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"Physiologically-based pharmacokinetic modelling ad simulation of oral drug
bioavailability: Focus on bariatric surgery patients and mechanism-based inhibition of
gut wall metabolism"
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Understanding the processes that govern pre-systdnng absorption and elimination is of
high importance in pharmaceutical research andldprent, and clinical pharmacotherapy,
as the oral route remains the most frequently uset of drug administration. The
emergence of systems pharmacology has enabledilibation ofin silico physiologically-
based pharmacokinetic (PBPK) modelling and simoie(M&S) coupled tan vitro-in vivo
extrapolation in order to perform extrapolation a&xgloratory M&S in special populations
and scenarios were concerns regarding alteratioasal drug exposure may arise, such as
following gastrointestinal (GI) surgery or metalealirug-drug interactions (DDIs).

Due to the multi-factorial physiological implicatie of bariatric surgery, resulting in the
partial resection of the Gl tract, the inabilityredionalise and predict trends in oral drug
bioavailability (Fra) following surgery present considerable pharmaa@beutical
challenges. PBPK M&S is a highly implemented apphoir the prediction of DDIs.
Reoccurring issues have emerged with regards thqgtiens of the magnitude of mechanism-
based inhibition (MBI) where overestimations of BDlave repeatedly been reported for
drugs exhibiting high intestinal extraction.

The aim of this thesis was to explore the interfilagween oral drug absorption and
metabolism occurring in the Gl tract through theleration of the impact of bariatric
surgery on oral drug exposure and by theoreti@dmining the nesting and hierarchy of
enterocyte and enzyme turnover and its impact omshtBthe small intestine. This would be
carried out by utilising a systems pharmacology RBR.S approach under a general model
development framework of identification and chagaistation of critical intrinsic factors and
parameters, model implementation and validation.

Developed post bariatric surgery PBPK models abioiramework to theoretically explore
physiological mechanisms associated with alteratldrmug exposure pre to post surgery,
which could be assigned to the interplay betwessddition, absorption and gut-wall
metabolism, where dissolution and formulation prtipe emerged as the perhaps most
important parameters in predicting the drug digpmsifollowing surgery. Model validation
identified missing critical factors that are esgadrfor additional model refinement.
Developed post bariatric surgery PBPK models hagegobtential of aiding clinical
pharmacotherapy and decision-making following siyrg& mechanistic PBPK model was
developed to describe the hierarchical dependehepzyme and enterocyte turnover in the
small intestine. Predicted enzyme recovery usiegisted enzyme-within-enterocyte
turnover model may potentially account for repordedrpredictions of mechanism-based
inhibition. Developed models in this thesis shovectie advantage of PBPK M&S in the
extrapolation of oral drug exposure to special pajen and the potential of a PBPK
approach in understanding underlying the underlym@ghanism governing,m and
additionally highlight the need for generation mifeirdisciplinary data to support model
development.
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Chapter 1: Introduction

Pharmacokinetics (PK) is defined as the proce$sggietermine drug disposition in the
body; these processes can conceptually be divitedabsorption, distribution, metabolism
and excretion (ADME) and will govern the exposufe given drug at the site of

measurement and effect (Rowland and Tozer, 1989).

The fundamental concept of the drug dose-effeaticiship warrants the necessity to
measure drug concentrationvivo over time in order quantify this relation. Utilg
mathematical models drug specific PK parameterseagstimated for a given population, an
approach referred to as compartmental PK modellmgharmaceutical research and
development (R&D) it is however desirable to beeabl extrapolate and predict drug
disposition throughout R&D in order to inform deors making, this includes the prediction
of PK in pre-clinical species and man framvitro data, referred to as vitro-in vivo
extrapolation (IVIVE), extrapolation of PK from podinical species to man, and the
prediction of PK in special disease populationgfiwealthy volunteers (Rowland and Tozer,
1989; Rowlancet al, 2011; Rostami-Hodjegan, 2012).

Physiologically-based pharmacokinetic (PBPK) madgland simulation (M&S) assign
physiological meaning to compartmental models fpmpulation specific systems
parameters as well as drug specific parameterh, asipermeability and metabolism, that
may be informed via IVIVE anth vitro-in vivo correlation (IVIVC). This approach of
coupling IVIVE to PBPK modelling is often referréal as systems pharmacology (Rowland
et al, 2011; Rostami-Hodjegan, 2012).

Understanding the processes that determine premistrug absorption and elimination is a
pivotal part of PBPK M&S and a constant focus aier@rch as the oral route of drug
administration remains the most frequently utiliskes@ to its convenience and cost-efficiency
(Bartholow, 2010; FDA, 2010).

The focus of the work in this thesis is on the PBR&S of the interplay between oral drug

absorption and metabolism occurring in the gastesimal (Gl) tract with a particular

interest in special subpopulations, namely badawirgery patients and the theoretical
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modelling of nested enzyme-within-enterocyte tuergin order to improve the prediction of

metabolic drug-drug interactions (DDIs) in the shmatestine.

1.1 Oral drug bioavailability
Oral drug bioavailability (ka) is the product of three consecutive processesrong
following oral administration, the availability tiie drug at each stage is defined as: The
fraction of the administered dose that is absorbtdthe gut wall (f), the fraction of the
absorbed dose that escapes gut wall metaboligjra(fél the fraction of the dose available to
the portal vein that escapes hepatic metabolisih(Equation 1.1). The Gl component
(faFg) of Fora Will be dependent upon a combination of systemsy dnd formulation

specific parameters.

Forar = fa " Fg " Fu
Equation 1.1: Components of §.

Where K, can be determined experimentally in man as the chthe dose normalised area-
under-curve (AUC) of a per oral (po) over thatlod intravenous (iv) dose (Equation 1.2).
The determination of humagpdnd ks will however typically rely on indirect methods of
measure such as extrapolation from pre-clinicatiggeto man, static or dynamniit silico
modelling approaches (Rowland and Tozer, 1989; Yarad, 2007b).

F AUCyp, " Dosey,
°ret T AUCy, - Dosey,

Equation 1.2: Experimental determination ofk.

1.1.1 Gastrointestinal systems parameters
The GI systems parameters that may influenggdomprise a number of intrinsic processes
concerning the absorption of nutrients and the lséqpu and metabolism of xenobiotics,
including among others: Gastric emptying, intestmatility and transit, luminal fluid
dynamics, intestinal absorption area, abundanagsegyional distribution patterns of drug
metabolising enzymes and transporters. Undernedtwls an account of the most relevant
factors and their impact on,g.
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Gastric emptying and intestinal transit
Under normal conditions the gastric emptying hiédf-is approximately 0.24 hours following
liquid intake with a coefficient of variation (C\6f 38%. A variety of factors may affect
gastric emptying, including: the prandial statenposition and volume of the consumed
meal or liquid, drugs (anticholinergics and opiaigalgesics amongst others), disease states
and surgical procedures (diabetes, gastric uloeraliariatric surgery and more) (Barowsky
et al, 1965; Horowitzet al, 1982; Oberlet al, 1990; Murphyet al, 1997; Samsorat al,
2003; Kamdenet al, 2005; Hellmiget al, 2006; Jameet al, 2009; Ogungbenret al,
2011). For highly permeable, highly soluble compisigastric emptying becomes the rate-
limiting step for absorption, thus potentially alitg the time for the drug to reach the

maximum systemic concentratiop{f), the maximum concentration 4&) and f.

Small intestinal transit displays a mean of apprately 3.32 h, conforming to a logit-
normal distribution pattern in the population (¥ual, 1996). A number of special disease
subpopulations display altered small intestinalilityatincluding: Patients suffering from
cystic fibrosis, AIDS, liver cirrhosis, portal hypension and post bariatric surgery patients,
amongst others (Sharpstoetkal, 1999; Karlseret al, 2012; Dirkseret al, 2013). Small
intestinal transit time may influence the absomptid solubility and permeability limited
compounds or drugs given as extended-release fatiomol Rapid transit through the small
intestine may postpone the absorption processdudistally and therefore limit the rate of
absorption (K and  (Rowland and Tozer, 1989).

The colonic transit time (~24 h) is consideredembless significance for oral drug delivery
as compared to the small intestine, where the adigplays a reduced capacity for absorption
and dissolution. The colon is however a targetiany controlled release formulations
where the release may extend for up to 24 h (Hatdy, 1985; Schilleet al, 2005;
Tannergreret al, 2009).

Gastrointestinal fluid volumes, composition and pH
Gl fluid volumes, composition and pH are fundamedé&erminants for the amount of drug
that will be dissolved, and consecutively absorliethe Gl tract, especially for solubility
limited compounds. Approximately seven litres oifidls are secreted daily from the Gl tract
in man in the form of saliva, gastric and pancregtices, bile and more (Valentin, 2002).
27



The amount of fluid available to dissolve a giveagiwill be determined by: Fluid intake, Gl
secretion, transit and reabsorption. Levels of maeasfluid content under fasted condition
amount to approximately 45 mL in the stomach witamdard deviation (SD) of 18 mL, 105
(x72) mL and 13 (x12) mL in the small intestine awdon respectively thus exhibiting
considerable inter-individual variability (Schillet al, 2005; Sutton, 2009).

