and using combined CYP and UGT cofactors, as described
previously in the rat and dog. The reaction was initiated following 5 minute incubation of
cofactors at 37°C and shaking at 900 rpm by addition of compound (1uM final
concentration). The compounds studied in human intestinal jejunum microsomes (HIJM)
were the same 23 as used for the dog, with the exception of cimetidine (Appendix Table
7-1). Incubations with human intestinal ileum microsomes (HIIM) were with a reduced set
of 8 compounds (7-hydroxycoumarin, buspirone, ipriflavone, midazolam, raloxifene,
saquinavir, sildenafil and tacrolimus) due to low microsomal yields. All incubations were
in duplicate, and results represent mean observations from incubations on 2 separate

occasions.

Measures of fui,c were not undertaken in human intestinal microsomes due to the limited
amount of protein, and therefore unless the human fu,. value was available in the literature
from microsomes prepared by elution procedures, measures obtained from dog intestinal

microsomes at the same protein concentration were used as a surrogate.
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5.3.4. Prediction of human intestinal Fg and Fa
Measures of CLin,, were scaled up to measures of CLy g, (Equation 3-13) using mean
values of MPPGI scaling factors and regional weights of mean values from 20 intestines of
411 and 319g for jejunum and ileum respectively, as reported in Paine et al., (1997).
Predicted Fg based on CLint, Obtained in jejunum microsomes were compared to observed
in vivo Fg values which were either calculated from in vivo p.o and i.v data (as described in
Chapter 3), or reported previously using the same method (Gertz et al., 2010); the
assumption was that proximal jejunum was the site of compound absorption and
metabolism. Value of hepatic blood flow was set at 20.7 ml/min/kg (Gertz et al., 2010) for

estimation of in vivo Fy to calculate subsequently Fg where required.

Pers Were predicted using the Py, data obtained in the Caco-2 in the absence of transport
inhibitors, or from compound physicochemical properties as described previously. The
individual permeability data for both input methods are as listed previously in Table 3-7.
Reported in vivo Pess was used for cyclosporine (Lennernas, 2007b). Prediction of Fa were
made using the relationship between radius of the intestine and small intestine transit time
as performed previously for the prediction in dog, using the transit time of 3.32 h and
radius of 1.75 cm (Yu and Amidon, 1999)(Equation 4-3). Estimates of CLpem Were
calculated based on the cylindrical surface area of the intestine (0.66 m?) using the same
radius and an intestinal length of 6 m (Yang et al., 2007; Gertz et al., 2010)(Equation
3-14). This is since P accounts for surface area amplifications of the fold of Kerkering,
villi and microvilli. Predictions of Qg and Fg were made using a villus blood flow of 18
I’/h (Yang et al., 2007) (Equation 3-15 and Equation 3-16).

5.3.5. Data analysis
Scatter plots observed vs. predicted Fc were complied in Matlab (2012a). Tests for bias
and precision of estimated Fa.Fg (gmfe and rmse) and qualitative zoning of predicted low

Fc values were applied as described previously in the rat (Chapter 3).
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5.4. Results

5.4.1. Human intestinal microsome characterisation
CYP spectrum scan of homogenate and microsomal samples is shown in Figure 5-1.
Characteristic of the ileum samples (Figure 5-2B) was an increase in peak situated a 424
nm and 558nm. Formation of 68-OH TEST and 4-NP Gluc metabolites is shown for both
HIJM and HIIM in Figure 5-2. A summary of characteristics of region human intestinal
pool CYP and UGT activities and CYP contents is shown in Table 5-2. Human intestinal
microsomes displayed a similar CYP content in ileum and jejunum microsomes, with
slightly increased levels in the ileum. The only major testosterone metabolite observed in
human intestinal microsome incubations was 6B-OH TEST. The formation of 6p-OH
TEST was however 3.6-fold higher in the jejunum pool. Androstenedione formations and

4-NP glucuronidation was highest in ileum vs. jejunum pools (1.91 vs. 1.37 nmol/min/mg).
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Figure 5-1  CYP wavelength spectrum scan from 600 to 400nm for homogenate
(blue) and microsomes (red) prepared from jejunum (A) and ileum (B) intestinal

tissue. Data shown represent mean of triplicate scans on 1 occasion.
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HIIM (#). Data represent mean xstdev of incubations in triplicate on 1 occasion.
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Table 5-2 Summary of human mucosal yield, and jejunum and ileum microsomal
pools CYP content and maximal 6p-OH TEST and 4-NP Gluc formation rates.

Mucosal cyp
Region yield Content 6p-OH TEST  Androstenedione 4-NP Gluc
onten
Pool (g mucosa / (pmol/min/mg)*  (pmol/min/mg)*  (nmol/min/mg)?
N (pmol/mg)*
g intestine)
Jejunum 0.39 1114 1366.1 138.98 1.37
lleum 0.44 138.1 374.2 313.22 1.91

a: Results represent mean of 3 replicates on 1 occasion. All results represent per mg

of microsomal protein

Microsomal recoveries and scalars derived from the three microsomal markers for ileum

and jejunum microsome pools are shown in Table 5-3. Mean recovery in jejunum and

ileum pools were similar (36% and 38% respectively). Recoveries were comparable across

the microsomal markers especially for CYP and 4-NP gluc, with highest recoveries

observed using 6B-OH TEST as a microsomal marker. Scalars were highest in jejunum

tissue vs. the ileum (6.4 and 3.3 mg/g intestine).

Table 5-3 Microsomal recoveries and scalars using three microsomal markers in

human jejunum and ileum pools.

Jejunum Pool® Ileum Pool®
MPPGI MPPGM MPPGI MPPGM
Recovery  (mg/g (mgl/g Recovery  (mg/g (mgl/g
Marker (%) tissue) mucosa) Marker (%) tissue) mucosa)
CYP CYP
Content 28.5 7.8 20.1 Content 31.1 3.8 8.6
6p-OH 6p-OH
TEST 402 5.5 14.2 TEST 48.7 2.4 55
4-NP Gluc 37.9 5.9 15.1 4-NP Gluc 33.2 3.6 8.0
Mean 35.5 6.4 16.5 Mean 37.6 3.26 7.3
Stdev 6.2 1.2 3.2 Stdev 9.6 0.73 1.7

a: n=3 donors, b: n=2 donors, Stdev: standard deviation

Page 181 of 258



5.4.2. Human intestinal CLjnty

The CLiny values obtained for the dataset of 23 drugs are shown in Table 5-4, ranging
from 0.1 (pirenzepine) to 2220 pl/min/mg microsomal protein (terfenadine) for HIJIM
pools, and from 3.31 (buspirone) to 3014 pl/min/mg microsomal protein (raloxifene) in
HIIM pools, respectively. Comparison of the same compounds between HIJM and HIIM
pools showed that metabolism of CYP3A substrates was the highest in the jejunum
(buspirone, ipriflavone, midazolam, saquinavir and sildenafil and tacrolimus) whilst UGT
metabolised compounds showed more pronounced metabolism in the HIIM microsomes
(7-hydroxycoumarin, raloxifene). The greatest fold difference was observed for raloxifene,
where a 39.4-fold increase in metabolism was observed in HIIM relative to data obtained
in HIUM. Metabolism of 7-hydroxycoumarin was similar between pools (1.4-fold higher in
HIIM). The mean fold difference between HIJM and HIIM for CYP3A compounds was
3.1-fold.

5.4.3. Prediction of human Qg and Fa
Qqut Was predicted for all the compounds investigated using metabolism data obtained in
pooled HIJM. Use of Pgk values based on Caco-2 data in conjunction with metabolism
resulted in predicted Qg 0f 0.21 (furosemide) and 11.05 I/h (indomethacin) (Table 5-5).

The lowest Fa was also predicted for furosemide (0.28). Out of all the compounds, 87%
were predicted to show good absorption (Fa>0.90). Estimates for Qgu using
physicochemical based permeability estimates ranged from 0.00 (cyclosporine) and 12.48
I’/h (midazolam). Using physicochemical based estimates of Fa, 83% of compounds were

predicted to shown good intestinal absorption (Fa>0.90).
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Table 5-4 Intrinsic clearance and non-specific binding in HIJM and HIIM
CLintu (U/min/mg
Compound microsomal protein)*

# Name fui”  HIIJM Pool  HIIM Pool
1 7-Hydroxycoumarin 1.00° 131.69 179.97
4 Bisporolol 0.89" 0.11
6 Buspirone 0.84° 23.40 3.31
8 Cyclosporine A 0.42° 22.69

10 Diltiazem 0.72% 11.98

11 Domperidone 0.37° 35.58

12 Felodipine 0.19° 101.10

13 Furosemide 1.00° 16.21

14 Indomethacin 0.88° 4.62

15 lpriflavone 0.40° 33.89 22.29

16 Irbesartan 0.79° 6.49

17 Losartan 0.87° 13.87

18 Midazolam 0.69¢ 105.53 40.37

19 Nicardipine 0.16° 1813.80

20 Nitrendipine 1.00° 32.49

21 Omeprazole 0.90° 11.24

22 Pirenzepine 1.00° 0.10

23 Raloxifene 0.15% 76.57 3014.32

24 Saquinavir 0.71° 1021.87 308.18

25 Sildenafil 0.79° 28.08 11.90

27 Tacrolimus 0.33° 520.18 360.43

28 Terfenadine 0.03° 2219.68

29 Verapamil 0.57° 92.54

a: in house dog value, b: in house rat value, c: Gertz et al.,(2010)
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Table 5-5
scaled CLjnt

Predictions of Qqut, Fa and Fg using estimates based on Caco-2 and physicochemically derived predictions of Pe and

Predicted Observed
Permeability Fs
Compound Caco-2 Physicochemical Caco-2 Physicochemical

# Name Peff cm-4/s Qgut (I/h) Fa Qqut (I/lh) Fa HIM HIM HJIM HIM FG Reference

1 7-HC 7.41 8.90 1.00 6.34 1.00 0.30 0.45 0.23 0.37

4 Bisporolol 1.51 2.99 0.98 3.08 0.99 0.99 0.99 0.96 (Leopold, 1986; Leopold et al., 1986; Le Jeunne et al., 1991)

6 Buspirone 2.13 3.95 1.00 8.12 1.00 052 0.95 0.69 0.98 0.21 (Gertz etal., 2010)

8 Cyclosporine A 1.61° 3.15 0.99 0.00 0.00 0.53 0.00 0.44 (Gertz etal., 2010)
10 Diltiazem 1.93 3.65 0.99 8.57 1.00 0.66 0.82 0.52 (Hoglund and Nilsson, 1988)
11 Domperidone 2.38 5.65 1.00 2.89 0.98 0.45 0.36 0.28 (Heykants et al., 1981a; Meuldermans et al., 1981)
12 Felodipine 0.89 211 0.94 4.61 1.00 0.27 0.27 0.45 (Gertzetal., 2010)
13 Furosemide 0.16 0.37 0.44 0.19 0.26 0.26 0.19 0.87 (Smith et al., 1980; Hammarlund et al., 1984)
14 Indomethacin 12.06 11.05 1.00 4.61 1.00 0.94 0.86 1.00 (Yehetal., 1982)
15 lpriflavone 7.03 8.66 1.00 10.71 1.00 0.62 0.86 0.67 0.89
16 Irbesartan 2.44 4.39 1.00 3.58 0.99 0.82 0.79 0.95 (Kostis et al., 2001)
17 Losartan 0.78 1.67 0.91 1.86 0.93 0.43 0.46 0.70 (Loetal., 1995)
18 Midazolam 5.04 7.19 1.00 12.48 1.00 030 0.74 0.43 0.83 0.51 (Gertzetal., 2010)
19 Nicardipine 4.02 6.24 1.00 1.79 0.93 0.02 0.01 0.23 (Guerret et al., 1989)
20 Nitrendipine 9.32 22.14 1.00 1.83 0.93 0.67 0.30 1.00 (Mikus et al., 1987; Soons and Breimer, 1991)
21 Omeprazole NV NV NV 4.44 1.00 NV 0.75 0.93 (Regardh et al., 1985; Regardh et al., 1990)
22 Pirenzepine 0.12 0.28 0.35 5.06 1.00 0.95 1.00 1.00 (Carmine and Brogden, 1985)
23 Raloxifene 1.41 2.83 0.98 2.48 0.97 0.25 0.04 0.22 0.03 0.07 (Kosakaetal., 2011)
24 Saquinavir 0.61 1.34 0.86 0.02 0.02 0.01 0.07 0.00 0.00 0.18 (Gertz et al., 2010)
25 Sildenafil 5.44 7.52 1.00 2.19 0.96 0.64 0091 0.35 0.75 0.54 (Gertz etal., 2010)
27 Tacrolimus 8.42 9.47 1.00 0.09 0.13 0.14 0.30 0.00 0.00 0.14 (Gertz etal., 2010)
28 Terfenadine 1.33 2.69 0.98 4.42 1.00 0.01 0.01 0.40 (Gertz etal., 2010)
29 Verapamil 2.36 4.28 1.00 8.57 1.00 0.24 0.39 0.65 (Gertz et al., 2010)

a:Lennernés et al., (2007b)
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5.4.4. Human intestinal regional Fg and assessment of jejunum Fg
predictions
Predictions of Fg vs. observed in vivo of Fg are presented visually in Figure 5-3, and
measures of prediction bias and success are shown in Table 5-6. Fg estimates based on
Caco-2 estimates and CLiy,, from HIJM resulted in the strongest correlation with in vivo
data (R%=0.51, p<0.001 vs. 0.42, p<0.002) and the lowest observed rmse (0.24 vs. 0.31) vs.
physicochemical based estimates. Furthermore prediction success was highest, with 67%
of compounds with an F<0.5 predicted within 2-fold (rmse 0.23 vs. 0.29). Overprediction
of Fg was observed for buspirone and raloxifene, where as underprediction was observed
for saquinavir, nicardipine, terfenadine, felodipine, verapamil and furosemide. A lower
number of FP’s were observed (20 vs.29%), and a slightly increased prediction success of
TN’s (35% vs. 29%). However, incidence of FN’s were increased (10 vs. 5%), and a slight
decrease in TP’s was observed (35 vs. 38%). Overall TN and TP predictions success of Fg

was high (70% in Caco-2 based approaches and 67% in physicochemical based scaling).