Bile micelle mediated solubilisation can act toajhg enhance the solubilisation and
dissolution rate of highly lipophilic compounds.élaxtent at which bile mediated
solubilisation occurs is related to concentratibbite salt in the small intestine, where bile is
released at a rate of approximately 1.5-15.4 plkgim man (Sugano, 2009). Following
secretion into the duodenum, the bile will be sabje dilution in luminal contents and
reabsorption throughout the intestine, this resnles gradient where the bile salt
concentration is reducing further distally along #mall intestine. In the fasted state the bile
salt concentration will be approximately 2 to 6.RInUpon post-prandial triggered release
the bile concentration can vary between 0.5 anchB7in man. Biliary secretion may act as a
clearance route, eliminating drug from the systéarthve liver into the duodenum, mediated
by active transport from the canicular membranthefliver into the bile caniculus. Several
transporters can act to mediate biliary secretfairags, including: P-glycoprotein (P-gp),
multidrug resistance protein 2 (MRP2) and breastearesistance protein (BCRP) and a
number of transporters involved in the biliary etn of endogenous compounds (Funk,
2008; Holmet al, 2013).

The GI pH varies widely across the stomach andlsntaktine, where the gastric pH sits
between 1.7 and 5.0 in fasted and fed state ragplctThe release of pancreatic juices by
the gall bladder into the duodenum triggers angiase in the small intestinal pH, where it
displays an increase distally from a pH of appratsly 5-7 in the duodenum to 7.5 in the
terminal ileum, pH is reduced in the caecum (pH&3, then increases further distally
along the colon and in rectum (pH 6.1-7.5) (Karar@95; Nugenet al, 2001). Acid

secretion and pH may vary in special disease ptpok such as those suffering
inflammatory bowel disease or following gastriceetson thus potentially affecting oral drug
absorption in these groups (Behetsal, 1994; Nugenét al, 2001). pH plays a vital role in
regulating the dissolution of orally administereanpounds. Oral absorption of permeability

limited drugs displaying a pKa within the rangetod Gl pH may be highly influenced by pH
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fluctuations, where an acid compound may displainarease in solubility at a higher pH
and an alkaline compound may display a reduced8ityuas a result of an increase in pH
(Rowland and Tozer, 1989).

The Gl tract is populated by approximately 400-8dterent bacterial species (Moore and
Holdeman, 1975). The level of bacterial microfl@dow in the stomach and proximal small
intestine but increases considerably distally talsarolon and rectum (Kararli, 1995).
Bacterial microflora may facilitate presystemicari@nce of orally administered drugs, thus
reducing f, or can metabolise pro-drugs to active compoundshgdrolyse glucuronide
conjugates excreted via biliary secretion thuditating enterohepatic circulation via
reabsorption of parent compounds (Goldman, 197Ba¢kcet al, 1994; Chourasia and Jain,
2004).

Gastrointestinal hormones
A growing body of evidence has emerged over thed@sade highlighting the importance of
endogenous hormones in regulating gastrointestaaility and behaviour in the prandial
states. Gastric hormones, such as motilin and xenénreleased during the fasted state
stimulating gastric emptying and potentially intifag gastric acid secretion, pancreatic
secretion and intestinal motility. Food intake wilgger a cascade of post-prandial hormonal
release, including Gl hormones such as: ghrelistrog cholecystokinin, peptide YY and
more, altering gastric emptying, acid secretiotestinal fluid secretion and motility (Sanger
and Lee, 2008). Gl hormone responses have beertedo vary in special subpopulations,
such as following bariatric surgery where the po&mmplications of these alterations may
be crucial for determining oral nutrient and dribg@rption in these populations (Savage
al., 1987; Beckmaet al, 2011).

Absorption area
The absorption area of the small intestine direatigcts { of orally administered drugs. The
folding and villi structure of the small intestihelps to optimise the number of enterocytes
that are exposed to the gut lumen and therefordagditate absorption. Several conditions
do however reduce the absorption potential of muéients and drugs due to a reduction in

the length of the small intestine. These includeorBbowel syndrome and bariatric surgery.

29



Disease states can further alter the morphologlgeo¥illi, thus reducing the absorption area
of the small intestine, such as the case for coéiisease where a flattening of the villi
structure is observed. A reduced absorption argaresailt in a reduced bf permeability
limited drugs or delayed-release formulations (Bagst al, 1975; McFaddemt al, 1993;
Bullen et al, 2006; Padwagt al.,2009).

Gut-wall metabolism
Small intestinal metabolism acts as a natural &afor regulating . of xenobiotics, despite
the lower abundance of drug metabolising enzyméisargut wall as compared to the liver,
intestinal metabolism displays a metabolic capasiityilar to the liver as a first line of
exposure to orally administered drugs (Kolersl, 1994). Approximately 30% of orally
administered drugs on the market display am&ow 0.8, thus highlighting the relevance of
appropriate models for describing gut wall metadol(Varmaet al, 2010).

Similarly to the liver, Cytochrome P450 (CYP) 3/ithe predominant drug metabolising
enzyme in the small intestine, accounting for apipnately 80% of the small intestinal CYP
abundance, preceding CYP2C9, CYP2C19, CYP2J2, C8R2id CYP3A5 (Petest al,
1989; Paineet al, 1997; Fisheet al, 2001; Painet al, 2006; Richegt al, 2009). The
regional abundance of CYP3A varies along the smedktine, where it is expressed at lower
levels in the duodenum, increasing in the jejunarthén reduce further distally towards the
ileum (Paineet al, 1997). Inter-individual variation in abundancel grolymorphism of
enzyme expression (such as that for CYP2C9, 2D&aa) provide considerable variability
in gut-wall metabolism anBg of high affinity substrates (Ingelman-Sundberd)205conce
et al, 2005; Barteet al, 2010). In addition to the CYPs, the intestinalg abundant in
sulfotransferases (SULTSs) and uridine 5’-diphosptgiticuronosyltransferases (UGTs) drug
metabolising isoforms, some of which are exclusorehe small intestine (Radominska-
Pandyeet al, 1998; Richegt al, 2009).

Active transport
Numerous transporters are present in the gut ti@ilg both active uptake and efflux at the
apical and basolateral side of the enterocyteq B-the perhaps most extensively studied

transporter. In the intestine, P-gp facilitatesvacefflux from the enterocyte into the gut
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lumen of substrate drugs, displaying a relativeresgion distribution pattern increasing from
the proximal to the distal small intestine (MouhdaPaine, 2003). Other active transporters
present in the small intestine include (amongstrsth efflux transporterg(g. MRP2 and
BCRP), apical uptake transporteesg.organic anion transporting polypeptide 1A2
(OATP1A2) and peptide transporter 1 (PEPT1)), aasblateral transporters.§.Organic
cation transporter 1 (OCT1) and MRP3) (Froretal, 2000; Maliepaaret al, 2001; Ziegler
et al, 2002; Engluncet al, 2006; Glaeseet al, 2007). Inter-individual variability in
transporter expression can contribute to obseraedbility in R, of substrate drugs and
have been proposed to affegf \a interaction with drug metabolising enzymeslisihg a
PBPK M&S approach, Darwich and co-workers, assesadnpact of CYP3A4 and P-gp
interplay on & where a reduction indiwas observed as a consequence of active efflux
resulting in enzyme de-saturation, this was howéregted to a parameter space where the
substrate in question displayed a high affinithath CYP3A3 and P-gp (Benet and
Cummins, 2001; Darwicht al, 2010; Giacominet al, 2010).

1.2 IVIVE and IVIVC of drug specific parameters
Numerous drug specific parameters are known taenite { and k following oral dose
administration. Over the last decades, pharmaaRi&D has moved towards more
mechanistic models for predicting frbased on compound characteristics, with advances

originating from across pharmaceutical disciplines.

At the most fundamental level, solubility and peatniéity are the two key drug specific
parameters contributing t@ Solubility and permeability are both relatedhe themical
structure and physicochemical (PhysChem) propeofiesgiven compound. As a
consequence of the emergence of combinatorial dtgnand high-throughput screening for
lead compounds in pharmaceutical R&D, the needitmtify the relation between molecular
descriptors and oral drug dissolution and absanp@sulted in the definition of ‘Lipinski's
rule of five'. Lipinski, and co-workers, identifiealnumber of PhysChem parameter criteria
associated with a favourablef; these include: molecular weight (MW < 500 g/mol),
calculated octanol/water partitioning coefficieBLOgP < 5), number of hydrogen-bond
donors (HBD < 5) and acceptors (HBA < 10). The thgki’s rule of five’ has been highly
utilised in pharmaceutical R&D to screen for compasi with advantageous oral PK

(Lipinski et al, 2001).
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Amidon, and co-workers (1995), developed the biopla@eutics classification system
(BCS) for assessingf for immediate-release formulation drugs basedheir solubility

and permeability characteristics. According to B@&S, thein vivo solubility criterion is
defined as a dimensionless dose number (Do) equhléthighest dose level of a given drug
(Mo) in 250 mL of aqueous buffer ¢y all divided by the drug solubility over a physigical
pH range (G Equation 1.3). According to the solubility cri@m a drug is classed as
solubility limited if Do> 1 (i.e. if the dose amount one attempts to thexaigt dissolve in
250 mL buffer is greater than that allowed by tbkisility over a physiological pH range)
(Amidonet al, 1995; FDA, 2000).

M, /Vo
Cs
Equation 1.3: Biopharmaceutics classification system: Dose nur{ibej criterion.