Table 5-6 Observation of prediction bias and categorisation of low Fg for

observed vs. predicted Fg in human jejunum microsomes

Prediction Bias Categorisation of low Fg
Physicochemical Caco-2 Physicochemical Caco-2
n 21 n 20 Class n % Class n %
>2-fold (%) 33 >2-fold (%) 30 TP 8 38 TP 7 35
<2-fold (%) 67 <2-fold (%) 70 TN 6 29 TN 7 35
gmfe 0.27 gmfe 0.58 FP 6 29 FP 4 20
rmse 0.31 rmse 0.24 FN 1 5 FN 2 10
Fs<0.5 n 9 Fs<0.5 n 19
>2-fold (%) 56 >2-fold (%) 33
<2-fold (%) 44 <2-fold (%) 67
gmfe 0.08 gmfe 0.44
rmse 0.29 rmse 0.23

Incidence of Fg <03, Feo3-07 and Fg o7 for physicochemical and Caco-2 based scaling is
shown in Table 5-7. Correct categorisation was observed for 62% and 65% of compounds
respectively for physicochemical and Caco-2 scaling repectively. 67% of compound with

Fc.<03 was 67% for both approaches.

Ratio of prediction accuracy is shown in Figure 5-4. Overprediction was observed for
ipriflavone, losartan and indomethacin. Underprediction was shown for buspirone, and
raloxifene. Highest observation of precision accuracy was observed for Caco-2 scaling

where 60% of compounds were within 2-fold, vs.57% for physicochemical scaling.
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Figure 5-3  Correlation between observed and predicted Fg in human jejunum
microsomes using either physicochemical (A) or Caco-2 (B) based permeability
estimates.

Compound numbers relate to Table 5-4.
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Table 5-7 Incidence of Fg <03, Fc03-07 @and Fg o7 correct and incorrect
categorisation for predicted and observed Fg using metabolism data and either
physicochemical or Caco-2 based scaling methodologies.

Fa.Fg
Physicochemical Caco-2
Correct Incorrect Correct Incorrect
Fo<o3 4 19% 2  10% Fo<o3 4 20% 2 10%
Fco3-07 4 19% 4  19% Fco307 5 25% 3 15%
Fos0.7 5 24% 2  10% Fos07 4 20% 2 10%
Y 21 13 62% 8 38% 20 13 65% 7  35%
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5.5. Comparison of intestinal metabolism between species
In order to compare intestinal metabolism between species, predictions of Eg are compared
from both preclinical species (rat and dog) and human in Table 5-8, alongside rank order
of intestinal metabolism observed. Eg in the rat was generally highest and ranged from 0.1
(bisoprolol) to 1 (terfenadine and saquinavir). Female dog generally showed increased
intestinal metabolism over male dog, ranging from 0.04 (bisoprolol) to 0.99 (saquinavir)
and 0.06 (felodipine) to 0.90 (saquinavir) respectively. Human intestinal metabolism
rivalled the rat and ranged from 0.05 (pirenzepine) and 0.99 (terfenadine and saquinavir).
Saquinavir and terfenadine metabolism was highly metabolised in all species, whilst
bisoprolol showed low intestinal metabolism across all the species studied. Midazolam
demonstrated comparable metabolism in the dog to human, but lower metabolism in the

rat.

Table 5-8 Comparison of predicted Eg in preclinical species and human for 23

compounds investigated across preclinical species and human.

Dog Dog

# Compound Name Rat Male Female Human Es Rank Order
1 7-Hydroxycoumarin 0.75 0.33 0.35 0.70 rat>human>female dog>male dog
2 Bisprolol 0.10 0.11 0.04 0.01 male dog >rat>female dog>human
4 Buspirone 040 0.14 0.38 0.48 human>rat>female dog>male dog
8 Cyclosporine A 035 0.80° 0.70° 0.47 male dog>female dog>human>rat
10  Dilitiazem 045 0.15 0.30 0.34 rat>human>female dog>male dog
11  Domperidone NV  0.18 0.28 0.55 human>>female dog>male dog
12 Felodipine NV  0.08 0.41 0.86 human>>female dog>male dog
13 Furosemide 0.30 0.79 0.81 0.74 female dog=male dog>human>>rat
14  Indomethacin 0.07 0.09 0.06 0.06 male dog>female dog>rat=human
15  lpriflavone 0.87 0.43 0.66 0.38 rat>female dog>male dog>human
16  Irbesartan 048 0.13 0.08 0.18 rat>>human>male dog>female dog
17  Losartan 0.61 0.22 0.32 0.57 rat>human>female dog>male dog
18  Midazolam 0.29 0.65 0.76 0.70 female dog>human>male dog>rat
19  Nicardipine 0.98 0.89 0.95 0.98 rat>human>female dog>male dog
20  Nitrendipine NV 034 0.58 0.33 female dog>male dog>human
21 Omeprazole 057 0.35* 0.69° 0.25° female dog>rat>>male dog>human
22  Pirenzepine 049 0.19 0.51 0.05 female dog>rat>>male dog>human
23 Raloxifene 0.98 0.88 0.97 0.75 rat>female dog>male dog>human
24 Saquinavir 1.00 0.90 0.99 0.99 rat>human=female dog>male dog
25  Sildenafil 0.27 0.19 0.21 0.36 human>rat>female dog>male dog
27  Tacrolimus 0.88 0.74 0.83 0.86 rat>human>female dog>male dog
28  Terfenadine 1.00 0.85 0.95 0.99 rat>human>male dog>female dog
29  Verapamil 049 0.09 0.13 0.76 human>>rat>female dog>male dog

a: results estimated from physicochemical permeability estimates. All other predictions are
based on the metabolism and Caco-2 permeability data generated in the current study, as

detailed in previous sections.

Page 188 of 258



Plots displaying estimates of Eg compared between preclinical species and human is
shown in Figure 5-5. Estimates for the entire compound set show similar correlations in
both rat and human, with R? values of 0.49, 0.34 and 0.39 for rat, female dog and male dog
respectively. The strongest correlation in CYP3A substrates was observed between rat and
human predicted values (R?=0.61, p<0.001), where 70% of compounds were observed
within 2-fold (Table 5-9). The weakest relationship for CYP3A substrates was observed
between male dog and human (R?=0.26, p=0.08), however 54% of compounds were still
within two fold. In general however, the incidence of high metabolism in the dog for

CYP3A compounds was lower than in human.

Table 5-9 Comparison of percentage of all compounds studied and CYP3A

substrates only within two fold of Human F in rat and dog

Dog Dog
Rat (M) (F)
N All compounds 20 23 23
>2-fold (%) 35.0 39.1 30.4
<2-fold (%) 65.0 60.9 69.6
N CYP 3A substrates 10 13 13
>2-fold (%) 30.0 46.2 23.1
<2-fold (%) 70.0 53.8 76.9
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values for the whole set of 20 overlapping compounds in the rat, and 23 in the dog

studied compounds (A and C) and CYP3A substrates only (n= 10, B and D).

Rat predictions are shown in panels A and C and dog in B and D. Eg estimates based on

HIJM metabolism data and Caco-2 permeability, with the exception of omeprazole in all

species, and cyclosporine in dog, where physicochemical estimates were utilised. Solid line

represents the line of unity and dashed lines are 2-fold. Compound numbers relate to listing

in Table 5-8. Percentage within 2-fold is shown in Table 5-9.
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Figure 5-6  Comparison of relationships between observed or predicted values of
Fa.Fg, Fy and F in rat (A,B,C) (n=18 compounds) and dog (D,E,F)(n=19 compounds)

in comparison to human. Estimates of F were made using in vivo Fy estimates.

5.5.1. Relationships between intestinal and hepatic metabolic contributions
and absorption to bioavailability between species
Rank order of Eg between species suggested that human showed dominant metabolism for

CYP3A compounds. Human CYP3A Eg was highly correlated to the observed Eg in rat
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(R?=0.61, p<0.01). Human vs. dog Eg showed weaker relationships than the rat vs. human
for either all compounds or CYP3A only (Figure 5-6). Correlations of both Fy and F were
for between the rat and human (R?=0.16). Stronger relationships in F were observed in the
dog (R?=0.51 for observed F). Predictions of F showed similar % within 2-fold of human,
with 29% band 32% for observed vs. predicted, and 65% , 52 and 57% for observed vs
male and female predicted, respectively (Table 5-10).

Table 5-10  Observed and predicted relationships between F in preclinical species
and in human in study compounds

Rat Rat Dog Dog Dog
in vivo Predicted in vivo Predicted (M) Predicted (F)
n 14 19 17 21 21
>2 fold (%) 71.4 68.4 35.3 47.6 42.9
<2 fold (%) 28.6 31.6 64.7 52.4 57.1

M: male , F: Female

Correlation of predicted Fa between human and either rat or dog indicated a strong

relationship in both species, but an incidence of higher Fa in the dog (Figure 5-7).

Page 192 of 258



A Human vs. Rat Fa

0.9r
08-
0.7r

061

Predicted Rat Fa

0.3r pd
0.2} o

01 -~

05} /
04f

0 0.2 04 06
Predicted Human Fa

Human vs. Dog Fa

Predicted Dog Fa
© o o o o o o o
N w R (4] D ~l o] © -
e}

o
=

o

0.2 0.4 0.6
Predicted Human Fa

o

Figure 5-7  Relationship between predicted Fa between human and either the rat

(A) and dog (B).

Estimates based on Caco-2 permeabilities and the relationships between Pe and F,
reported in Amidon et al., (1988) for the rat, and Yu and Amidon, (1999) for dog and

human. Data shows the Fa estimates in rat dog and human for the same set of compounds

with in house permeability data (n=24).
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5.5.2. Sensitivity analysis of the Qg model to system parameters
The sensitivity of the Qg model using the model input parameters of Pess and CLinty for
each species (Table 5-11) is shown in Figure 5-8. Compounds with a low permeability
displayed a significant increase in Eg over a narrow range of CLiy . Of note, similar
distributions were seen for rat and human, however in the dog, for highly permeable
compounds (Pesr >10 cm/s™), maximal Eg was around 0.6, where as in human in rat a

higher Eg up to 0.8 could still occur.

Table 5-11  Input parameters for Qg sensitivity analysis for each rat, dog and

human
Quitii Scalar Segment Surface
Species  (I/h)  (MPPGI) Weight (g) Area (m?)
Rat 0.3 9.6 5.3 0.016
Dog 5.6 4.0° 77.1° 0.109
Human  18.0 6.4 411.0° 0.660

a: proximal 60cm segment, b: female dog scalar, c:jejunum weight from Paine et
al., (1997).
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Figure 5-8  Qgut model sensitivity in prediction of Eg towards CLn,, and Pess input
parameters for rat (A), dog (B) and human (C).

Species specific model parameters are shown in Table 5-11.
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5.6. Discussion
Human intestinal microsomes prepared from jejunum and ileum tissue demonstrated
regional differences with respect to both intestinal scalars as well as activities. Recoveries
of microsomal protein were similar using the 3 microsomal markers, and comparable
between intestinal regions (36 vs. 38% for jejunum and ileum, respectively). Microsomal
scalars were highest in jejunum tissue, approximately 2- fold higher than the distal ileum.
Expression of scalars in comparison to literature reported scalars is summarised in Table
5-12. The only known reports of corrected microsomal scalar in human intestinal tissue
prepared by scraping were similar but showed less gradiation between the intestinal
regions (Paine et al., 1997). Scalars for MPPGM for matched regions were similar in the
jejunum, however were 3.2-fold lower to those reported in the ileum (Paine et al., 1997;
Cubitt et al., 2009) (Table 5-12). This confirms earlier observations in the rat that scalars
based on yield of mucosa are more sensitive to the methodology employed, and as such
extrapolate poorly between labs. It should be noted that, due to the low number of samples
(n=3 for jejunum pool, and 2=2 for ileum pool, both prepared on 1 occasion), firm

conclusions of regional human scalars or species relationships is limited.