Do =

A compound is defined as highly permeable if it a@s90% in man or in pre-clinical
species or via indirect measurement;afdingin vitro assays. Combined with the solubility

criterion this results in four classes of compouffdsidonet al, 1995; FDA, 2000):

BCS class I: High solubility, high permeability,
BCS class Il:  Low solubility, high permeability,
BCS class lll:  High solubility, low permeability

BCS class IV:  Low solubility, low permeability.

The BCS provides a rationale for the relation betwsolubility, permeability and &nd
potentially any additional parameters that mayuiefice 5. A BCS class | drug may be
subject to variability in absorption due to gasémptying as this will be the rate limiting
step for its dissolution and absorption. For a BSs Il drug the dissolution rate is highly
relevant in determiningdr, thus making the Gl constituents, surfactantsgpi&Ffluctuations
and processes that may alter compound solubilipoitant for determiningn vivo
absorption. Further, class Il compounds are the fkady to display efflux transporter
effects due to their low solubility (which prevestturation of transporters in the intestine).

The effect of high-fat meals may be of importanteetermining Fa of class 1l drugs in the
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case where micelle formation may enhance solubdity. cyclosporine (Yet al, 2002; Wu
and Benet, 2005).

In the case of a BCS class Il drug, permeabifitthie rate limiting step in determiningd;
which will be highly dependent upon Gl transit,idldynamics and constituents, and the
effective permeability. Class Ill compounds arerinest likely to be sensitive to active
uptake transporters in the Gl tract due to the keghl of drug available for uptake following
dissolution in the small intestine (Mt al, 2002; Wu and Benet, 2005).

Variability in absorption of BCS class IV drugsinkierently problematic due to the relative
impact that minor alterations in dissolution andpeability may have on the overall&;

the low permeability and solubility makes it diffic to speculate on the impact of different
factors on B for this class (Wu and Benet, 2005).

As an extension to the BCS, Wu and Benet (2005)qwed the biopharmaceutics drug
disposition classification system (BDDCS) replacing permeability criteria with an
elimination criteria, stating that a drug that ditsi>70% metabolism will be highly
permeable. The criteria defining BDDCS classifmaimply that biliary excretion
potentially plays an important role in the dispiositof class Ill and IV drugs due to the low

level of metabolic elimination and predominantipaeelimination (Wu and Benet, 2005).

The evolution of predictive models provides a gstatting point in identifying drug specific
key parameters influencing oral drug bioavailail®olubility, permeability, affinity to drug

metabolising enzymes and active transporters.

Solubility
Although possible, it is cumbersome to measure disgplutionin vivo, whereasn silico
models for prediction ah vivo solubility from PhysChem properties (including:diy
melting point, PSA and quantitative structure-dattivelationships [QSAR]) display a high
level of uncertainty where no single model provédeniversal tool for predicting aqueous
solubility (Bonlokkeet al, 2001; Dearden, 2006; Dressnetral, 2007; Hewittet al, 2009).

This leavesn vitro measurement as the most common source of sojuthdit.
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The most relevant measurementsnofitro solubility in pharmaceutical R&D include the
kinetic and equilibrium solubility methods. The @enination of kinetic solubility involves

the measurement of the maximum solubility of a conmul’s fastest precipitating species and
is performed early in the drug discovery phase. mike¢éhod may however over-predict the
true solubility. Equilibrium solubility is determéa by measuring the saturation solubility of
a drug in equilibrium in an aqueous buffer using.the shake-flask method (Elder and

Holm, 2013).

Due to the many physiological factors that may iotghssolutionn vivo, such as:
surfactants, viscosity, pH, bile, food and fluichdynics, the intrinsic solubility (solubility of
the non-ionised species) in aqueous media may esti@ate true solubility in the Gl tract
(Dressman and Reppas, 2000). To overcome the fiorigofin vitro solubility studies,
biorelevant dissolution media such as FaSSIF asbHe(fasted and fed state simulated
intestinal media respectively) have been develdpexdimicin vivo conditions, thus
potentially improving solubility estimates for higHipophilic drugs displaying poor
solubility in aqueous buffer (Dressmanal, 2007; Fagerbergt al, 2010). Current
biorelevant dissolution media does however not aetfor the full complexity of human
intestinal fluids, where considerable discrepaniigbe apparent solubility have been
identified. The utilisation of IVIVC to improve tharedictability has been explored with
successful findings but does however require furtadidation (Clarysset al, 2011; Wuyts
et al, 2013). An integrated approach utilising solupitiata coupled with PBPK modelling
and simulation provides a successful formula fdideding dissolution media (Otsuld al,
2013).

Dissolution and formulation specific parameters
The dissolution rate (DR) of a given drug is goeetiby the surface area of a drug (A), the
diffusion coefficient (D), the diffusion layer thiness (h), the saturation concentration of the
drug in the Gl tract (¢}, the amount dissolved (Xd) and the volume ofdissolution
medium (V) . The DR relation, originally developeygl Noyes and Whitney (1897), and later
refined by Nernst and Brunner in 1904, providelsestetical framework for identifying
formulation specific parameters, where Cs, A amady be altered through changed
formulation properties (Dokoumetzidis and Mache2@§)6). The most obvious formulation
alterations include changes of particle size antimgeof a given drug to give an increase in
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dissolution rate, through altering A (Noyes and iy, 1897; Dressman and Fleisher,
1986).

DR_A-D (C Xd)
~ h Sy

Equation 1.4: Noyes-Whitney dissolution.

Numerous methods exist for enhancing solubilisaticiuding the use of solutions,
emulsions, microemulsions and micelles. Aqueoustsois can act to increase the solubility
of hydrophobic drugs by utilising a pH buffer t@irase the ionisation of weak acids and
alkaline drugs or by the addition of a cosolvenhydroxypropylg-cyclodextrins.

Surfactants can be utilised to form a micelle fargnémulsion, enhancing solubility by
encapsulating the drug in micelles with a hydropbare and hydrophilic surface. Lipid
microemulsions, such as cyclosporine Sandimmuneaié®andoz), may improve
solubilisation of a drug, reduce enzymatic hydrislysd potentially improve permeability
(Kovarik et al, 1994; Constantinides, 1995; Naragtcal, 2007).

The design of a formulation is not always a coneega of poor solubility characteristics but
can also be intended to provide an extended oralted release (ER and CR respectively) in
order to protect acid labile compoundsgy enteric-coating (EC)), or made to prolong the
absorption phase of a given drug. The utilisatibBR formulations may have consequences
on the f and ks as absorption is delayed further distally to ragiexhibiting a lower
absorption capacity and abundance in drug metahglenzymes (Sakr and Andheria, 2001;
Wells and Losin, 2008).

Absorption
Following dissolution in the Gl tract, an orallyraphistered drug is subject to absorption.
Permeability is highly relevant in determining tisdent and rate of absorption of highly
soluble low permeable (BCS class IIl) drugs. HureHactive permeability (& human) has
successfully been determingdvivo utilising jejunal perfusion (Loc-I-Gut) displaying
excellent predictions of,in coupling with mechanistic modelling. The efigetpermeability

represents the mass transfer of drug across th&timal membrane as a function of perfusion
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flow rate leaving the intestinal segment( fluid-corrected concentrations entering and
leaving the intestinal segment at steady stajeaf@ G, and the surface area of the

intestinal segment described as a cylinder (Levasat al, 1992; Lennernast al, 1997).

Qout . (Cinc_ Cout)

out

Peff: 2emer- L

Equation 1.5: Determining Ry in vivo utilising the jejunal perfusion technique (L=lehngt

r=radius).

The Loc-I-Gut method is however difficult and cggty perform, thus leading to the
utilisation of numerous different approaches tinesting permeability in human, including:
in vivo animal modelsex vivoandin situmodels in human and preclinical species, iand
vitro methods coupled with IVIVC to obtain drug permdibparameters for human
(Algahtaniet al, 2013).

The Ussing chamber method utilises tissue sampes the intestine of preclinical species
and human in order to determine apparent permsafflyy) ex vivo The method displays a
good correlation with human &nd allows the study of both passive and actamesiport
across the epithelial membrane, thus allowing theysof transporter effects and regional
differences in permeability. The method is howdiraited by its requirement for fresh tissue
samples (Harwoodt al, 2013; Sjobergt al, 2013).

A number ofin vitro assays are utilised to predickRimanwhich provide effective screening
of drug specific permeability characteristics iraphaceutical research. The most frequently
utilised include: Caco-2 cell monolayers, Madin-Bacanine kidney (MDCK) cells and

parallel artificial membrane assay (PAMPA).

The Caco-2 human colon adenocarcinoma cell litggisly utilised as a high-throughput
screening method of intestinal drug permeabililpveing the study of passive transcellular,
using for example transport inhibitors, and patdata diffusion, and carrier-mediated
transport across the epithelial membrane. The adkays the determination of the effective
or apparent permeability {), as a flux per unit area over the cell monoldased on the

rate of drug appearance in the receiving compairtiethe assayNQr/At), the area (A) and
36



the concentration of drug at time zerg,(Equation 1.6) (Hidalget al, 1989; Shalet al,
2006; Suret al, 2008).

_ AQr/At

Papp - A'CDO

Equation 1.6: Apparent permeability (3.

This is based on a number of assumptions, inclutiagthe experiment is taking place under
‘sink condition’ and that accumulation of drug hretreceiving compartment is proportional
to time (Hidalgoet al, 1989; Shalet al, 2006; Suret al, 2008). IVIVC can be utilised to
estimate B;nhumanfrom Caco-2 monolayers where correlations have bleeeloped based on
the Loc-I-Gut method using calibration compoundgu@&ion 1.7) (Suet al, 2002).

LogPeff human = 0.6532 - LogPupp caco-2 — 0.3036
Equation 1.7: IVIVC between Rpp,caco-ApH 6.5) and B human

Some of the drawbacks with the Caco-2 assay inchhdé¢ it requires a long time to culture
(~20 days); that it underestimates paracellularsipart due to the tighter tight junctions
expressed in its cultured cell monolayer compapetidasen vivo, that it has an inherently
low expression of CYP3A and that it displays higiniability between laboratories (Shah
al., 2006; Algahtanet al, 2013).

MDCK cell lines require a shorter culturing timeg3lays) and are better predictors of
paracellular transport. One of the disadvantag#s this system is however that they are
derived from canine kidney cells. MDCK cells traaded with human P-gp or MRP2 are
commonly utilised to study transporter effeictyitro (Tanget al, 2002a; Tanget al, 2002b;
Shahet al, 2006). Similarly to Caco-2 cell lines, IVIVC hbheen developed for extrapolation
to Pt human Where MDCK cell lines display good correlatiortwCaco-2 monolayers
(Equation 1.8) (Irvineet al, 1999; Gertzt al, 2010).

LogPeff,human = 0.829 - LOgPapp,MDCK —1.30

Equation 1.8: IVIVC between Rpp,mock-mpr1aNd Rt human
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The PAMPA is a lipophilic artificial membrane allowg for rapid permeability screening
without requiring cell culturing. The assay shovod@greement of passive permeation and
transcellular transport compared to Caco-2 monotaged allows prediction a@f vivo
permeability using IVIVC (Equation 1.9) (Kansy al, 1998; Fujikaweet al, 2005; Avdeef

et al, 2007; Gertzt al, 2011).

LOgPeff,human = 0.6728- LOgPapp,PAMPA —0.0489

Equation 1.9: IVIVC between Ryp pampaand R human

Correlations have also been developed allowingtldiction of R numanfrom PhysChem
descriptors such as the octanol/water distributiopartition coefficients (LogD or LogP)
polar surface area (PSA) and HBD, where utilisingR at a pH of 5.5 (Log§}) together
with PSA and HBD gave the best linear correlati®f=(.93). These models were however

developed using a limited set of drugs (n drugs£®&@hiwarteret al, 1998).

LogPesf puman = —2.883 —0.010 - PSA + 0.192 - LogDs s — 0.239 - HBD
Equation 1.10:Correlation between PhysChem descriptors an@uRan

Metabolism
Drug specific affinities to metabolising enzymeighty abundant in the small intestine and
liver, play an important role in regulating:&= Numerousn vitro models are utilised in
conjunction with IVIVE to determine drug metabolismman, these include: primary
hepatocytes, hepatoma cells, microsomes and peaisit liver slice models; with human
liver microsomes (HLM) being the most utilised gyst(Asha and Vidyavathi, 2010;
Algahtaniet al, 2013).

By measuring the rate of formation of metabolitdosss of substrate, enzyme kinetic analysis
can be performed to determine the nonlinear saeislbstrate concentration ([S])
dependent Michaelis-Menten kinetics of the metabdtirmation, dependent on the
parameters Max (maximum velocity of the reaction) ang,Kthe concentration that produces
50% of the maximal velocity). This provides an mstie of metabolic intrinsic clearance
(Equation 1.11).
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Vinax * [S]
Km +[S]

Equation 1.11: Michaelis-Menten elimination kinetics.

Clin: =

HLM are subcellular fractions prepared from humapdtocytes, and characteristically
exhibit high levels of CYPs and UGTs. HLM can biised to identify and quantitatively
assess metabolic pathways by introducing enzymafgpimhibitors. HLM have a number of
advantages as being one of the most characteniseio systems to study metabolism and
the possibility to study inter-individual varialtyli(Asha and Vidyavathi, 2010; Algahteeti
al., 2013).

Linear and nonlinear clearance estimations of argenzyme (CYjPusing HLM can be
scaled to human using IVIVE, accounting for thefiegn unbound of substrate in
microsomes (fuicj), the abundance of enzynrevivo (Acve;) and the amount of microsomal
protein (MR) per gram of liver (MPPGL) scaled to whole livermicrosomal protein per
small intestine (MPPI) (Equation 1.2 and Equafial3) (Howgateet al, 2006; Barteet al,
2010).

m
CLmt
CLlugy = fu “Acypj || MP;
mic,j

j=1

Equation 1.12:IVIVE from CLjy in human liver microsomes to Clu

- A
CYP CYP,
CLuyy, = Z( max(cYp)) ’) . MP,

= m u(CYPj)

Equation 1.13:1VIVE of Michaelis-Menten saturable enzyme kineticsm human liver

microsomes to CLg.

Recombinanin vitro metabolism systems, such as baculovirus inselst@gbressing
recombinatory CYP450 (rCYP), has the advantagdfefing enhanced assay sensitivity

through artificially high enzyme expression levégcombinant systems require the
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utilisation of a system and enzyme specific inyestesm expression factor (ISEF) in order to

account for differences in enzyme activity (Stringeal, 2009).

m
CLluy,, = Z(ISEF e Agyp ]> . MP,
mic,j

j=1

Equation 1.14:IVIVE from CLjy in human liver microsomes to Clu

. ISEF Vmax(CYP) ACYP]
CLujpe = Z - MP;

= mu(CYP])

Equation 1.15:IVIVE of Michaelis-Menten saturable enzyme kineticam recombinant
P450 assays to Clqu

Hepatocytes offer the advantage of providing pebifigalimitation along with multi
enzyme interactions as observedivo but used to require fresh liver tissue samples for
preparation. Since the development of cryopresenegétocytes and cultured hepatocyte
cell linesin vitro use of hepatocytes has gained new ground bechessier handling (Li,
2007).

Active transport
Depending on substrate specific affinity to intestitransporters, a drug can be subject to
altered bioavailability following oral administrati; this can lead to either a reduction or
increase infdepending on the transporters involved, and meg gse to nonlinear
absorption kinetics depending on drug dissolutioth permeability, as discussed above. As is
the case for drug metabolising enzymes, activesprar is a saturable process that can be
described utilising Michaelis-Menten kinetics (Etjaa 1.16). Elucidating transporter
kinetics does however require additional considenatas the drug is subject to passive

diffusion clearance (Glp) across the membrane barrier (Harweodl, 2013).
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]max

K, +C
Equation 1.16:Michaelis-Menten transporter kinetics.

Clin: =

The determination of transporter kinetinsvitro andex vivouses many of the same methods
utilised for permeability studies, namely: CacdM)CK, Lilly Laboratory Cells — Porcine
Kidney Nr. 1 (LLC-PK) assay and the Ussing chamber technique, whettesthgporter of
interest may be expressed through transfectiomr @ubjected to controlled inhibition in
order to separate transporter effects frompgCIransporter affinity can then be determined
by measuring the bi-directional drug flux at a eemf substrate concentrations. There are
however issues regarding the IVIVE of transporfégats due to a number of disadvantages
with current methods, including: the sparsity oantitative absolute abundances of
transportersn vitro andin vivoand the lack of transporter specific inhibitorsielo this the
extrapolation of transporter kinetics is done sitilg relative expression factors (REF) based
on the differences in expression utilising immumollensitometryn vivo compared tan

vitro assays (Equation 1.17) (Harwoeidal, 2013).

In vivo expression
REF

In vitro expression

Equation 1.17:Relative expression factor (REF).

1.3Physiologically-based pharmacokinetic modelling obral drug

bioavailability
Due to the sheer number of physiological, drugfanchulation specific parameters and
interrelations that determine the bioavailabilifyaa orally administered drug, PBPK
modelling and simulation lends itself well to ceeatframework for the prediction and

extrapolation of absorption processes (Chow andjP2013).
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1.3.1 Modelling oral drug bioavailability
A constant evolution of PBPK modelling of oral dibigavailability has occurred over the
last decades where conceptually three approachiEstwibing absorption processes have
emerged, namely: The mixing-tank model, dispersimuels and compartmental transit
models (Dokoumetzidist al, 2007).

The mixing-tank model considers the small intestin@ single compartment where a drug is
administered as a bolus dose, subject to NoyesAdhidissolution and subsequent
absorption or removal via small intestinal tran&g.a result, the amount of dissolved drug
will depend upon the amount available for dissolutfA,nqgi9), its aqueous solubility (5
diffusion coefficient (D), particle densitp) and radius (), the volume of the small intestinal
lumen (Mumen), the rate of absorption fkand small intestinal transit () (Figure 1.1 and
Equation 1.18) (Dressman and Fleisher, 1986).

Aundis
Dose \ .
Adiss Vlumen
B

Figure 1.1.Schematics of the mixing tank model,n&=Amount undissolved drug,

AdissAmount dissolved, &Absorption rate constant,s@&Small intestinal transit,

Vumer=Volume of small intestinal lumen. Adapted from Bsman and Fleisher (1986)

1
dAgiss 3-D _ Qs \3 Agiss 2 Osit " Aaiss
= | D - e Viumen -(C— )A 3 —k Ao ——""
dt p- h- T ose:-e s undis a diss Vlumen

lumen

Equation 1.18:Rate of change of amount dissolved described uhdemixing tank model.