Table 5-12 Comparison of reported and in house measured regional human
intestinal scalars

Region
Weighted

Scalar Duodenum Jejunum lleum Scalar Study
MPPGI 3.33 3.27 2.83 3.11 (Paine et al., 1997)

6.39 3.26 This study

Paine et al., 1997; Cubitt et

MPPGM 14.54 20.49 23.55 20.56 ( al., 2009)

16.46 7.34 This study

Microsomal CYP content was similar between both jejunum and ileum microsomes.
Similar trends in total CYP levels have been observed in human jejunum and ileum
intestinal microsomes, where reported median CYP contents were 70 and 50 pmol/mg
respectively (Paine et al., 1997). Mean levels of CYP in microsomes prepared in this study
were at least 2-fold higher than literature reports (Paine et al., 1997; Paine et al., 2006;
Bruyere et al., 2010), most likely related to the differences influenced by the enterocyte
elution vs. scraping preparation methods (Mohri and Uesawa, 2001; Galetin and Houston,

2006) as described previously.
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Similar to the Paine et al., (1997) study, CYP3A metabolite formation was not correlated
to total CYP content. Median maximum rate of formation (Vma) Of the midazolam
metabolite 1’-hydroxymidazolam was previously reported to be 426 and 68 pmol/min/mg
for jejunum and ileum microsomes, respectively. This represented a 6-fold reduction in
activity between the regions. The observed fold difference in 63-OH TEST formation in
this study was 3.6-fold, and both are correlated to the reported reduced CYP3A content in
the jejunum vs. the ileum (30.6 vs. 16.6 pmol/mg) (Paine et al., 1997). Given that total
CYP levels were unchanged; this fits with other CYP enzymes being expressed in distal
segments of the intestine, e.g. CYP2J2 (Zeldin et al., 1997). Since testosterone is not a
CYP2J2 metabolite it was not possible to monitor any changes in activity between the

regions.

An increased expression of cytochrome bs was reported previously in the ileum vs. the
duodenum and jejunum (0.25 nmol/mg vs. 0.19 nmol/mg in duodenum and jejunum)
(Paine et al., 1997) and corresponds to the increased 427 and 558 nm peaks observed in the
wavelength spectrum scans observed in this study. Since the measurement of absolute
abundance is based on the Omura and Sato (1964) technique, it was not possible to
calculate concentration of cytochrome bs using the wavelength scans produced in this

study.

Activity of HIUM towards 6B-OH TEST formation (1.37 nmol/min/mg) was within the
range of reported proximal duodenum/jejunum microsomes prepared via elution methods
0.36 — 5.88 nmol/min/mg (Obach et al., 2001; Gertz et al., 2011). Values were similar to
those in observed to those in Gertz et al., (Gertz et al., 2010) (1.84 nmol/min/mg) and 3-
fold lower than mean values reported in Gertz et al.,, (2011), based on commercial
intestinal microsomal pool. Of note, similar mean values to this study have been obtained
from microsomes prepared from scrapped jejunum microsomes, however considerable
variability is observed (1.58 +1.56 nmol/min/mg, CV 98%) (Prueksaritanont et al., 1996).
Similar to the fold differences in 68-OH TEST formation, a mean 3.1 fold regional
difference was observed between HIJM and HIIM for CYP3A compounds, where an
increased metabolism was observed in the proximal intestine. It should be noted for one
ilum donor, primidone a known CYP3a4 inducer (primidone (Monaco and Cicolin,
1999))was included in the medication, and so caution should be applied. The limited

number of samples also limits the abitity to form firm conclusions from this study.

Activities for the formation of UGT1A6 and UGT1A9 (Hanioka et al., 2001b) metabolite
4-NP Gluc have also been previously reported in scrapping prepared microsomes
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(0.80+0.68 nmol/min/mg, CV 85%) demonstrating similar variation to their reported 63-
OH TEST formation (Prueksaritanont et al., 1996). Microsomes prepared by elution in this
study revealed 4-NP gluc activities of 1.37 nmol/min/mg. Activities were slightly
increased (1.4-fold) in the distal ileum microsomes (1.91 nmol/min/mg) suggesting the role
of phase 11 glucuronidation in the more distal regions of the human intestine. Similar trends
were also seen for 7-hydroxycoumarin CL;; data. However, the difference in CL;,; between
regions was more pronounced in the case of raloxifene (39 fold). Raloxifene is a UGT
1A10 and UGT1A8 substrate, and since UGT1A10 is reported to be selectively expressed
in the human intestine and is a major route in the metabolism of raloxifene (raloxifene 4’-
B-glucuronide), it is implicated in the observed low bioavailability in human (Jeong et al.,
2005). Given the extent of metabolism in the ileum vs. the jejunum, and only utilising
jejunum data for prediction of Fg in this study, it is likely that this is responsible for the
slight overprediction of Fg for this compound (Fg= 0.25 vs. 0.07 for predicted vs.
observed). Greater than 2-fold overprediction of Fg was also observed for buspirone in line
with previous observations of underprediction of the hepatic clearance component (Gertz
etal., 2010).

Prediction of Fg was well correlated to in vivo estimates, with the strongest correlation
observed using for Caco-2 vs. permeability estimates based on physicochemical properties
(R?=0.51 vs. 0.42). Prediction of TN and TP low Fg compounds was high (70%). 65% of
compounds were correctly predicted using a stricter Fg classification system, and 60% of

compounds assessed on the ratio of observed to predicted Fg based on Caco-2 scaling.

Underprediction of Fg was observed for saquinavir, nicardipine, terfenadine, felodipine,
verapamil and furosemide. Since nicardipine and terfenadine are highly bound to
microsomal protein, small changes in CL;y or erroneous fui,. determination might have
subsequently affected the in vitro estimate of its clearance. Saquinavir and verapamil are
CYP3A inhibitors, and whilst no inhibition was observed in the depletion profiles
(Appendix Figure 7-2 and Appendix Figure 7-3) this may bias estimates of Fg. In vivo
estimates of Fg of furosemide may be compromised by the poor absorption of the
compound. Furthermore, saquinavir, verapamil, terfenadine, furosemide, tacolimus and
raloxifene are P-gp inhibitors; however, incorporation of the Caco-2 data in the presence of
transport inhibitors worsened their Fg predictions. In the case of terfenadine, improved
predictions have been observed using PBPK modelling (Gertz et al., 2011). Given the low
expression of CYP3A (1% of hepatic) (Paine et al., 2006) and P-gp in the intestine, it is
likely that concentrations above K, in the intestine following oral dosing may lead to
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enzyme and transporter saturation in vivo which does not occur at the concentrations
observed in vitro, therefore reducing the effects of CYP3A and P-gp and leading to in vitro
underprediction of F. Furthermore, solubility was not accounted for the in Qg,: model, and

may account for the underprediction of Fg for saquinavir, verapamil and nicardipine.

Given the small size of the microsome pool (n=3 donors), it is likely that it is not fully
representative the true population. Correlations of R?=0.38 have been observed using total
intestinal CYP3A based scaling using midazolam Qg calibrated Caco-2 Fg estimates
(Gertz et al., 2010). Of note, the generated CL;,; from the n=10 microsome pool in the
Gertz et al., (2010) study, intestinal microsomes were on average 3-fold higher for matched
compounds (range of 0.7-fold for terfenadine, to 11.6-fold for felodipine). Fold difference
in midazolam CL;,, was 3.2-fold. The intestinal microsomes used in study by Gertz et al
(2010) were commercial (Xenotech) and prepared from proximal sections of the small
intestine, but the exact preparation method used is unknown. From initial work in the rat it
is clear that preparation method influences both CYP contents (and therefore activity) as
well as value of microsomal scalar (Chapter 2), therefore it is interesting that improved
correlations were observed by correction of the derived in house (IH) jejunum scalar by the
fold difference in activities between the reported study and IH midazolam CLiqy
(Equation 5-1), without the requirement for midazolam Qg correction (R?=0.43). It
should be noted that reported 6-OH TEST formation was only 1.35-fold higher than in
this study.

Equation 5-1

Midazolam CLint,u 1y

Study corrected Scaling factor = IH Scaling factor -

Midazolam CLint,u seydy

5.6.1. Species differences in intestinal metabolism
Metabolism and permeability data was obtained for an overlapping set of 20 compounds
between rat and dog preclinical species and human. These were used for the prediction of
intestinal availability and compare the predicted extent of intestinal extraction across

species, and asses the preclinical species with the closest prediction to human.

Rank order of Eg between species suggested that human showed dominant metabolism for
CYP3A compounds. Human CYP3A Eg was highly correlated to the observed Eg in rat
(R?=0.61, p<0.01). Human vs. dog E showed weaker relationships than the rat vs. human
for either all compounds or CYP3A only. Despite this observation however, lower

midazolam metabolism was observed in the rat, whilst more comparable metabolism was
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displayed in the dog and human. Highest E¢ in the dog over rat and human was observed
for compounds generally associated with dominant hepatic elimination (e.g. buspirone,
indomethacin). Saquinavir and terfenadine, as well as raloxifene which all display high
microsomal protein binding were highly metabolised in all species. Bisoprolol displayed
low metabolism in all species studied. Given the extent of 4-NP glucuronidation in the rat
(Chapter 3) it was not surprising that for UGT substrates, greatest Ec was observed of all
studied species.

Previous reports of relationships between Fa.Fg in rat vs. human from in vivo estimates
have been poor (Bueters et al., 2013), however it is likely that difficulties in calculating the
Fa.Fg component via indirect i.v and p.o. measures play a role, especially for compounds
with high hepatic extraction. Relationships between Fa.Fg between species however were
generally improved using predictions rather than in vivo estimations. A strong relationship
was observed in predicted rat vs. human. Comparison of the Qg model sensitivities for rat,
dog and human (Figure 5-8) highlighted similarities between the human and rat. However,
in the dog, the extent of Eg for matched CLi, and Pes values was reduced. This low

extraction was in line with a general observation rank order of Eg between species.

Correlation of predicted Fa between human and either rat or dog indicated a strong
relationship in the rat, but an incidence of higher Fa in the dog (Figure 5-7). This is in
agreement with previous successful predictions based on rat data (Chiou and Barve, 1998;
Cao et al., 2006) and poor relationships from the dog (Chiou et al., 2000).

Improved Fy relationships were observed in the dog using predicted rather than observed
relationships to the human. This is again likely to be related to the difficulties in
determining Fy and Fa.Fg in vivo through indirect i.v. and p.o. dosing for compounds with
high hepatic extraction, as previously discussed. In general however, the relationships
between Fa.Fg, Fy and F between species were poor, especially in the rat. This was
expected as the reported F relationships between species are poor (Musther et al., 2013),
and relationships between clearance in either dog and rat and human are weak compared to
other species, e.g. monkeys (Ward and Smith, 2004; Ward et al., 2005) .
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5.7. Conclusions
Microsomal scaling factors were calculated for both jejunum and ileum human intestinal
segments. A decrease in both value of microsomal scalar, and activity towards CYP3A
activity was observed. UGT activity towards either 4-NP Gluc formation of 7-
hydroxycoumarin depletion was marginally increased, however a large increase in
raloxifene metabolism was observed, indicating an increase in UGT1A10 expression in the
distal intestine. Good prediction of in vivo Fg was observed using scaled up values of
metabolism in jejunum microsomes. Application of the scalar corrected for testosterone
activity between studies appeared to make correction for any differences in preparation.
The extent of intestinal metabolism for Fa.Fg was well correlated between rat and human

especially for CYP3A compounds.
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6. Final Discussion
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The role of the intestine in determining the oral bioavailability of drugs has been
recognised and extensively studied (Paine et al., 1996; Thummel et al., 1996; Lin et al.,
1999). However, the difficulties in establishing reliable in vitro tools, scaling factors for
IVIVE, and understanding of species differences in intestinal metabolism, have limited
both absolute quantification, and translation from observations in preclinical species to

man.

The application of methods of microsomal preparation established in the liver to
extrahepatic tissues is not straightforward. In the case of the intestine, this has been
hindered due to its long and folded structure, its multitude of cell types, and its complex
role as a barrier to the external environment (DeSesso and Jacobson, 2001; van de Kerkhof
et al.,, 2007b; Thelen and Dressman, 2009). However, through the combined
understandings of the impact of scraping or elution of enterocytes, the action of intestinal
proteases on degradation of CYP enzymes (Komura et al., 2002), the “tough” enterocytic
structure and its implications for homogenisation (Lindeskog et al., 1986), and the effect of
contaminants of mucus and no-enterocytic cell types (Hulsmann et al., 1974a; Lin et al.,
1999), progress on microsomal preparation has been made. In this study, an optimised
method was developed, analysing key steps in enterocyte elution and microsome
preparation, focusing principally on enterocyte incubation conditions, homogenisation
intensities and buffer constituents. Intestinal microsomal scaling factors were obtained in
preclinical species and human, accounting for regional differences. In the dog, comparison
was also performed to hepatic scaling factors obtained in the matched animals. In addition,
metabolic activities of intestinal microsomes of different species were assessed using the
same drug set. Predictive success of generated metabolic data was investigated by
integrating obtained metabolic data with generated permeability data in Caco-2 and

comparing to collated or in house obtained in vivo estimates of Fg,

6.1. Intestinal microsome preparation: Establishing methods and
reproducibility
The rat was initially selected as a source of intestinal tissue in order to optimise
microsomal preparation considering the ease of access and the extent of comparative
literature data available for quantitative comparisons (Dawson and Bridges, 1981; Emoto
et al., 2000; Takemoto et al., 2003; Bruyere et al., 2009). During the optimisation process
in the current study two main findings were apparent with respect to the yields of both
protein and enzymatic content. Firstly, microsomal recoveries, scaling factors and CYP

levels in intestinal microsomes are primarily influenced by the initial enterocyte
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preparation method. Secondly, the overall protein yields are affected by the degree of
homogenisation of the sample (Chapter 2). Previous reports had highlighted the advantage
of the utilisation of elution techniques over the use of scraping of the intestinal tissue since
this resulted in increased CYP activities (Mohri and Uesawa, 2001; Galetin and Houston,
2006). This finding was also evident in the current analysis, as CYP3A activity was
reduced in microsomes prepared by scraping compared to elution, although data were only
available for a single batch of rat intestinal microsomes (Chapter 3). In line with
analogous comparisons in human intestinal microsomes (Galetin and Houston, 2006),
alternative CYP pathways were less susceptible to damage using scraping techniques. UGT

activity also appeared to be unaffected.