The dispersion model utilises partial differengguations to describe the intestine as a tube
where drug concentration is described as a conismpeoofile over time subject to dispersion

and transport along the small intestine. The modelbe further refined to incorporate
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spatial parameter variation to consider regionabpbfiles, fluid dynamics, permeability and
more,e.g.allowing the modelling of spatial luminal drug cemtration (Gmen) as a
consequence of spatially varied transi)(&nd absorption £f, particle radius (r) and the
length of the small intestine §J) (Figure 1.2 and Equation 1.19) (Willmaanhal, 2003;
Willmann et al, 2004; Dokoumetzidist al, 2007).

Spatial distance (z)

Outflow

Dose

f (zt) Actl(z)

—_ Ly

Figure 1.2.Conceptual schematic of the dispersion model aff dnug absorption.

Cume=Spatially varied time dependent luminal drug conicion, f=absorption,
Acr=Effective permeability. Adapted from Willmarat al, (2004) and Dokoumetzides al,
(2007).

aClumen(Z: t) _ Dose - [1 - fa(zl t)]
at I TZ . LSI

Tsi(z,t)

Equation 1.19:Conceptual partial differential equation for dispen absorption model.

The compartmental absorption and transit (CAT) matveloped by Yu and Amidon
(1999), utilises an equally divided seven compartnaésorption model to describe the
amount of drug (A) subject to small intestinal transits(kproviding a flexible and more
mechanistic description of the processes of intaktransit as compared to the single-
compartment absorption model and a reduced contplekimplementation compared to the
dispersion model (Yet al, 1996; Yu and Amidon, 1999).
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Figure 1.3.Schematic of the nine segment compartmental absorptodel (CAT) model.

As=Amount of drug in the stomach,#Amount of drug in the nth small intestinal
compartment, &&/Amount of drug in the colonskGastric emptying rate sk=Small
intestinal transit rate and®&Absorption rate constant. Adapted from Yu and Aoni@1999).

The CAT model serves as the basis for some of thet physiologically sophisticated PBPK
models for oral drug bioavailability, including tiraplementations of the advanced
compartmental absorption and transit (ACAT) andaabed dissolution absorption and
metabolism (ADAM) models, incorporated into GastusPand the Simcyp Simulator
respectively (Figure 1.4). These models furthea@xpon the CAT model by adapting
gastrointestinal compartments to conform to thhirsiological counter part$.€. the

stomach, duodenum, jejunum, ileum and colon) witliesponding fluid volumes (Ven.n,
transit times based on segment length) (kegional distribution of enzymes and transpaiter
segmented segregated blood flows. The drug-retaeghonents of the model are refined to
incorporate formulation subject to release, digsmh) supersaturation, and precipitation,
absorption, active transport and metabolism iretiterocytes. In addition, the ADAM model
incorporate inter-individual variability in physamical parameters (Agorast al, 2001;
Jameiet al, 2009).
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Arterial blood

Portal vein

PBPK
distribution
model

Venous blood

Figure 1.4.Depiction of the 9 segment ADAM model, consistirigadlowing
compartments: Stomach, Duodenum, Jejunum I, Jejuhulaum I-1V, and Colon. Further
describing: St=stomach, Jej1 & 2=jejunum, Il1-4aitg form=drug trapped in formulation,
undiss=undissolved drug, diss= dissolved drug,festtion absorbed drug in enterocytes,
kt,=transit rate, @=gastrointestinal blood flow,d=fraction drug that escapes gut wall
metabolism, Cl;e=biliary clearance. Compartment size and purplewnintensity &) refers
to segmental length and regional abundance of CYIR@8pectively. Green colour scheme
(m) indicates bile enhanced solubility. Adapted fréamei, and co-workers (2009).

PBPK modelling of GI drug release and dissolutitilises a large set of models to describe
the dissolution profile time course of amount digsd, including: zero, first and second
order models, Higuchi zero order and more. Onéeiost frequently utilised models is an
adaptation of the empirical Weibull distributiohaaling it to conform to most release and

dissolution profiles by estimating scale and shzg@ameters. andf, and the lag time prior
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to release (jkg), giving the accumulated release (m) over timéEtuation 1.20)
(Langenbucher, 1972; Costa and Sousa Lobo, 2001).

m=1-—exp

_(t - Tlag)ﬁ
a

Equation 1.20:Weibull function for dissolution profiles.

Where dissolution profiles are lacking, the pH defent solubility of a drug is obtained
either through the Henderson-Hasselbalch equatipnederably using interpolation of
experimentally derived solubility data at Gl pH gan(Bergstrornet al, 2004). The solubility
of a given drug in the Gl tract is modelled utitigithe diffusion layer models for solid
dissolution developed by Noyes and Whitney (189 fhodified versions, such as the Nernst
and Brunner equation which consider the dissolutiom a planar surface (Dokoumetzidis
and Macheras, 2006). Additional modifications da thffusion layer model allow the
modelling of dissolution of spherical mono-dispergarticles under sink and non-sink
conditions, where equilibrium between the amourdis$olved (Aiss) and undissolved
compound (Andis,f IS dependent upon pH dependent solubility aptmticle surface (Cs,n),
the luminal volume (Mmen,n, particle radius (r), densitp), diffusion coefficient (D) and
diffusion layer thickness (h), as the drug is sabje transit (kf) through the Gl tract and
first order rate absorption of dissolved drugdKEquation 1.21 and Equation 1.22) (Wang
and Flanagan, 1999; Wang and Flanagan, 2002; #&raki2009; Gertzt al, 2011).

dAundisn 3:D Adisn
T = Aundis,n—l ' ktn—l - Aundis,n ' ktn - m ' Aundis,n ' CS,n - W

Equation 1.21:Rate of change of amount undissolved drug in théugoen.

dAdiss,n
dt

3 - D Ad' :
rh Aundisn (Cs,n - SR >

Vlumen,n

- Ad' -1" kt -1 +
issn n P

- Adiss,n ' ktn - Adiss,n ' ka,n

Equation 1.22:Rate of change of amount dissolved drug in thduguéen.
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The luminal volume in the stomachgMand intestine (Mmen,) iS either assumed to be a
constant segmented volume, as in the ACAT modelsa dynamic system based on
physiological data on secretion of intestinal fiid the stomach and small intestinge«Q
subject to reabsorption {kys ), gastric emptying (k) and transit (k,) throughout the Gl
tract (Equation 1.23 and Equation 1.24) (Jagteil, 2009; Sutton, 2009).

dVg
W = Qsec,s - kt,st Vst

Equation 1.23:Gastric fluid dynamics.

dVlumen n
dt = Qsec,n - kreabs,n ' Vlumen.n + kt,n—l ' Vlumen,n—l - kt,n ! Vlumen,n

Equation 1.24:Intestinal fluid dynamics.

The solubility of drug in bile micelle media£$& can be modelled utilising the modified
Henderson-Hasselbalch equation, as a functioneodimcentration of bile (%) compared
to water (Gizo), the drug specific micelle aqueous partition @oeft for the neutral drug
(Kbm,0), Kom for the ionised base or acidgK: or Koy ), the hydrogen ion concentration’H
and the equilibrium constant for the ionisation)(Kvhere K, can be derived from
LogP,., (Equation 1.25, Equation 1.26, Equation 1.27, Equoal.28 and Equation 1.29)
(Rippieet al, 1964; Jinneet al, 2000; Sugano, 2009).

H* Cy; H Cp;
Sdiss :50'<1+[ ]+ bLle_K [ ]+ bile Kbm,+>

bmo * 77— '
Ka CHzO " Ka CHzO

Equation 1.25:Bile enhanced solubilisation of an alkaline comphun

Ka Cbile Ka Cbile >
Saiss = So - (14— 2o g, 42y bie g
diss 0 ( [H+] CHZO bm,O [H+] CHZO bm,

Equation 1.26:Bile enhanced solubilisation of an acidic compound.

LogKpmo = 0.74 - LogPF,., + 2.29

Equation 1.27: Micelle aqueous partition coefficient for a neutteug.
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LOgKbm,+ ~ LogKbm,o -1

Equation 1.28:Micelle aqueous partition coefficient for an iorddease.

LOgKbm,— ~ LogKbm,o -2

Equation 1.29:Micelle aqueous partition coefficient for an iordszcid.

Oral absorption
In the absence of active transport, absorptionadetied as a concentration dependent first
order process, governed by a rate constanj gkoportional to the £ numanconsidering the
small intestinal radius ) (Equation 1.30). Absorption from different segrseof the
intestine can be considered by changifgto the corresponding physiological value (Sinko
et al, 1991; Yu and Amidon, 1999).