The final essential stage of the intestinal microsomal preparation prior to its use in
metabolic stability studies in rat, dog and human was to clarify the roles of glycerol and
heparin in microsomal preparation, and ultimately to ensure reproducibility of the method.
Mucus is an important aggregator of ingested material in the intestine, however, it impedes
microsomal preparation (Stohs et al., 1976). Heparin added in the initial preparation
procedure aided both enterocytic isolation and helped remove mucus contamination. Its use
in later stages of the preparation interfered with appropriate microsomal pellet formation.
Glycerol addition resulted in mean increases in CYP content as observed previously (Stohs
et al., 1976), however at the expense of method reproducibility. Given that reproducibility
of the method was key for understanding intestinal metabolism with increased confidence,
it was important to establish the reliability of matched preparations. Good reproducibility
and low variation in activity and in microsomal scalars was demonstrated using two pools
of intestinal microsomes produced in the rat. Furthermore, validation of the CYP and UGT
cofactor approach enabled greater utility for assessing both CYP and UGT mediated

activites and allowed for sequential metabolism (e.g. amitriptyline).

6.2. Species differences in intestinal microsomal recoveries and scalars
In the case of the liver, significant work has been undertaken in order to establish scaling
factors for human and preclinical species using correction for losses experiments (Houston,
1994). For example, human estimates of liver scalars are established on covariate analysis
of 108 livers (Barter et al., 2007). In contrast, in the human intestine, only one principle
study has identified scalars through correction for losses from 20 donors (Paine et al.,
1997; Paine et al., 2006). This however is based on the less optimal scraping preparation

procedure. Estimates for the dog intestine are only recently available, from 4 donors
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(Heikkinen et al., 2012). Rat intestinal values based on corrections for losses in microsome
preparation were not available prior to this study.

This was the first known study to collate values of intestinal scalars from rat, dog and
human within the same lab. Correction for losses in rat intestinal microsomes was achieved
using CYP as a specific microsomal marker. However, pools utilised in dog and human
intestinal tissues were smaller than that of the rat. Therefore, in order to increase
confidence in values of intestinal scalars in dog and human, two additional activity markers
were measured in homogenates and microsomes of testosterone metabolite formation, and

4-NP glucuronidation, in addition to CYP content.

Mean intestinal microsomal recoveries were similar in rat and human, as shown in Table
6-1. Recovery in dog intestine was low, in agreement with previous studies (Heikkinen et
al., 2012), most likely related to an increased content of mucus in the intestine. This is
probable, since similar recoveries were observed in rat when no heparin was included to
remove mucus. Expression of mucus secreting goblet cell expression or basal mucus levels

have however not knowingly been compared between species.

Table 6-1 Summary of intestinal scalars in rat, dog and human proximal intestine

and dog liver.
Recovery (%o) MPPGT (mg/g)
Species Intestine Liver Intestine Liver
Rat (n=18) 33.1+7.9 9.6+35

Dog (M) (n=3) 18.7+3.8 554+141 69+36 489+118
Dog (F) (n=3) 21.1+7.4 589+09.7 42+21 387168
Human (pool=3) 35.5%6.2 6.3+1.2

MPPGT: microsomal protein per gram tissue.

Recoveries in liver were high compared to the intestine, in matched liver samples for 3
male and 3 female dogs in which microsomes from the proximal intestine were also
prepared (Table 6-1). Values of liver microsomal scalar in the beagle dog were
comparable with previous observations where corrections for losses were applied
(Baarnhielm et al., 1986; Smith et al., 2008; Heikkinen et al., 2012). Reproducibility
between separate operators on liver samples from the same animal in this study was high

(CV 20%), suggesting low inter-operator variability. Weighted mean of combining the
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results from this study and these previous studies reveals MPPGL scaling factors of 47.7
(n=12), 38.8 (n=10), and 43.7 (n=22) mg/g for female, male and mixed populations.

This study represents the largest analysis to date of dog liver and intestinal scalars from the
same animal (n=6). Values of microsomal scalar observed in the proximal intestine and
liver demonstrated a strong positive correlation (Figure 4-6), and were not influenced by
sex. This relationship therefore has potential for forming a basis for making population
estimates and incorporating variability for intestinal scalars based on known population
liver scaling factors. Such a relationship was not observed in a smaller pool of 4 dogs using
matched liver and intestinal tissue, but this may be related to differences in the elution
preparation methods, and the fact that intestinal tissue was shipped overnight rather than

prepared fresh on the day of removal (Heikkinen et al., 2012).

Regional distributions of intestinal scalars were studied in both the dog and human.
Recoveries in female segments of dog intestine were uniform. However, scaling factors
varied from segment to segment, increasing in the first three proximal segments of the dog
intestine. Values in the distal segment were comparable to the first segment of small
intestine (Table 4-6). Whilst these values are on average 2-fold lower on a gram of tissue
basis to the only other literature study, identical regional distributions have been observed

in mean regional scaling factors in both male and female dogs (Heikkinen et al., 2012).

Whist values of human intestinal microsome recoveries were higher than observed in the
dog, similarly, recoveries were observed to be identical in the ileum compared to the
proximal jejunum (Table 5-3, Table 6-1). Values of scaling factors were however 2-fold
lower in the distal small intestine. Reports of human corrected intestinal scalars in 20
donors using intestinal microsomes prepared via scraping were almost 2-fold lower in to
values observed in this study for the jejunum, but similar to ileum values. In the Paine et
al., (1997) study, distribution of microsomal scalars was more uniform along the intestine.
The results from this study are limited in terms of pool size (n=3 for jejunum and n=2 for
ileum) and the small size of the segments utilised (circa. 5-10cm) vs. microsomes prepared
from the whole intestine (Paine et al., 1997). Furthermore, it is possible that a reduction in
values of microsomal protein are reduced with age, analogous to reported values of liver
microsomal scalars (Barter et al., 2007). In this study, jejunum microsomes were prepared
from an age group or 36-43 years old, whilst ileum microsomal donors were 77-78 years
old. It should be notes that using MPPGM, the fold difference was 2.2 fold reduced in

ileumj samples vs. jejunum.
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6.3. Validity of intestinal microsomes for intestinal scaling
The validity of intestinal microsomes compared to alternative in vitro approaches, e.g. use
of intestinal slices has been brought into question as an in vitro tool to describe in vivo
intestinal metabolism (Martignoni et al., 2006). For example, microsomal activity scaled
up to per mg of intestinal protein level has been reported to show significantly lower
metabolism than intestinal slices for the same dataset (Martignoni et al., 2006). However,
in this case, whilst comparison of homogenate and microsomal protein were used to
provide a microsomal scaling factor, no correction for losses based on a microsomal
specific marker was applied, meaning that the total homogenate protein measurement
contained non microsomal protein. Application of mean recovery (33%) in rat from this
study from the microsomal marker CYP, whilst not being specific for this studies method
of preparation, made a much more comparable outcome. Furthermore, as demonstrated in
this study, extrapolation of total intestinal metabolism can be applied from microsomal
data to make in vivo estimates of Eg. Successful applications have also been applied to
make Fg predictions in either CYP3A or UGT compounds using enzyme abundance or

reported microsomal scalars, respectively (Cubitt et al., 2009; Gertz et al., 2010)

In this study, metabolism data obtained in intestinal microsomes from selected compounds
were extrapolated in the rat, the dog and human using the derived microsomal scalars.
Compounds in each set were chosen on the basis of varying degrees of intestinal
metabolism, and their varied physicochemical properties and various routes of metabolism.
A total of 20 overlapping drugs were studied in all 3 species in order to make comparisons
of intestinal metabolism between species, making this the largest known comparison of Eg

in preclinical species and man within the same lab.

6.4. Species differences in intestinal metabolism
In the rat, the main metabolites observed were 63-OH TEST, 16a-OH TEST, 16B3-OH
TEST and androstenedione. These corresponded to the activities of CYP3A (6p-OH
TEST), and CYP2B and CYP2C (160-OH TEST, 163-OH TEST and androstenedione).
These corresponded to observed protein expression in Wistar rats (Mitschke et al., 2008),
where CYP2B expression is reported to rival CYP3A (Mitschke et al., 2008). Similar
activities were observed in commercially available HW intestinal microsomes, except that
androstenedione activity was reduced. Activity towards testosterone in commercially
available SD rat intestinal microsomes was similar, although 16a-OH TEST activity was
almost 2-fold higher than the commercial HW microsomes, most likely related to

differences in CYP2C activities between the strains. This was in line with reported CYP2C
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activity observed in SD intestinal microsomes (Sohlenius-Sternbeck and Orzechowski,
2004). UGT activity towards 4-NP was similar in both strains, but lower than in house

prepared microsomes.

Activity towards testosterone metabolite and 4-NP Gluc formation was performed in all
species in order to characterise each species in the same lab using the identical preparation
method. Previously, comparisons between species have been based on cross study
comparisons, and as such were limited by the differences in preparation techniques
employed. In contrast to the rat, the main testosterone metabolite formed in dog and human
intestinal microsomes was 6B-OH TEST, corresponding to CYP3A activity. Activity in
DLM showed activity of 16a-OH TEST formation corresponding to CYP2B which rivalled
CYP3A 6B-OH TEST formation, highlighting the different enzyme activities between

organs.

Activity of CYP and UGT was the highest in the dog liver, and similar between both male
and female individuals. However, activity of 6f-OH TEST and 4-NP gluc in the dog
intestine was highest in the female vs. male, perhaps indicating a greater role of the
intestine in metabolism in the female dog. In both male and females, normalisation of
CLintu in liver and intestine for a broad range of CYP3A compounds by either reported
CYP3A abundance (Heikkinen et al., 2012) or 63-OH TEST formation in the liver or
intestine for either male or female respectively, demonstrated a strong positive correlation
(Figure 4-9 and Figure 4-10). Good correlations have been previously observed in human
liver and intestinal metabolism normalised of CYP3A abundance (Galetin and Houston,
2006; Gertz et al., 2010), and therefore application of scaling metabolism based on CYP3A
abundance has been applied successfully (Gertz et al., 2010). However, care must be taken
when using this scaling approach since there are differences in metabolic activities
between the organs, (e.g. CYP2B in the dog liver), which mean this approach is not
applicable for compounds with differing metabolic routes of elimination unless the

compound is known to only be a CYP3A substrate.

Mean 6B-OH TEST activity in the human jejunum microsomes was the highest of all
species studied, although similar activity was observed in the female dog intestine (Figure
6-1A). A 5-fold higher activity was observed in human vs. rat, as has been previously
observed using intestinal slices (25 pmol/min/mg protein vs 107 pmol/min/mg protein)
(Martignoni et al., 2006; van de Kerkhof et al., 2006). Androstenedione formation was
highest in the rat compared to human. This is likely to be realted to the dominant role of

the cyctoslic enzyme 17p-Hydroxysteroid dehydrogenase (van de Kerkhof et al., 2006)
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Figure 6-1  Species differences in CYP 6p-OH TEST (A) and 4-NP Gluc (B)
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which is not present in microsomes. Androstenedione formation was not quantifiable in the
dog. Activity of 4-NP glucuronidation was similar in human jejunum microsomes and
segment 1 in both the male and female dog (Figure 6-1B). However, the dominant role of
UGT in the rat intestine was indicated by the significant activity of 4-NP Gluc formation
which was around 70 fold higher than in the dog and human (Figure 6-1B). The differing
importance of other enzyme routes of CYP (e.g. importance of CYP2B as well as CYP3A)
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and UGT elimination in the rat were reflected in the poor correlations between E¢ rat and
human, in line with previous observations (Cao et al., 2006; Bueters et al., 2013).
However, when only CYP3A eliminated compounds were selected, the correlation was
significantly stronger (Figure 5-5), suggesting good prediction of human Eg from the rat

for this category of compounds.

In all species, overprediction of Fg was observed for compounds with high hepatic
clearance, and this trend was particularly evident in the dog. This in part highlights the
limitations of the indirect approach for estimating intestinal metabolism, since high hepatic
clearance may mask the intestinal component. Greater confidence of in vivo Fa.Fg
estimates has been achieved in the rat using cannulation of the portal vein (Kuze et al.,
2009; Matsuda et al., 2012). For example estimates of midazolam Fg in the rat are
improved. Estimates of indomethacin and raloxifene were similar to those derived from
cannulation based methods, and most likely due to the low hepatic contributions which
reduces the masking of the intestinal component. Therefore, a cannulation based approach
would only be recommended for drugs which display high hepatic clearance, since this is
limited in its applicability to routine high throughput application in drug development

programs.

6.5. Prediction success of Qg scaling of intestinal metabolism
Extrapolation of rat intestinal metabolism to estimate Fg demonstrated good correlation,
with low (30%) CV between the 2 pools using either physicochemical or Caco-2 based
permeability estimates for Qg scaling. In general, estimation of Pes based on
physicochemical properties was limited by the PSA of the compound. For example,
cyclosporine had a very low predicted P vs. observed in vivo. Therefore, caution should
be applied when utilising physicochemical based P for large PSA (>100A) compounds,
in agreement with previous observations (Gertz et al., 2010). Prediction of Fg based on
Caco-2 (either Qg,: or ADAM model in dog) demonstrated the strongest success in the rat,
dog and human. In general in all cases, worst estimates were observed for compounds with
low Fg. Whilst general over and underprediction was reduced using the ADAM model, the
approach requires a greater input of data more approapriate to later stage development of

the drug, where as the Qg approach offered a more screening approach to F¢ estimation.