_ 2Py
ka,n =
rsi,n

Equation 1.30: Estimate of absorption rate constant frog P

Gut-wall metabolism
Gut-wall metabolism can be incorporated into thelel@f the concentration of substrate in a
well-stirred enterocyte compartment. The overaficantration of drug in the enterocytes
(Cent,n Will depend on k;, the fraction unbound (i ), the amount of active enzyme in the
small intestine (An.n, the blood flow out of the enterocytes to thetalovein (Qsutr), as
well as the drug specific clearance parametegs{(&hd Ky) giving rise to the net Glin
(Equation 1.31) (Jamei al, 2009; Gertzt al, 2011).

v ACentn -k A Vinax " Aenzn " fuentn " Centn
entn = Ran " Adissn — -
dt Km + fuentn * Centn

- fuent,n : Cent,n : CLuint,GI

- QGut,n ' Cent,n

Equation 1.31:Model for rate of change of drug concentrationnteeocytes, incorporating

gut wall metabolism.
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Nonlinear active efflux from the enterocytes to itmestinal lumen can be incorporated into
the enterocyte model as well, described in a sirfalshion to metabolic clearance utilising
Michaelis-Menten kinetics where the outflow of tlearance term goes to dissolved drug in
the intestinal lumen (Darwicét al, 2010).

Hepatic clearance
Hepatic first-pass elimination can be modelled gisirwell-stirred model for the liver
compartment where the elimination of drug will degen the unbound concentration of
drug in liver (fu-Chep. Assuming a perfusion limited liver, the concatitn of drug in the
liver also depends on inflow of drug from the inites (Qu1.) and the systemic influx via
the hepatic artery (Q) and an outflow equal to the sums of the inflow{&tion 1.32)
(Rowland Yecet al, 2010; Pertineet al, 2013). Additional models for the liver exist in
order to accommodate active hepatic uptake, sutheadispersion model (Roberts and
Rowland, 1986; Yangt al, 2007a).

dc,
Vhep 'Tep = QGut,l:n ' Cent,l:n + QHA ' CSys - Chep ' (fub ' CLuint,H + QGut,l:n + QHA)

Equation 1.32: The well-stirred perfusion-limited liver model.

Hepatobiliary elimination
Hepatobiliary clearance can be modelled either@sarance from vascular liver
compartment (Ciye) to the duodenum or utilising Michaelis-Mentemgporter kinetics to
account for observed nonlinearity due to the trartep mediated clearance from the
sinusoidal side of the liver. Because of the setjalemature of biliary secretion into the small
intestine the utilisation of transit compartmentsime-to-event modelling may be necessary

to account for double peak phenomena (Bischbél, 1971; Hofmanret al, 1983).

1.3.2 Whole-body distribution
Distribution is defined as the reversible transfiedrug between different tissues of the body.
The distribution of a drug can be modelled empllyday estimating inter-compartmental
clearances and volumes of systemic blood or plasmgeripheral compartments (Rowland
and Tozer, 1989).
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A more mechanistic approach to modelling distribtis to describe drug concentrations in
physiological tissues (£,), compared to venous blood or plasmg)(@sulting in the tissue
to plasma partition coefficient (KpsG&/C,). Direct measurements of Kp are often however
lacking in man and rely instead on the utilisatidrata from preclinical species or
extrapolation fromn vitro and PhysChem parameters. Utilising Kps, the plasshane of
distribution at steady state following iv infusif¥is) can be estimated from the volumes of
individual tissues (Y and plasma (M (Equation 1.33) (Grahaet al, 2012).

Vie= Y (Kp V) +V,

Equation 1.33: Estimate of volume of distribution.

Mechanistic methods for estimating human Kp vafues in vitro data to man include the
equations developed by Poulin and Theil (2000), e/ values can be estimated the olive
oil buffer distribution coefficient at pH 7.4 (Ku), tissue volumes (V), fractional tissue
volumes of phospholipids (ph), neutral lipids (m¥ater (w) in tissue (t) and plasma (p), the
fraction unbound in plasma (fuand tissue (f for estimates of Kp values in non-adipose
(Kpy) and adipose tissues (kp (Equation 1.34 and Equation 1.35 respectivelpu(id and
Theil, 2000; Poulin and Theil, 2002b; Poulin ancil,i2002a). Refined models based on the
Poulin and Theil model have been developed to altletter predictions of highly lipophilic
drugs (Berezhkovskiy, 2004; Poulin and Haddad, 2012

_ [Kvo:w ' (Vn,t +03- Vph,t)] ' [(Vw,t +0.7- Vph,t)] _fup
[Kvoow * Vnp + 0.3 Vo) [Vivp + 0.7 - V)] ftte
Equation 1.34:Poulin and Theil model for estimating Kp.

Kp,

(K vorw * Ve + 03 Vo) - [(Vie + 0.7 - V)]
[K*vow = Wnp + 0.3 Vo )] - [V + 0.7 - Vi )] 1
Equation 1.35:Poulin and Theil model for estimating kp

Kpaai =

In addition to the Poulin and Theil derived modals alternative model by Rodgestal.
(2005) has been proposed for the prediction of undd<p values (Kpu=Kp/fy). The
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Rodgers and Rowland model separates intra- andaeitnlar volumes as fractionsyfand

few) and takes the ion species of the compound andgmdndent ionisation into account.
One model is utilised for moderate to strong bassegjiring the association constant (Ka)
with concentration of acidic phospholipid ([APand P to predict Kpu values. A separate
model is used for neutral, acid, weak alkaline andterions, taking the concentration of
binding protein in the tissue and plasma into ant{iPR}r and [PR} respectively)

assuming only unionised unbound drug permeatedisgoes, and specifying the permeation
species (Y) dependent on the compound’s acid-batseen (Rodgerst al, 2005; Rodgers

and Rowland, 2006; Rodgers and Rowland, 2007).

1+ 10PKa-PHiw ) (Ka-[AP‘]T-lopKa‘pH1W>
“Jiw

Kpu = fow + ( 1+ 107k PHy 1+ 10PKaPHy

(P fur + ((03-P+0.7) - fyp))
1+ 10PKePHp

Equation 1.36:Rodgers and Rowland model for estimating Kp’s oflerate to strong
bases.

Kpu:X'f’WJrfEWJr(P'fNL+(0.3-P+0.7)-fNP)
Y Y

—+ i—l— P.fNL’P-l-(0'3.P+0'7)'fNP,P .[PR]T

Ju Y (PRI,

Equation 1.37:Rodgers and Rowland model for estimating Kp’s aftra, acid, weak

alkaline and zwitterions compounds.

The Rodgers and Rowland model displays improvedigtiens for compounds compared to
the Poulin and Theil method for specific differeniig classes and tissues, whereas Poulin

and Theil displays a higher accuracy for the prtesticof Vss (Grahamet al, 2012).

Observed or predicted Kp values can be utilisasihinle-body PBPK tissue distribution

models to model and predict venous, arterial essli& concentrations, where the tissue
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concentration (§ in a well-perfused tissue will depend on theugsspecific blood flow
(Q7), volume (M) and Kp (Figure 1.5 and Equation 1.38) (Nestabal, 1998).

Qgra/KPgra

BRA

Qs KPriea " EA

Quus/KPwus MUS

Qupi/KPapy ADI

I BON BON
SKI

Venous blo
poo|q |BlJS

Qrop/KPros

Quin/KPyip

ROB
KID

cL,
Quep/KPyiep QSPL/KpSPL

SPL

Clyep
Q, yn/KP iy

LUN

Figure 1.5.Whole-body distribution model describing the gatiing of drugs into tissues as
compared to blood (K{ dependent upon tissue specific blood flows) @nd volumes (.
BRA=Brain, HEA=Heart, MUS=Muscle, ADI=Adipose, BOBsne, SKI=Skin, ROB=Rest
of body, KID=Kidney, SPL=Splanchnic organs, LUN=Ilgs CL=Renal clearance and
CLyer—=Hepatic clearance. Adapted from Nestoebval, (1998).

dCr _Qr Qr

dt VT ART VT'KP T

Equation 1.38:Modelling tissue disposition in well-perfused ndimagnating tissues.
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1.3.3 Modelling metabolic drug-drug interactions in thesmall

intestine
PBPK M&S is a highly utilised approach for the implenting mechanistic prediction of
metabolic enzyme DDIs, enabling the utilisatiordoig specific inhibitory and induction
parameters fronn vitro assays, such as HLM and hepatocytes. In addititimet static
models a PBPK M&S approach may show improved ptiedis as well as incorporate inter-
individual variability to aid the prediction of DBFahmiet al, 2009). The food and drug
administration (FDA) has recognised the utilisattdPBPK modelling and simulation as a
useful tool to quantitatively predict the impactibls and assist the design of DDI studies
(Rostami-Hodjegan, 2012).

The potency of a reversible enzyme inhibitor, idahg competitive and non-competitive
inhibitors, can be establish@dvitro by determining the unbound inhibition constant,jK
where the fold reduction in Clgfollowing inhibition is dependent on the concetitma of
the inhibitor and K, (Equation 1.39) (Rostami-Hodjegan and Tucker, 2004

I
Fold reduction in CLujy, g = (1 + U] )
Ki,u

Equation 1.39:Impact on substrate clearance following reverséisizyme inhibition.

Mechanism-based inhibition (MBI) is characterisgdte time-dependent inhibition of the
level of active enzyme. Utilisin vitro metabolic assays the maximum rate of enzyme
inactivation (kac) and unbound dissociation constani jkcan be determined and used to
predict the level of enzyme inactivation over tifibe net rate of inactivation will further
depend on unbound inhibitor concentration in thie(fis.c[1] 1) and the baseline turnover of
the enzyme (kg,c) (Equation 1.40). Issues do however exist reggrthe prediction of

MBIs where over-predictions of the level of enzyimieibition have been reported (Rostami-
Hodjegan and Tucker, 2004; Obasthal, 2007; Ohneet al, 2008; Obach, 2013).

dAgnzc kinact * fugue " er
T Rsyn—gnzcr — Aenzcr * | Kaeg,gr + Kiw + figu: - Ulor

Equation 1.40: Amount of active enzyme in Gl tract with over tifiedowing MBI -

Rsy=base rate of synthesis.