PBPK modelling of intestinal metabolism is in its infancy especially with regard to
preclinical species, however with increasing knowledge on enzyme expression and

distributions through emerging MS based measures of enzyme abundance (e.g. MRM MYS),
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and application has shown improved estimations of intestinal metabolism and F in the dog
(within 1.5-fold) (Heikkinen et al., 2012; Heikkinen et al., 2013). However, the number of
compounds studied was low, and the observed range in was biased towards compounds
with high Fg and so the limits of the model have not been fully tested and therefore
requires further validation. Emerging technologies (e.g. QconCAT) (Ohtsuki et al., 2012)
may also help fill the gaps in terms of both enzyme and transporter intestinal abundance, as
well as in other tissues, and lead to increased confidence in PBPK scaling strategies.

Underprediction of intestinal metabolism was generally observed for 3 sets of sometimes
overlapping compound properties: P-gp substrates, CYP3A inhibitors and high microsomal
protein binding. In the case of high microsomal binding, small changes of CLin or fuinc
would make large differences in Eg estimates, making predictions for this class of
compounds unreliable. For example, by only comparing raw estimates of CL;n;, when the 2
pools were compared in the rat, estimates of Eg for compounds with a fuj,. <0.3 vs. >0.3,

CV was 35% and 18%, respectively.

The incubation protein concentrations used in this study were low and incubations short
(maximum 40 minutes), as such that enzyme inhibition was not observed over the time
course of the depletion experiments. However, with regard to the P-gp substrates and
CYP3A inhibitors (e.g. saquinavir, nicardipine, raloxifene), the limitations of the Qgu
model are that is a minimal model, and as such unable to accommodate the impact of time
or mechanistic based inhibition, or furthermore saturation of either enzymes or transporters
which may occur in vivo. Furthermore, the impact of low Pes (e.g. as a result of P-pg
efflux) can have a significant effect on Eg over a narrow range of change in CLjy (when
CLint is low)(Figure 5-8). Therefore, best practice would be to utilise data from cellular
permeability data in the presence of transport inhibitors to get a raw measure of passive
cellular permeability. Furthermore, this would limit the impact in differences in transporter
expression in the cellular model vs. the respective species studied. However, for the
compounds in this study which underwent P-gp transport (e.g. saquinavir, raloxifene), the
observed CLi,, was already high, meaning that estimates of in vivo Fg were low , and
therefore that there was minimal change in Eg prediction, in agreement with results from a
Qqut Sensitivity analysis (Figure 5-8). Of note, for compounds with with higher expected
Fc (e.g. 0.32 for terfenadine), improved predictions have been demonstrated using a PBPK
approach towards prediction human intestinal metabolism by incorporating regional
absorption (Gertz et al., 2011).
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It should be noted that whist solubility was high for the majority (60% of measured
compounds) of compounds studied (Appendix Table 7-7), it was observed to be low for
terfenadine, verapamil, simvastatin, raloxifene, nicardipine and ipriflavone. This was not
modelled in the dog and was not possible to consider using the Qg,: model in all species,
and may also be a reason for the poor prediction of in vivo Fg observed in these species.
More comprehensive modelling taking into account solubility may improve in vitro

predictions for these compounds and requires further investigation.

The use of the Qg model as a categorisation indicated a high degree of success. In the rat
82% of compounds were correctly allocated with Fa.Fg of either TP or TN. 70% Fg correct
allocation was observed in human, and 71% in dog. This therefore has significant
application as a screening tool in early compound development, especially when there is
limited data available for reliable PBPK scaling approaches.

6.6. Regional intestinal activity
In the dog, rather than a multiple pool approach from the same region as applied in the rat,
the regional variations in scaling factors and activity were assessed (Chapter 4).
Therefore, in order to cross validate values of microsomal scalars, multiple microsomal
markers based on CYP content and CYP and UGT activity for correction for losses were

applied, and were highly reproducible.

Regional differences in dog intestinal segments indicated that whilst mean CYP contents
were relatively uniform, activities differed dramatically. Highest CYP activity in the
female intestine was observed in the proximal first and third segments, whilst lowest
activity was observed in the final distal segment. These reflected activity gradients
analogous to those previously reported, with an increase in CYP activity until the third
proximal region, and a decreased activity in the distal small intestine (Heikkinen et al.,
2012). Reported expressions of CYP3A12 and CYP211B content also follow these
gradient patterns in the dog intestine (Heikkinen et al., 2012); however, in this study only
CYP3A seemed the major CYP enzyme in terms of testosterone metabolite formation.
Regional activities towards UGT substrates and the probe 4-NP suggested a general distal

decline in UGT activity across the regions studied.

In contrast to the dog, activity towards 4-NP glucuronidation and observed depletion of 7-
hydroxycoumarin was marginally increased in the human ileum compared to jejunum by
similar proportions. However, the distal UGT activity in human ileum intestinal

microsomes was significantly higher compared to the jejunum for raloxifene, and was the
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likely reason for the underprediction of Eg in human using only jejunum metabolism data.
Given that this compound is a P-gp substrate and has low aqueous solubility, it is likely
therefore that it may be present at more distal regions of the intestine. This would
furthermore coincide with a very low observed bioavailability of raloxifene in human
(Jeong et al., 2005). Reports of human UGT activity regional gradients are conflicting,
however finding from this study suggest that expression of certain isoforms (e.g. UGT1A6
and 1A9) may be more uniform, whilst expression of UGT1A10 may be increased distally.
These conclusions are however a limited reflection of the general population in light of the
relative disease state of the donors, as well as the limited number of samples and requires

further investigation using a larger number of UGT substrates.

In the human, analogous to the dog, total measured CYP content was uniform between the
proximal and distal small intestine, however CYP3A activity was decreased distally. This
therefore suggests the expression of alternative CYP enzymes in the distal intestine in both
species. For example, CYP2J2 has been reported in distal regions of the human small
intestine (Zeldin et al., 1997), however, it was not possible to monitor activity of this CYP
using the testosterone metabolite formation assay or using the substrates investigated in

this study.

6.7. Prediction of oral bioavailability in preclinical species and man
Comparison of the Qg model sensitivities for rat, dog and human (Figure 5-8) highlighted
that whilst similarities are observed for the human and rat, in the dog, the extent of Eg for
matched CLiy and Pess values is reduced. This low extraction was in line with a general
observation rank order of Eg between species, with highest extractions generally observed

in rat and human.

The correlation of predicted Fa between human and either rat or dog indicated a strong
relationship in the rat, but an incidence of higher Fa in the dog (Figure 5-7). This is in
agreement with previous successful predictions based on rat data (Chiou and Barve, 1998;
Cao et al., 2006) and poor relationships from the dog (Chiou et al., 2000). In the dog, it is
postulated that despite the similarities in physiology and anatomy between the dog and
human, absorption of compounds is greater and transit time is shorter. Reasons for this
increased absorption have been suggested to be related to several characteristics of the dog
intestine, including the longer length of villi, the impact of an increased bile salt
concentration on membrane structure and permeability, the presence and number of tight

junctions to facilitate paracellular transport, the impact of a reduced gastrointestinal pH (1
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log unit vs. human) on weak base absorption, and increased protein binding (Chiou et al.,
2000). However, since these factors were not factored into these estimates of Fa, and since
Perr inputs were identical in all species, this may therefore be associated with the

relationship between small intestine transit time and intestinal radius (Amidon et al., 1988).

These poor relationships of Eg predictions and/or Fa observed in this study between the rat
and dog and human go some way as to explaining the disconnect between observed F in
preclinical species and in man (Musther et al., 2013). Relationships, between Fa.Fg in
preclinical species and human especially in the rat were improved using in vitro
predictions over in vivo estimates, most likely as a result of the limitations of the indirect
method for Fa.Fg estimation for reasons stated above. Overall estimates of human Fa.Fg or
F are poor, however conversely to what may be expected, estimates from the dog were
improved vs. the rat, possibly based on improved relationships between Fy in dog and

human (Figure 5-5).

The prediction of F within each species is shown in Figure 6-2 using in vivo estimates of
Fu, and Fa.Fg predicted from in vitro data. High confidence in F prediction was observed
in all species, with good confidence in human estimates of oral bioavailability (67% within
2-fold) (Table 6-2). In the rat, predictions were within 2-fold of observed values was
observed for 70% of compounds. Estimates for dog were slightly worse in both male and
female (57%). It should be noted that the observed oral F of the compounds studied were
generally low, in part based on their original selection for intestinal metabolism potential,
and the likelihood that if metabolised in the intestine, liver metabolism would also be high.
In this respect the data set is biased since in the rat, dog and human, the majority of
compounds studied have observed low bioavailability (80%, 85% and 81% respectively
had an observed F< 50%).

Table 6-2 Comparison of F predictions to observed F in each species for

compounds studied

Dog Dog
Rat (M) (F) Human
n 23 21 21 21

>2-fold (%) 304 381 429 333
<2-fold (%) 696 619 571 667
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A Rat F

R? =0.67008
p=1.8073e-06

Predicted Rat F

0 02 0.4 06 08 1
invivo RatF
B Dog F
[ Female R =0.44607
p=0.0012903
Male R? =0.33053
p=0.0080081
2
04242010 -8
0 02 0.4 06 08 1
in vivo Dog F
C Human F
r R? =0.70406
p=7.1211e-06

Predicted Human F

0 02 04 0.6 0.8 1
in vivo Human F

Figure 6-2  F predictions for rat (A), dog (B) and human (C). Estimates were made
based on Fa.Fg in vitro estimates based on Caco-2 permeability estimates, and
indirectly determined in vivo Fp.

Solid line: line of unity, dashed lines: 2-fold. Compound numbers refer to Appendix Table
7-1.

Page 215 of 258



6. Final conclusions and future work

Intestinal metabolism has historically been hard to extrapolate due to limitations in both in
vitro tools and in vitro to in vivo relationships. It was observed that changes to the
preparation method can impact the enzyme contents and microsomal scaling factors, so it
Is important that in house measures are applied in order to gain confidence in values of
microsomal scalars. As was observed, values normalised based per gram mucosa showed
the most sensitivity between labs so it is recommended a MPPGI scalar approach is more
appropriate when the scalar is unknown. Microsomal scaling using liver microsomes as a
surrogate for intestinal metabolism should be treated with caution due to the metabolic
differences in enzyme expression, however it is apparent for CYP3A substrates in the dog
that certain trends exist when activities in each tissue are normalised similar to
observations in the human. Furthermore, liver scalars and intestinal scalars showed strong

correlations.

Estimates of in vivo Fg are limited when hepatic extraction is high, so in these cases it is
recommended that cannulation is used to determine the exact hepatic component.
Compounds with low hepatic extraction show similar estimates of Fg to cannulation

studies when using indirect measures.

This was the largest know study to define intestinal scaling factors and metabolism for
preclinical species (rat and dog) and human. Regional variations in scaling factors where
studied comprehensively in the female dog, and correlations between liver and proximal
scalars in male and female dogs. CYP content as well as CYP and UGT activities were
explored in theses preparartions, however further work would be required to analyse
absolute enzyme abundances in order to provide confidence in PBPK approaches, as well

as e.g. anaylisng liver and intestinal CYP3A abundance normalised activities.

Proximal scalars were obtained in the rat model used for establishing of the microsomal
preparation method, and for measuring losses from homogenisation to microsomal
isolation. However losses in protein from initial starting intestinal tissue to homogenate
was not assessed. Whilst there was no general trend for under or over prediction which
would suggest this would be a significant loss, however for complete confidence in scaling

this would need to be addressed.
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A combined cofactor approach was validated, enabling for more efficient use of intestinal
tissue as well as allowing for sequential metabolism. Extrapolation of Fg showed
comparable success for Caco-2 and physicochemical based scaling, however stronger
relationships were observed using Caco-2 permeability estimates. Poor prediction was
observed for compounds which are CYP3A inhibitors, P-gp substrates and/or showed high
protein binding, PBPK model approaches may be more appropriate for these compounds,
but this requires further work and further characterisations of regional enzyme and
transporter expressions. However these were correctly allocated as low Fg compounds in
this study using a categorisation approach. This Qg approach was therefore successful as a
screening tool for assessing likely Fg potential. More thorough examination of the data
would be required in order to assess the benefit of more advanced PBPK approaches. The
impact of the value fug, on Qgu Fe estimates was not assessed, and a default value of 1
was applied as per a previous analysis in human (Yang et al., 2007). Future work should

look at the influence on this prerameter on these F¢ estimates.

Work in the human was limited to 3 and 2 donors for jejunum and ileum, only. Therefore
in order to provide greater confidence in values of human intestinal scaling factors, as well

as regional trends, futher work should include a larger cohort of donors.

Correlations between CYP3A Eg in rat and human were observed, however in general,
relationships to human were poor. Using intestinal estimates of Fg however, in the
compounds studied, within each species, good confidence in estimates of bioavailability
were made. Further work would be required using a broader range of compounds with

higher observed F given the low F bias for the compounds in this study.
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7. Appendix
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Appendix Table 7-1 Overview of compound molecular properties and investigational species studied.