53



Enzyme induction can be modelled utilising a Hilh€tion, dependent on the maximum
induction effect (kay), 50% maximal induction effect (k§3), the unbound inhibitor
concentration in the enterocytesdft{l] ) and enzyme turnover in the gutidks) (Equation
1.41) (Ohneet al, 2008; Gucet al, 2013).

dAEnz,GI _ 1+ Emax - quut ' [I]GI
dat Syn-Enz6l fugye * g + ECs,

Equation 1.41: Amount of active enzyme in Gl tract over time feliag induction.

) - kdeg,GI ' AEnz,GI

Instances where induction is accompanied by MBthsas for ritonavir, requires PBPK
modelling and simulation due to the complexitytod tnteraction, which must combine the
processes described in Equation 1.40 and Equat#dnii a single scheme (Fahetial,
2008; Ohneet al, 2008).

1.3.4 Mechanistic modelling of special subpopulations
PBPK M&S and system pharmacology provides a frammkviar modelling drug exposure in
special disease subpopulations due to its inhetghty to facilitate extrapolation by using
physiology and anatomy to inform compartmental nieday utilising a systems
pharmacology approach predictive models becomacaitte for special subpopulations that
are not readily available for clinical research tluethical or practical considerations. A
number of special population PBPK models have laeseloped utilising this approach,
including those for: Paediatrics, pregnancy, liserthosis, renal failure, obesity as well as
genetic differences in enzyme expression (Bateat, 2010; Johnsoat al, 2010; Ghobadi
et al, 2011; Johnson and Rostami-Hodjegan, 2011; RowYaswkt al, 2011; Keet al,
2012).

The utilisation of PBPK M&S together with IVIVE/Cnder the paradigm of systems
pharmacology (together with the increased acceptéom the regulatory agencies for the
utilisation of PBPK M&S in submission process ahd émergence of individualised
pharmacotherapy), in development of new mechamstidels for special subpopulation. The
approach allows the assessment and predictiomuadr{gst others): study design issues and

the powering of studies, the impact of enzyme cemggon metabolic clearance in
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paediatrics, and the effect of expected variabititgrug exposure in special populations
(Zhaoet al, 2011; Rostami-Hodjegan, 2012).

The general method for the development of PBPK iisdde special subpopulations relies
heavily on identification and extraction of mul8diplinary information relating to the
alterations in physiological system specific partarg coupled with statistical meta-analysis
in order to estimate the variability of these systpecific parameters in the subpopulation in
guestion. This specialised information regardirgghysiological parameters of the
subpopulation is needed in addition to an appropievel of drug specific information in
order carry out informative extrapolation withiganeral framework for PBPK modelling

and model validation. The approach is very datanisg¢ and may therefore be limited in
application to well-characterised subpopulationgh wrugs which can be considered to show
the greatest challenges in extrapolation betweenlptions and for which there is

knowledge of the impact of population covariateslamng disposition. An additional obstacle
is the need for best practice guidelines in ordestteamline the development process (Zhao
et al, 2011).

1.3.5 Bariatric surgery subpopulation
The number of bariatric surgical procedures carotin North America and the United
Kingdom has increased dramatically in recent yegs.rise in surgical procedures can be
attributed to the increased prevalence of obesitithe proven clinical and cost effectiveness
of surgical treatment of obesity and associatedarbdities (Picotet al, 2009; Flegakt al,
2010; OHE, 2010). Several bariatric surgical prared exist in healthcare varying in degree
of invasiveness. Procedures such as the sleevecashy are limited to restricting the
capacity of the gastric pouch whereas proceduréseaRoux-en-Y gastric bypass and
biliopancreatic diversion with duodenal switch Hegugastric resection, small intestinal
bypass and delay in bile inlet. These surgical @doces will result in a number of Gl
anatomical and physiological alterations, wherg floe example may alter the gastric
volume, pH, gastric emptying, Gl fluid dynamicssalption area, and exposure to gut-wall
enzymes and transporters (Behensl, 1994; Buchwald and Oien, 2009).

Potential anatomical and physiological change®valig bariatric surgery have clear

implications on the exposure of orally administetiealgs and consequently the
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pharmacotherapy in a post bariatric surgery pofuraClinical evidence suggests trends in
oral drug exposure pre to post bariatric surgefyetdighly variable, both drug and surgery
dependent. This presents an apparent problem iphifmenacological treatment of post
bariatric surgery patients where clinical data, gnidlance on appropriate drug utilisation is
lacking (Padwaet al, 2009; Skottheinet al, 2009; Skottheinet al, 2010).

Due to the multi-factorial changes in the Gl phi@gy and anatomy, a systems
pharmacology PBPK approach may be particularlyablétapproach for exploring the
underlying processes resulting in alterations af drug exposure and may also inform

clinical pharmacology in the treatment of post &t surgery patient populations.

1.4 Project aims and objectives
The aim of the work constituting this thesis wagxamine the interplay between
gastrointestinal systems parameters and theirtseféecoral drug bioavailability utilising
physiologically-based pharmacokinetic modelling amdulation under a systems

pharmacology approach.

The research would be carried out with the focuPBRK M&S of trends in oral drug
bioavailability in pre to post bariatric surgerybgopulation, resulting in the partial resection
of the Gl tract, in order to enable the theoreteamination of underlying physiological,
drug and formulation specific factors accountingdbserved changes in oral drug exposure

pre to post surgery.

In order to establish the current knowledge arathmthges in oral drug exposure following
bariatric surgery a systematic review of the tapould be performed together with
surveying the clinical pharmacotherapeutical cagrsitions at an NHS (National Health

Services) hospital.

The review would be followed by characterisatiomadévant systems parameters in a post
bariatric surgery patient subpopulation in ordeenable the PBPK model development and
assessment utilising the Simcyp Simulator ADAM moBeveloped models would then be

subject to validation against observed clinicabhdat
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The work in this thesis would also theoreticallyaene the nested turnover of CYP enzymes
dependent on the turnover of the enterocytes arichftact on the prediction of mechanism-
based enzyme inhibition in the small intestine sWould be carried out through
characterising systems parameters relating to@mtr and enzyme turnover that would be
incorporated into a nested enzyme-within-enteroWeWE) PBPK model. The
discrepancies in the NEWE model predictions of rmem-based inhibition would then be
assessed against the conventional modelling app@ayg considering a lumped enzyme

turnover in the gut.

The work would be carried out under the princiglethe systems pharmacology approach,
incorporating IVIVE, IVIVC, and statistical meta-algsis coupled with physiologically-
based pharmacokinetic modelling and simulatiomendevelopment and assessment of

mechanistic PBPK models for oral drug bioavailapili

1.5 List of manuscripts and author contribution staterment
In accordance with University of Manchester guides for the alternative thesis format for
doctor in philosophy, beneath follows a stateménihe individual contributions of authors to
published manuscripts and manuscripts in preparatease note that published

manuscripts, Chapter 2-4, are available in thepeetive appendices.

Chapter 2:
Br J Clin Pharmacol. 2012,74(5):774-87
Trends in oral drug bioavailability following baria tric surgery: examining the variable
extent of impact on exposure of different drug clases
A.S. Darwich Literature search, data and statistical analgsis]y design and lead
coordination of clinical audit study design and@xen, supervision of research carried out
by K. Henderson, main preparation of manuscript.
K. HendersonLiterature search, data collection for clinicatld, preliminary data analysis.
Preparation of manuscript, mainly clinical audittsen. Please note that parts of the clinical
audit sections in the published manuscript andaggbed in this thesis is therefore available

in the project report (titled: ‘An investigationtantrends in altered bioavailability following
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gastric bypass surgery’) by K. Henderson, as sigmohand edited by A.S. Darwich and A.
Rostami-Hodjegan. The work was carried out as agfdvlaster of Pharmacy project report.
A. Burgin Supervision of K. Henderson during clinical auditordination of data collection
during the clinical audit and input on manuscript.

N. Ward Expert opinion on clinical pharmacotherapy follogybariatric surgery and input
on manuscript.

J. Whittam Expert opinion on clinical pharmacotherapy follow bariatric surgery, input on
clinical audit study design and manuscript.

B.J. Ammori Expert opinion on bariatric surgical proceduraput on manuscript.

D.M. Ashcroft Supervision of research, study design, preparationanuscript.

A. Rostami-HodjegarSupervision of research, study design, inputata dnalysis,

preparation of manuscript.