Compound Molecular Properties Metabolic Route of Elimination (Human)  Species Studied
Study# Compound lonClass MW (Da) PSA (A2 HBD CYP Pathway UGT Pathway Rat®  Dog" Human®
1 7-Hydroxycoumarin  Neutral 162.14 51 1 UGT Y Y \%
2 Amitriptyline Base 277.41 1 0 3A Y
3 Atorvastatin Acid 558.65 119 4 3A Y
4 Bisprolol Base 325.45 64 3 3A, 2D Y Y Y
5 Bumetanide Acid 364.42 130 4 2C Y Y Y
6 Buspirone Base 385.51 60 0 3A Y Y \&
7 Cimetidine Base 252.34 82 3 3A Y
8 Cyclosporine A Neutral 1202.62 290 5 3A 2B Y Y Y
9 Diclofenac Acid 296.15 55 2 2C UGT Y Y Y
10 Dilitiazem Base 414.52 56 0 3A, 2D6 Y Y Y
11 Domperidone Base 425.92 67 2 3A Y Y
12 Felodipine Neutral 384.26 69 1 3A Y Y
13 Furosemide Acid 330.75 130 4 3A Y Y Y
14 Indomethacin Acid 357.79 69 1 2C Y Y Y
15 Ipriflavone Neutral 280.32 37 0 3A, 1A, 2C UGT Y Y \&
16 Irbesartan Zwitterion  428.54 82 1 2C 1A6 Y Y Y
17 Losartan Acid 422.92 87 2 3A, 2C Y Y Y
18 Midazolam Neutral 325.77 20 0 3A UGT1A Y Y \&
19 Nicardipine Neutral 360.36 113 1 3A Y Y Y
20 Nitrendipine Base 479.53 114 1 3A Y Y
21 Omeprazole Neutral 345.42 71 1 1A8/10 Y Y Y
22 Pirenzepine Base 351.41 64 1 3A, 2C Y Y Y
23 Raloxifene Base 473.59 74 2 1A, 2C Y Y \&
24 Saquinavir Base 670.85 179 6 3A Y Y \&
25 Sildenafil Base 47458 105 1 3A,2C Y Y \&
26 Simvastatin Neutral 418.57 77 1 3A Y
27 Tacrolimus Neutral 804.02 186 3 3A UGT2B Y Y \&
28 Terfenadine Base 471.68 46 2 3A Y Y Y
29 Verapamil Base 454.61 56 0 3A Y Y Y

PSA: Polar surface area, HBD: hydrogen bond donors, a: studied in proximal rat intestine, b: studied in intestinal segment 1 and liver of male and female dog,

and segments 2,3 and 6 of female dog intestine and liver c: studied in human jejunum microsomes, d: Studied in human ileum microsomes
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Appendix Table 7-2 Age, body weight and intestinal sample weights of rats used in this study.

Condition Sex Age Body 60cm_ intestine ICJ:?;LT
(weeks) Weight (g) weight (g) (g/cm)®

1 M 9 307 £75 4.62 +0.32 0.077 +£0.005

2 M 9 283 £25 4.52 +0.43 0.075 +0.007

3 M 9 266 +13 4.19 +0.28 0.069 +0.005

4 M 9 275 £22 4.61 +0.34 0.077 +0.006

5 M 10 305 +30 4.97 £0.42 0.083 +0.007

6 M 10 308 £11 5.37+0.41 0.090 +0.007

7 M 9 279 +13 4.82 +0.52 0.080 +0.009

8 M 9 294 +21 5.53 +0.10 0.092 +0.002

Mean 289 +21 4.83 £0.13 0.080 +0.002

Data represents mean +/-stdev of n=3.a: normalized for 60cm length of intestine. M:Male

Page 224 of 258



Appendix Table 7-3 Testosterone hydroxy metabolite elution times and LLOQ

Mean Mean
MS LLOQ LLOQ Retention Retention

Mass (pmol/ml) (pmol/ml)  Time (min)  Time (min)  Internal
Metabolite MW (Da) Method A Method B Method A Method B Standard
2-a. 304 305 100 50 5.42 5.31 11-beta
2-B 304 305 100 50 5.80 5.55 11-beta
6- o 304 305 100 50 2.48 2.71 11-beta
6- B 304 305 100 100 3.05 3.21 11-beta
7-a 304 305 100 100 3.45 3.63 11-beta
11- o 304 305 100 50 521 4.73 11-beta
11-B 304 305 - - 4.78 521 -
15- o 304 305 100 100 3.18 3.44 11-beta
15-B 304 305 100 50 2.55 2.83 11-beta
16- o 304 305 100 100 4.18 4.27 11-beta
16- B 304 305 100 50 4.48 4.58 11-beta
Androstenedione 286 287 100 50 6.32 6.63 11-beta

LLOQ: Lower Limit of quntification
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Appendix Table 7-4 Elution gradients for rate of formation studies in RIM, DIM, DLM and HIM with testosterone and 4-nitrophenol.

Testosterone method A Testosterone method B 4-nitrophenol
Time Flow Time Flow Time Flow
Event  (min) A% B% (ml/min) Event (min) A% B% (ml/min) Event  (min) A% B% (ml/min)

1 0 95 5 1.0 1 0 70 30 0.5 1 0 95 5 0.5
2 0.65 66 34 1.0 2 8 45 55 0.5 2 2.5 5 95 0.5
3 4.5 60 40 1.0 3 8.01 5 95 0.5 3 5 5 95 0.5
4 55 50 50 1.0 4 9.5 5 95 0.5 4 5.01 95 5 0.5
5 7.5 23 77 1.0 5 9.51 70 30 0.5 5 8 95 5 0.5
6 8.5 5 95 1.0 6 12 70 30 0.5
7 10.5 5 95 1.0
8 11 95 5 1.0
9 12.5 95 5 1.0
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Appendix Figure 7-1

standard from DLM (A), RIM (B), DIM (C), DLM (D), method A top standard (E) and HIM (F)

Representative Elution profile for Testosterone hydroxylation metabolites in example method B top

A DLM_Male_5000_1 Sm (Mn, 2x3) B RIM_Mic_1_Nov_20_A Sm (Mn, 2x3)
100
<
.03
0- T T
1.00 2.00
C DIM_171012_Fresh_2_5A X1 D DLM_Female_1_Batchl_2_5_A Sm (Mn, 2x3)
100 100
B B
042 088 18822 246
0 T T T T 0
1.00 2.00

(C:WCALIBURY..YS115000_1
MeOH Moblie phase C

RT:204-664

31912012 7:36:33 PM
PEG Warfarin_Pos2

(C:Wcalibury \HJHOB12_154
MeOH Moblie phase C

61972012 1:12:08 AM
PEG Wartarin_Pos2

@ RT:2.43-6.97 @
NL:5.15E5 663 NL: 15266
100 s 100 [y
003 285.0000-268.0000+ 0 286.0000-288.0000+
504.1000-305.3000 F: 204.1000-305.3000
20 FTMS + ¢ ESI Full ms 203 FTMS + c ESI Full ms
[100.00-1000.00] MS [100.00-1000.00] MS
L L HIHOB12_15A
H H a7
LRE 3 e0d
2 50 2 503
£ M
5 0] £ a0
2 &
203 203
204 204 559
591
103 104 282
228 276 308 347 353 400 419 440 482 493 922 528 567 j\ 606 628 5.63
T T T T T T T T T T
65 25 30 35 40 a5 50 55 50 65

Time (min)

HIM determined using method A, RIM, DIM, DLM determined using method B.
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Appendix Table 7-5 MS transitions for compounds in depletion studies in RIM, DIM, DLM and HIM, and pharmacokinetic studies in
rat and dog blood and plasma.

Compound lonClass MW (Da) Transition (Da) Col Voltage (V) Col. Energy Retention Time (min)
Internal Standard AZ1 Base 407.48 408.18>207.54 35 22 1.33
7-Hydroxycoumarin Neutral 162.14 163.04 > 107.05 35 10 1.22
Amitryptiline Base 277.41 278.19>91.23 40 22 1.77
Atorvastatin Acid 558.65 559.26 > 440.60 25 22 1.71
Bisporolol Fumerate Base 325.45 326.23 > 116.03 35 10 1.28
Bumetamide Acid 364.42 365.12 > 184.17 40 22 1.00
Buspirone Base 385.51 386.26 > 122.02 35 22 1.26
Cimetidine Base 252.34 253.22 > 159.66 55 12 0.94
Cyclosporine A Neutral 1202.62 1204.08 > 1206.50 35 22 1.51
Diclofenac Acid 296.15 294.00 > 250.00 40 10 1.57
Diltiazem Base 41452 415.17 > 177.99 35 22 1.33
Domperidone Base 425.91 426.17 > 175.06 35 22 1.28
Felodipine Base 384.25 385.23 > 339.83 35 12 1.46
Furosemide® Acid 330.75 332.07 >90.90 35 25 1.47
Indomethacin Acid 357.79 358.09>139.91 35 22 1.47
Ipriflavone Neutral 280.32 281.22 > 239.66 35 12 1.48
Irbesartan Zwitterion 428.54 429.24 > 207.01 35 22 1.33
Losartan K Acid 422.92 424.35 > 406.96 35 12 14
Midazolam HCI Neutral 325.77 326.50 > 291.50 35 22 1.36
Nicardipine Base 479.53 480.21 > 315.21 35 22 1.34
Nitrendipine Base 360.13 361.35 > 315.74 55 12 1.44
Omeprazole Neutral 345.42 346.25 > 182.04 35 12 1.2
Pirenzepine HCI Base 351.41 352.18 > 113.11 35 22 1.33
Raloxifene HCI Base 473.59 474.35>112.71 95 36 131
Saquinavir Mesylate Base 670.85 671.39 > 570.42 35 34 1.4
Sildenafil Base 474.58 475.21 > 100.08 35 22 1.33
Simvastatin Neutral 418.57 419.28 > 199.06 35 10 1.49
Tacrolimus Neutral 804.02 804.49 > 768.62 35 10 1.34
Terfenadine Base 471.68 472.32 > 437.17 55 24 141
Verapamil Base 454.61 455.35 > 190.16 35 24 1.33

a: Detected using electrospray in negative mode (method B)
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Appendix Table 7-6 Elution gradients for microsomal depletion and rat and dog pharmacokinetic studies

Method A Method B

Event Time(min) Flow Rate (ml/min) %A %8B Event Time(min) Flow Rate (ml/min) %A %B
1 Initial 0.4 95 5 1 Initial 0.725 95 5
2 0.2 0.4 95 5 2 0.3 0.725 95 5
3 1 0.4 100 O 3 1.4 0.725 5 95
4 1.5 0.4 100 O 4 1.9 0.725 5 95
5 1.51 0.4 95 2 5 2 0.725 95 5
6 2 0.4 95 5

Run Time: 2.00 min, Target Column Temperature: 60°C, A: 0.1% Formic acid in UPH20, B: 0.1% Formic acid in MeOH. All compounds
except Furosemide were detected using method A.
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Appendix Figure 7-2 Sample depletion profiles for compounds 1-15 used in this study
at incubations at 1mg/ml and concentrations of 1uM in RIM (M), DIM (4), DLM
(%), DLM (no cofactors) (*)and HIM(#®).

Compound numbers correspond to Appendix Table 7-1.

Page 230 of 258




5 16 21| 5 - 26
Y A A 7
L T S Y O A P S I *eo
£ | S5y X £
E 3 E 4 7 - | | | B g 3 4
= 23 X 24
s 22 s
g1 = 1
— e -
0 - T 1 0 T 1 0 T 1
0 20 40 0 20 40 0 20 40
Time (min) Time (min) Time (min)
5 I 22| s 27
N ETT Y " m B & *
G Bl °® ¥ L N "
£ 4 AN ‘ X ‘ [ | ™ o4 §4 i 24 ) '
- 3 X £ E |
E £ 37 £ 3 X
2 7} 7
s 2 =2 =2
£ S N
g1 1 E1
= i 3
0 - T 1 0 T 1 0 T 1
0 20 40 0 20 40 20 40
Time (min) Time (min) Time (min)
S X X ¢ A8 s .3 s i 28
[ & \%\« f
Ba{ " ¥Epgy Bal B oo o =5 , A,
£31 & . "g 3 4 u =3 [ R 3
) N ) AR o) * 'S
L2 X o | =2 m ) =
$ X 5 s TS
g A X g1 . Bl
0 - T 1 0 - T 1 0 T 1
0 20 40 0 20 40 0 20 40
Time (min) Time (min) TMimao (main)
5 19] 5 24| 5 29
K t } }
a,fa : a : g, AEEEmgn
£4 £40 g *
£ mAa, g =] £ X X 4 A
s 3 4 Xe A A =z 3 =3
g £ N 5
@ . @ E=3
221 X 2 22
s o s u T
N : -
g1 i g1 L N |
0 - —ilk ] 0 + ; . 0 - T 1
0 20 40 0 20 40 0 20 40
Time (min) Time (min) Time (min)
5 i 20 5 % 25
K ® ¢
o) 4 o * o
£ S 444 < 841 tee
s, x_ T £,
£ "X * £
D @
=2 b =2
= =
= Nt 1
5 5
0 T T 1 0 T 1
0 20 40 0 20 40
Time (min) Time (min)

Appendix Figure 7-3 Sample depletion profiles for compounds 16-29 used in this
study at incubations at 1mg/ml and concentrations of 1uM in RIM (M), DIM (4),
DLM (%), DLM (no cofactors) (*<)and HIM(®).

Compound numbers correspond to Appendix Table 7-1.
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Appendix Table 7-7 Compound specific input parameters for PBPK modeling in the beagle dog using Simcyp animal v12 ADAM model and
for assessing safe dosing levels prior to dosing in dog from rat PK data.

Cac%—z Papp  Caco-2 Py +

#  Compund  Logp PR3 pKa pa  pa STUONY DogPlasmaderee RatPlasmavefree (5T CREREY
(1E®.cm/s)
1 7-Hydroxycoumarin ~ 1.58 7.9 2113 19.16 5.81 61.70 52.95
2 Amitriptyline 441 9.2 2458 9.19 14.84 13.70 13.84
3 Atorvastatin 3.85 136 4.3 0.4 >2688 5.585 5.15 18.49 11.54
4 Bisprolol Fumarate  1.89  13.9 94 2308 >14.690 >14.820 5.80 10.16
5 Bumetanide 288 10.1 3.2 4.5 1495 9.69 2.31 1.73 1.78
6 Buspirone 1.59 1.7 4.3 1449 33.245 32.375 9.80 12.78
7 Cimetidine -0.07 7.1 2.6 5418 >27.300 >27.530 0.60 NV
8 Cyclosporine A 279 133 134 NV NV
9 Diclofenac 4,55 4.2 >5364 0.475 0.565 111.60 NV
10 Diltiazem 4.73 8.9 >1374 26.925 >27.530 10.50 8.91
11 Domperidone 405 111 122 9 0.4 6.72 12.84
12 Felodipine 4.76 2.7 2.073 3.30 3.22
13 Furosimide 2.3 3 9.8 4129 7.23 0.64 0.30 0.59
14 Indomethacin 4.25 4 2830 2.223 0.253 121.00 105.50
15 Ipriflavone 4.25 2.757 0.89 1.495 57.40 63.14
16 Irbesartan 5.25 4.2 2.6 0.6 893.4 4.87 2.62 13.31 23.18
17 Losartan 346 137 4.2 4.4 0.6 >2678 4.14 1.90 291
18 Midazolam 3.8 6 1 72.03 36.20 30.79
19 Nicardipine 4.89 7.3 2.6 7.453 0.44 0.935 26.50 26.62
19 Nitredipine 3.81 2.8 84.79 76.96
21 Omeprazole 2.45 8.5 4.7 2.6 947.2 NV NV NV NV
22 Pirenzepine 021 113 7.4 2.1 >3683 >14.690 >49.880 0.20 NV
23 Raloxifene 4.57 8.8 9.2 8.5 9.054 0.485 0.74 4.90 0.15
24 Saquinavir 5.08 11 6.3 1.6 36.54 3.30 5.83
25 Sildenafil 247 101 6 0.9 19.85 25.645 11.91 40.3 48.04
26 Simvastatin 472 135 2.501 NV NV 6.80 NV
27 Tacrolimus 479 138 10 NV NV 73.6 NV
28 Terfenadine 5.62 133 94 <8.185 0.33 0.59 9.00 7.33
29 Verapamil 4.02 9 >2.061 18.88 21.245 15.7 12.53

a: solubility is provided however this was not used for PBPK modeling for simplicity since it was assumed that dissolution would be minimal
following administration of solution and stability testing following acid addition prior to p.o. administration. b: Py, measured at 101M substrate

concentration in the presence Inhibitors (50 uM quinidine (P-gp), 20 uM sulfasalazine (BCRP), and 30 uM benzbromarone (MRP2).
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Appendix Table 7-8 Sample compound and beagle dog input parameters for ADAM
model in Simcyp® Animal v12

Simcyp Dog Simulator

Dog- Olis_good_ Source File C:\Program
Compound Name Midazolam_Oli Species name doggy_MPP Location F!Ies\S|mcyp\S|mcyp
Gl Simulator V12
Route oral seed Fixed Data !’ath C:\Users\Public\Docu
Location ments
Dose Type mg/kg Seed Value 1.000 :|mAn|maI.ex
Dose 0.500 Integration error | > File Version | 12.0.79.0
tolerance
State variable Date
Start Day 1.000 accuracy 0.000 Modified 30/07/2012
Start Time 09h:00m Number of Time |, 509 File Size 4222464
Samples (bytes)
Dosing Regimen Single Dose Fasted/Fed Fasted SimDB.dI|
Fluidintake with | ., 5, File Version | 12.0.79.0
dose (mL)
PhysChem and . Date
Blood Binding Study Duration (h) | 24.000 —— 30/07/2012
Species o e
No of Subjects Representa A 6124032
. (bytes)
tive
Mol Weight (g/mol) | 325.800 ::r::"'ma'E"c
log P 3.530 Sub : Route Oral File Version 12.0.79.0
Date
Compound Type Ampholyte Sub : Dose Type mg/kg Modified 30/07/2012
File Size
pKa1l 10.950 Sub : Dose 0.500 T 3128832
. . Windows Version 6.0 (Build
pKa 2 6.200 Sub : Dosing Single Dose Version 6002: Service Pack 2)
B/P 0.870 Sub : Dose Interval | n/a Excel Version 2007
Simulation
fu 0.089 Sub : NoDoses 1.000 Duration(seco | 0.000
nds)
Absorption
Absorption Model ADAM
Sth-order
Input Type Predicted Differential Solver | Runge-
Kutta
i 1 B
fu(Gut) 1.000 Maximum number 000000.00
of steps 0
Peff,Dog Type Entered Relative Tolerance | 0.000
Relative Tolerance
Entered Peff,Dog 5.040 when ADAM is 0.000
(10-4 cm/s)
used
Degradation Rate Integration error
Stomach (1/h) 0.000 tolerance 0.020
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Peff,Dog Duodenum

(10E-4 cm/s) 1.627
ooy | 000
o™ | 1913
| 000
oot | 113
| 000
oot | 1913
Do | 00
et | 113
oo oy | 00
o | 101
| 200
oo oae
e | oo
e | oo
Cepter | oo
Input Form Solution
Distribution

Distribution Model

Full PBPK Model

Vss mode Predicted
Vss (L/kg) 9.878
Prediction Method Method 2
log Po:w 3.530
logP vo:w Predicted
logP vo:w value 2.586
Compound Type Ampholyte
pKal 10.950
pKa 2 6.200
Adipose Input Type Predicted
Adipose Value 21.496
Bone Input Type Predicted
Bone Value 5.007
Brain Input Type Predicted
Brain Value 11.248
Gut Input Type Predicted
Gut Value 11.911
Heart Input Type Predicted
Heart Value 5.383
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Kidney Input Type

Predicted

Kidney Value 5.541
Liver Input Type Predicted
Liver Value 6.083
Lung Input Type Predicted
Lung Value 6.353
Muscle Input Type Predicted
Muscle Value 3.618
Skin Input Type Predicted
Skin Value 17.434
Spleen Input Type Predicted
Spleen Value 3.221
Elimination
Whole Organ
Clearance Type Metabolic
Clearance
Liver Clearance DLM
Type
Use Saturable
s No
Kinetics
DLM ClLint
. 234.000
(nL/min/mg)
DLM fu inc 0.990
DLM Use No
Metabolite
Intestine Clearance .
. DIM (Scrapings)
Use Saturable
N No
Kinetics
DIM CLint
. 245.000
(nL/min/mg)
DIM fu inc 0.740
DIM Use Metabolite | No
Reg Diff
(Duodenum) 0.800
Reg Diff (Jejunum 1) 1.000
Reg Diff (Jejunum 1) | 1.000
Reg Diff (Jejunum 1.000
1)
.Reg Diff (Jejunum 0.500
i.v.)
Reg Diff (Jejunum V) | 0.500
Reg Diff (lleum) 0.100
Active Uptake into 1.000
Hepatocyte
Biliary Clearance
(uL/min/1076) 0.000
Percentage
available for re- 100.000
absorption (%)
CLR (mL/min) 0.280
Additional Systemic 0.000

Clearance (mL/min)
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Liver Adipose Volume (mL) 3337'0 Cardiac output (mL/min) 3249'0
Bone Volume (mL) 372'00 Adipose (% of Qc) 6.500
. 170.0 .
HPGL (106 hepatocytes/g liver) 00 Brain Volume (mL) 70.000 | Bone (% of Qc) 9.200
MPPGL (mg/g liver) :8'70 Gut Volume (mL) 352'00 Brain (% of Qc) 2.800
Liver Density (g/mL) 1.080 | Heart Volume (mL) 76.000 | Stomach (% of Qc) 3.200
Liver Weight (g) 235'0 Kidney Volume (mL) 47.000 | SI(% of Qc) 9.300
% Hepatic Bile Entering Gallbladder 70.00 i Ve () 301.00 villi (% of Qc) 3.900
Mean 0 0
5 —— -
% Hepatic Bile Entering Gallbladder 32.00 g 87.000 | LI (% of Qc) 2.700
CV (%) 0
. 4239.0
IMMC Cycle Time Mean (h) 2.110 | Muscle Volume (mL) 00 Heart (% of Qc) 4.400
IMMC Cycle Time CV (%) (1)2'00 Skin Volume (mL) 3268'0 Kidney (% of Qc) 15.900
Fasted Gallbladder Release Constant .
Mean (1/h) 0.180 | Spleen Volume (mL) 29.000 | Liver (Art) (% of Qc) 7.000
Fasted Gallbladder Release Constant 30.00 Plasma Volume (mL) 481.00 Liver (Port) (% of Qc) 20.400
CV (%) 0 0
Fed Gallbladder Release Constant 379.00 . 100.00
Mean (1/h) 0.480 | RBC Volume (mL) 0 Lung (% of Qc) 0
(F;()i Gallbladder Release Constant CV (1)9.00 Adipose : EW (%) 29.600 | Muscle (% of Qc) 32.900
0
Fasted Gallbladder Residual Volume 79.40 . . .
Mean (%) 0 Adipose : NL (%) 66.570 | Skin (% of Qc) 6.800
Fasted Gallbladder Residual Volume 13.00 Adipose : NP (%) 0.130 Spleen (% of Qc) 4.700
CV (%) 0
Fed Gallbladder Residual Volume 59.90 . Splanchnic Blood Flow
Mean (%) 0 selEB) 9.600 Fed/Fasted ratio 2.510
Fed Gallbladder Residual Volume CV 40.00 Bone : NL (%) 1.700
(%) 0
Bone : NP (%) 0.170
Gl Tract Brain : EW (%) 20.000
Brain : NL (%) 3.900
r:)sted Mean gastric emptying time 0.370 Brain : NP (%) 0.150
Fasted Mean gastric emptying time 69.00 . B
oV (%) 0 Gut : EW (%) 29.500
Fed Mean gastric emptying time (h) 0.590 | Gut:NL (%) 3.800
Fed Mean gastric emptying time CV 52.00 Gut : NP (%) 1.250
(%) 0
Initial volume of stomach fluid (mL) - 20.00 Heart : EW (%) 23.700
Fasted 0
Initial volume of stomach fluid CV (%) 0.000 | Heart: NL (%) 1.400
- Fasted
Initial volume of stomach fluid (mL) - 400.0 Heart : NP (%) 1.570
Fed 00
{n;::l volume of stomach fluid CV (%) 0.000 | Kidney : EW (%) 29.400
Small intestinal transit time (h) 2.390 | Kidney : NL (%) 1.200
Small intestinal transit time CV (%) 25'00 Kidney : NP (%) 2.420
Colon transit time (h) 7.540 | Liver:EW (%) 38.100
Colon transit time CV (%) ;4'00 Liver : NL (%) 1.400
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MPPGI (mg protein/g gut) 4.200 | Liver: NP (%) 2.400
20.00
Enterocyte volume (mL) 0 Lung : EW (%) 33.800
Duodenum Length (cm) (2)3'00 Lung : NL (%) 1.810
Jejunum Length (cm) (2)21'0 Lung : NP (%) 1.340
lleum Length (cm) ;3'00 Muscle : EW (%) 8.100
Duodenum Diameter (cm) 1.060 | Muscle : NL (%) 1.000
Jejunum Diameter (cm) 1.060 | Muscle : NP (%) 0.840
lleum Diameter (cm) 1.060 | Skin: EW (%) 41.700
Duodenum Blood Flow (Quilli %) 8.850 | Skin: NL (%) 6.000
Duodenum Transit Time (% Total) 8.000 | Skin : NP (%) 0.440
Duodenum Wet Weight (g/cm) 1.340 | Spleen:EW (%) 20.500
Jejunum | Blood Flow (Quilli %) ;7'25 Spleen : NL (%) 0.770
. A 17.60
Jejunum | Transit Time (% Total) 0 Spleen : NP (%) 1.130
Jejunum | Wet Weight (g/cm) 0.910 | Plasma: EW (%) 93.000
Jejunum Il Blood Flow (Quilli %) (1)7'25 Plasma : NL (%) 0.220
. A 17.60
Jejunum Il Transit Time (% Total) 0 Plasma : NP (%) 0.260
Jejunum Il Wet Weight (g/cm) 0.840 | RBC:EW (%) 0.000
Jejunum Il Blood Flow (Quilli %) ;7'25 RBC : NL (%) 0.240
. A 17.60
Jejunum Il Transit Time (% Total) 0 RBC : NP (%) 0.220
Jejunum Il Wet Weight (g/cm) 0.800 | Adipose : IW (%) 3.700
Jejunum i.v. Blood Flow (Qvilli %) (1)7'25 Adipose : AP (mg/g) 0.400
. . . 17.60 .
Jejunum i.v. Transit Time (% Total) 0 Adipose : KpALB 0.049
Jejunum i.v. Wet Weight (g/cm) 0.860 | Adipose : KpLPP 0.068
Jejunum V Blood Flow (Quilli %) ;7'25 Bone : IW (%) 33.300
. A 17.60
Jejunum V Transit Time (% Total) 0 Bone : AP (mg/g) 0.670
Jejunum V Wet Weight (g/cm) 0.860 | Bone : KpALB 0.100
lleum Blood Flow (Quvilli %) 4.900 | Bone : KpLPP 0.050
lleum Transit Time (% Total) 4.000 | Brain:IW (%) 55.700
lleum Wet Weight (g/cm) 0.880 | Brain: AP (mg/g) 0.400
Stomach pH Fasted 3.500 | Brain: KpALB 0.048
37.00 .

Stomach pH Fasted CV (%) 0 Brain : KpLPP 0.041
Stomach pH Fed 2.100 | Gut:IW (%) 49.800
18.00
Stomach pH Fed CV (%) 0 Gut : AP (mg/g) 2.410
Duodenum pH Fasted 6.100 | Gut:KpALB 0.158
11.00
Duodenum pH Fasted CV (%) 0 Gut : KpLPP 0.141
Duodenum pH Fed 6.700 | Heart:IW (%) 54.200
Duodenum pH Fed CV (%) ;1'00 Heart : AP (mg/g) 2.920
Jejunum | pH Fasted 6.100 | Heart: KpALB 0.157

. 11.00
Jejunum | pH Fasted CV (%) 0 Heart : KpLPP 0.160
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Jejunum | pH Fed 6.100 | Kidney : IW (%) 52.100
q 11.00 .
Jejunum | pH Fed CV (%) 0 Kidney : AP (mg/g) 5.030
Jejunum Il pH Fasted 6.100 | Kidney : KpALB 0.130
q 13.00 .
Jejunum Il pH Fasted CV (%) 0 Kidney : KpLPP 0.137
Jejunum Il pH Fed 6.100 | Liver: IW (%) 39.100
q 13.00 .
Jejunum Il pH Fed CV (%) 0 Liver : AP (mg/g) 4.560
Jejunum Il pH Fasted 6.600 | Liver: KpALB 0.086
Jejunum Il pH Fasted CV (%) 7.000 | Liver: KpLPP 0.161
Jejunum Il pH Fed 6.600 | Lung:IW (%) 44.800
Jejunum Il pH Fed CV (%) 7.000 | Lung:AP (mg/g) 2.220
Jejunum i.v. pH Fasted 6.800 | Lung:KpALB 0.212
Jejunum i.v. pH Fasted CV (%) 7.000 | Lung:KpLPP 0.168
Jejunum i.v. pH Fed 6.800 | Muscle : IW (%) 63.800
Jejunum i.v. pH Fed CV (%) 7.000 | Muscle : AP (mg/g) 1.220
Jejunum V pH Fasted 6.400 | Muscle : KpALB 0.064
. 25.00
Jejunum V pH Fasted CV (%) 0 Muscle : KpLPP 0.059
Jejunum V pH Fed 6.400 | Skin :IW (%) 8.200
. 25.00 .
Jejunum V pH Fed CV (%) 0 Skin : AP (mg/g) 1.320
lleum pH Fasted 6.600 | Skin : KpALB 0.277
lleum pH Fasted CV (%) 35'00 Skin : KpLPP 0.096
lleum pH Fed 6.600 | Spleen : IW (%) 57.300
25.00
lleum pH Fed CV (%) 0 Spleen : AP (mg/g) 3.180
Colon pH Fasted 6.500 | Spleen : KpALB 0.097
12.00
Colon pH Fasted CV (%) 0 Spleen : KpLPP 0.207
Colon pH Fed 6.500 | Plasma :IW (%) 0.000
12.00
Colon pH Fed CV (%) 0 Plasma : AP (mg/g) 0.090
Stomach CMC Fasted (mM) 1.000 | RBC:IW (%) 65.100
Stomach Bile Fasted (mM) 0.290 | RBC: AP (mg/g) 0.450
Stomach Bile Fasted CV (%) (1)31.0 Local pH : Plasma 7.400
Stomach CMC Fed (mM) 1.000 | Local pH:EW 7.400
Stomach Bile Fed (mM) 0.290 | Local pH:IW 7.120
" 100.0
Stomach Bile Fed CV (%) 00 Local pH : IWRBC 7.220
Duodenum CMC Fasted (mM) 1.000
Duodenum Bile Fasted (mM) 3.310
Duodenum Bile Fasted CV (%) 27'00
Duodenum CMC Fed (mM) 1.000
Duodenum Bile Fed (mM) 8.740
Duodenum Bile Fed CV (%) ;9'00
Jejunum | CMC Fasted (mM) 1.000
Jejunum | Bile Fasted (mM) 4.910
Jejunum | Bile Fasted CV (%) 79.00
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Jejunum | CMC Fed (mM) 1.000
Jejunum | Bile Fed (mM) (1)4'35
Jejunum | Bile Fed CV (%) (2)8'00
Jejunum Il CMC Fasted (mM) 1.000
Jejunum Il Bile Fasted (mM) 4.910
Jejunum Il Bile Fasted CV (%) (7)9'00
Jejunum Il CMC Fed (mM) 1.000
Jejunum Il Bile Fed (mM) o3
Jejunum Il Bile Fed CV (%) (2)8'00
Jejunum Il CMC Fasted (mM) 1.000
Jejunum Il Bile Fasted (mM) 4.910
Jejunum Ill Bile Fasted CV (%) ;9'00
Jejunum 1l CMC Fed (mM) 1.000
Jejunum 11l Bile Fed (mM) (1)4'35
Jejunum Ill Bile Fed CV (%) ‘2)8'00
Jejunum i.v. CMC Fasted (mM) 1.000
Jejunum i.v. Bile Fasted (mM) 4.910
Jejunum i.v. Bile Fasted CV (%) ;9'00
Jejunum i.v. CMC Fed (mM) 1.000
Jejunum i.v. Bile Fed (mM) ;4'35
Jejunum i.v. Bile Fed CV (%) (2)8'00
Jejunum V CMC Fasted (mM) 1.000
Jejunum V Bile Fasted (mM) 4.910
Jejunum V Bile Fasted CV (%) (7)9'00
Jejunum V CMC Fed (mM) 1.000
Jejunum V Bile Fed (mM) ;4'35
Jejunum V Bile Fed CV (%) ;8'00
lleum CMC Fasted (mM) 1.000
lleum Bile Fasted (mM) 1.250
lleum Bile Fasted CV (%) (3)0'00
lleum CMC Fed (mM) 1.000
lleum Bile Fed (mM) 5.960
lleum Bile Fed CV (%) 25'00
Colon CMC Fasted (mM) 1.000
Colon Bile Fasted (mM) 0.600
Colon Bile Fasted CV (%) :0'00
Colon CMC Fed (mM) 1.000
Colon Bile Fed (mM) 0.600
Colon Bile Fed CV (%) 50.00
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Duodenum Villi Channel Depth Mean 935.8
(m) 50
Duodenum Villi Channel Depth CV (%) (2)6'00
Duodenum Villi Channel Width Mean 26.87
(nm) 0
Duodenum Villi Channel Width CV (%) (3)0'00
Duodenum Villi Thickness Mean (um) (1)27'7
Duodenum Villi Thickness CV (%) ;4'00
Duodenum Fold Expansion Mean 1.000
Duodenum Fold Expansion CV (%) 0.000
Duodenum Pore Radius Mean (1)2'90
Duodenum Pore Radius CV (%) 0.000
Jejunum | Villi Channel Depth Mean 717.5
(m) 00
Jejunum | Villi Channel Depth CV (%) ‘2)1'00
Jejunum | Villi Channel Width Mean 26.87
(um) 0
Jejunum | Villi Channel Width CV (%) :0'00
Jejunum | Villi Thickness Mean (um) 321'8
Jejunum I Villi Thickness CV (%) ;4'67
Jejunum | Fold Expansion Mean 1.000
Jejunum | Fold Expansion CV (%) 0.000
Jejunum | Pore Radius Mean (1)2'90
Jejunum | Pore Radius CV (%) 0.000
Jejunum Il Villi Channel Depth Mean 717.5
(rm) 00
Jejunum 11 Villi Channel Depth CV (%) (2)1'00
Jejunum Il Villi Channel Width Mean 26.87
(nm) 0
Jejunum 11 Villi Channel Width CV (%) 20'00
Jejunum Il Villi Thickness Mean (um) 331'8
Jejunum 11 Villi Thickness CV (%) ;4'67
Jejunum Il Fold Expansion Mean 1.000
Jejunum Il Fold Expansion CV (%) 0.000
Jejunum Il Pore Radius Mean (1)2'90
Jejunum Il Pore Radius CV (%) 0.000
Jejunum I11 Villi Channel Depth Mean 717.5
(nm) 00
Jejunum 111 Villi Channel Depth CV (%) ;1'00
Jejunum I11 Villi Channel Width Mean 26.87
(nm) 0
Jejunum 111 Villi Channel Width CV (%) :0'00
Jejunum Il Villi Thickness Mean (um) 321'8
Jejunum 111 Villi Thickness CV (%) ;4'67
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Jejunum Il Fold Expansion Mean 1.000
Jejunum Il Fold Expansion CV (%) 0.000
Jejunum Ill Pore Radius Mean (1)2'90
Jejunum Il Pore Radius CV (%) 0.000
Jejunum i.v. Villi Channel Depth Mean | 717.5
(nm) 00
Jejunum i.v. Villi Channel Depth CV 21.00
(%) 0
Jejunum i.v. Villi Channel Width Mean | 26.87
(um) 0
Jejunum i.v. Villi Channel Width CV 30.00
(%) 0
Jejunum i.v. Villi Thickness Mean (um) (1)21'8
Jejunum i.v. Villi Thickness CV (%) (1)4'67
Jejunum i.v. Fold Expansion Mean 1.000
Jejunum i.v. Fold Expansion CV (%) 0.000
Jejunum i.v. Pore Radius Mean (1)2'90
Jejunum i.v. Pore Radius CV (%) 0.000
Jejunum V Villi Channel Depth Mean 717.5
(um) 00
Jejunum V Villi Channel Depth CV (%) ‘2)1'00
Jejunum V Villi Channel Width Mean 26.87
(um) 0
Jejunum V Villi Channel Width CV (%) 20.00
Jejunum V Villi Thickness Mean (um) (1)21.8
Jejunum V Villi Thickness CV (%) (1)4'67
Jejunum V Fold Expansion Mean 1.000
Jejunum V Fold Expansion CV (%) 0.000
Jejunum V Pore Radius Mean ;2'90
Jejunum V Pore Radius CV (%) 0.000
lleum Villi Channel Depth Mean (um) 237'3
lleum Villi Channel Depth CV (%) ;7'00
lleum Villi Channel Width Mean (um) ;1'82
lleum Villi Channel Width CV (%) 20'00
lleum Villi Thickness Mean (pum) ;21'4
lleum Villi Thickness CV (%) (1)5'00
lleum Fold Expansion Mean 1.000
lleum Fold Expansion CV (%) 0.000
lleum Pore Radius Mean ;2'90
lleum Pore Radius CV (%) 0.000
Colon Fold Expansion Mean 1.000
Colon Fold Expansion CV (%) 0.000
Colon Pore Radius Mean ;2'90
Colon Pore Radius CV (%) 0.000
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Duodenum Unstirred Layer Thickness 170.0
Mean (pm) 00
Duodenum Unstirred Layer Thickness 22.35
CV (%) 0
Duodenum Unstirred Layer pH Mean 6.500
Duodenum Unstirred Layer pH CV (%) | 0.500
Jejunum | Unstirred Layer Thickness 123.0
Mean (um) 00
Jejunum | Unstirred Layer Thickness

oV (%) 3.000
Jejunum | Unstirred Layer pH Mean 6.500
Jejunum | Unstirred Layer pH CV (%) 0.500
Jejunum Il Unstirred Layer Thickness 123.0
Mean (um) 00
Jejunum Il Unstirred Layer Thickness

oV (%) 3.000
Jejunum Il Unstirred Layer pH Mean 6.500
Jejunum Il Unstirred Layer pH CV (%) 0.500
Jejunum Ill Unstirred Layer Thickness 123.0
Mean (um) 00
Jejunum Ill Unstirred Layer Thickness

oV (%) 3.000
Jejunum lll Unstirred Layer pH Mean 6.500
Jejunum Ill Unstirred Layer pH CV (%) 0.500
Jejunum i.v. Unstirred Layer Thickness | 123.0
Mean (um) 00
Jejunum i.v. Unstirred Layer Thickness

oV (%) 3.000
Jejunum i.v. Unstirred Layer pH Mean | 6.500
Jejunum i.v. Unstirred Layer pH CV 0.500
(%)

Jejunum V Unstirred Layer Thickness 123.0
Mean (um) 00
Jejunum V Unstirred Layer Thickness

oV (%) 3.000
Jejunum V Unstirred Layer pH Mean 6.500
Jejunum V Unstirred Layer pH CV (%) 0.500
lleum Unstirred Layer Thickness Mean | 480.0
(um) 00
lleum Unstirred Layer Thickness CV 10.00
(%) 0
lleum Unstirred Layer pH Mean 6.500
lleum Unstirred Layer pH CV (%) 0.500
Colon Unstirred Layer Thickness Mean | 830.0
(um) 00
Colon Unstirred Layer Thickness CV 13.00
(%) o
Colon Unstirred Layer pH Mean 6.500
Colon Unstirred Layer pH CV (%) 0.500
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