Chapter 3:
J Pharm Pharmacol. 2012, 64(7):1008-24
A mechanistic pharmacokinetic model to assess mouttl oral drug bioavailability post
bariatric surgery in morbidly obese patients: interplay between CYP3A gut wall
metabolism, permeability and dissolution
A.S. Darwich Lead for study design, literature search and raatdysis, modelling and
simulation of post bariatric surgery models, datalgsis and preparation of manuscript.
D. Pade Input on model development and manuscript.
B.J. Ammori Expert opinion on bariatric surgical proceduiaput on surgical dimensions in
models for post bariatric surgery populations arshascript.
M. Jamei Expert opinion and input on PBPK modelling, angut on manuscript.
D.M. Ashcroft Supervision of research, study design and inpuhanuscript.
A. Rostami-HodjegarSupervision of research, study design, input odeliing and

simulation of post bariatric surgery models anduimgn manuscript.
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Chapter 4:
CPT Pharmacometrics and Syst Pharmacol. 2013, 2(&47
Evaluation of anin silico PBPK post-bariatric surgery model through simulating oral
drug bioavailability of atorvastatin and cyclosporine
A.S. Darwich Lead for study design, modelling and simulatid¢itiging post bariatric surgery
PBPK models, data analysis and preparation of ntaipis
D. Pade Input on model development and simulation, andumsaript.
K. Rowland-Yeolnput on modelling of atorvastatin acid and maomiys.
M. Jamei Expert opinion and input on PBPK modelling, amput on manuscript.
A. Asberg Supply of atorvastatin data and input on PBPK efloty and manuscript.
H. ChristensenSupply of atorvastatin data and input on modglimd manuscript.
D.M. Ashcroft Supervision of research, study design and inpuhanuscript.
A. Rostami-HodjegarSupervision of research, study design, input BRIR modelling and

simulation, and input on manuscript.

Chapter 5:
In preparation
Assessing the turnover of the intestinal epithelian pre-clinical species and human
A.S. Darwich Lead for literature search, study design, statismeta-analysis, supervision
of U. Aslam, and preparation of manuscript.
U. Aslam Preliminary literature search on enterocyte tuemon pre-clinical species. The
work was carried out as a part of Master of Phaynpaioject report.
D.M. Ashcroft Input on manuscript.
A. Rostami-HodjegarSupervision of research, study design, inputata dnalysis and

manuscript preparation.
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Chapter 6:
In preparation
Development and assessment of a nested enzyme-witenterocyte turnover model for
mechanism-based inhibition in the small intestine
A.S. Darwich Lead for study design, literature search, PBPKlelilng development and
simulation and preparation of manuscript.
D.M. Ashcroft Input on manuscript.
A. Rostami-HodjegarSupervision of research, input on PBPK modeltiegelopment and
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1.6 References

Agoram B, Woltosz WS, and Bolger MB (2001) Prealigtthe impact of physiological and
biochemical processes on oral drug bioavailabifigv Drug Deliv Reb0 Suppl
1.541-67.

Algahtani S, Mohamed LA, and Kaddoumi A (2013) Expental models for predicting
drug absorption and metabolisExpert Opin Drug Metab Toxic@®(10):1241-54.

Amidon GL, Lennernas H, Shah VP, and Crison JR §)126theoretical basis for a
biopharmaceutic drug classification: the correlati in vitro drug product
dissolution and in vivo bioavailabilitPharm Red2:413-420.

Asha S and Vidyavathi M (2010) Role of human lis@crosomes in in vitro metabolism of
drugs-a reviewApplied biochemistry and biotechnolof§0:1699-1722.

Avdeef A, Bendels S, Di L, Faller B, Kansy M, Sugaf, and Yamauchi Y (2007) PAMPA-
-critical factors for better predictions of absaopt J Pharm Scb6:2893-2909.
Barowsky H, Greene L, and Paulo D (1965) Cinegastipic Observations on the Effect of
Anticholinergic and Related Drugs on Gastric antbfy Motor Activity. Am J Dig

Dis 10:506-513.

Barter ZE, Perrett HF, Yeo KR, Allorge D, Lennar&SMand Rostami-Hodjegan A (2010)
Determination of a quantitative relationship betweepatic CYP3A5*1/*3 and
CYP3A4 expression for use in the prediction of rhet& clearance in virtual
populationsBiopharm Drug Dispo81:516-532.

Bartholow M (2010) Top 200 Prescription Drugs o020Pharmacy Timedntellisphere,
LLC, New Jersey. Retrieved November 01, 2010, from:
http://www.pharmacytimes.com/issue/pharmacy/201 /204 0/RxFocusTopDrugs-
0510

Beckman LM, Beckman TR, Sibley SD, Thomas W, lkrddio S, Kellogg TA, Ghatei MA,
Bloom SR, le Roux CW, and Earthman CP (2011) Chaimg&astrointestinal
Hormones and Leptin After Roux-en-Y Gastric Byp&ssgery JPEN J Parenter
Enteral Nutr35:169-180.

Behrns KE, Smith CD, and Sarr MG (1994) Prospeaieauation of gastric acid secretion
and cobalamin absorption following gastric bypasscfinically severe obesitpig
Dis Sci39:315-320.

Benet LZ and Cummins CL (2001) The drug efflux-nbetesm alliance: biochemical
aspectsAdv Drug Deliv Re%0 Suppl 1S3-11.

60



Berezhkovskiy LM (2004) Determination of volumedi$tribution at steady state with
complete consideration of the kinetics of proteid &issue binding in linear
pharmacokinetics] Pharm Scb3:364-374.

Bergstrom CA, Luthman K, and Artursson P (2004) yxecy of calculated pH-dependent
aqueous drug solubilitfgur J Pharm Sck2:387-398.

Bischoff KB, Dedrick RL, Zaharko DS, and Longstrdth (1971) Methotrexate
pharmacokinetics] Pharm Sc60:1128-1133.

Bonlokke L, Hovgaard L, Kristensen HG, Knutson hdd ennernas H (2001) Direct
estimation of the in vivo dissolution of spirondiace, in two particle size ranges,
using the single-pass perfusion technique (Loc-}@uhumansEur J Pharm Sci
12:239-250.

Buchwald H and Oien DM (2009) Metabolic/bariatnicgery Worldwide 20080bes Surg
19:1605-1611.

Bullen TF, Forrest S, Campbell F, Dodson AR, HerahrinJ, Pritchard DM, Turner JR,
Montrose MH, and Watson AJ (2006) Characterizatibepithelial cell shedding
from human small intestinéab Inves86:1052-1063.

Chourasia MK and Jain SK (2004) Polysaccharidesdton targeted drug deliveriprug
delivery11:129-148.

Chow EC and Pang KS (2013) Why we need proper PBB#els to examine intestine and
liver oral drug absorptiorCurr Drug Metab14:57-79.

Clarysse S, Brouwers J, Tack J, Annaert P, and styjgs P (2011) Intestinal drug solubility
estimation based on simulated intestinal fluidsnparison with solubility in human
intestinal fluids.Eur J Pharm Sc#3:260-269.

Constantinides PP (1995) Lipid microemulsions fopioving drug dissolution and oral
absorption: physical and biopharmaceutical aspPttsrm Red42:1561-1572.

Costa P and Sousa Lobo JM (2001) Modeling and cdegraof dissolution profilefur J
Pharm Scil3:123-133.

Darwich AS, Neuhoff S, and Rostami-Hodjegan A (20b@erplay of metabolism and
transport in determining oral drug absorption aatvgall metabolism: a simulation
assessment using the "advanced dissolution, abmorptetabolism (ADAM)"
model.Curr Drug Metab11:716-729.

Dearden JC (2006) In silico prediction of aquealalslity. Expert opinion on drug
discoveryl:31-52.

Dirksen C, Damgaard M, Bojsen-Moller KN, Jorgendi Kielgast U, Jacobsen SH, Naver
LS, Worm D, Holst JJ, Madsbad S, Hansen DL, andsdadL (2013) Fast pouch
emptying, delayed small intestinal transit, andggpeated gut hormone responses
after Roux-en-Y gastric bypadseurogastroenterol Motil

Dokoumetzidis A and Macheras P (2006) A centurglis§olution research: from Noyes and
Whitney to the biopharmaceutics classification egysint J Pharm321:1-11.

Dokoumetzidis A, Valsami G, and Macheras P (2008p#lling and simulation in drug
absorption processesenobiotica37:1052-1065.

Dressman JB and Fleisher D (1986) Mixing-tank mddepredicting dissolution rate control
or oral absorptionJ Pharm Scr5:109-116.

Dressman JB and Reppas C (2000) In vitro-in vivoetations for lipophilic, poorly water-
soluble drugsEur J Pharm Scil Suppl 2S73-80.

Dressman JB, Vertzoni M, Goumas K, and Reppas G7(?Bstimating drug solubility in the
gastrointestinal tracAdv Drug Deliv Re%9:591-602.

Elder D and Holm R (2013) Aqueous solubility: Simplredictive methods (in silico, in vitro
and bio-relevant approacheBbjt J Pharm453:3-11.

61



Englund G, Rorsman F, Ronnblom A, Karlbom U, Laxard, Grasjo J, Kindmark A, and
Artursson P (2006) Regional levels of drug transgeralong the human intestinal
tract: co-expression of ABC and SLC transportes @mparison with Caco-2 cells.
Eur J Pharm Sc9:269-277.

Fagerberg JH, Tsinman O, Sun N, Tsinman K, Avdeedrl Bergstrom CA (2010)
Dissolution rate and apparent solubility of poa@tjuble drugs in biorelevant
dissolution mediaMol Pharm7:1419-1430.

Fahmi OA, Hurst S, Plowchalk D, Cook J, Guo F, Yiou&, Dickins M, Phipps A, Darekar
A, Hyland R, and Obach RS (2009) Comparison okdéit algorithms for predicting
clinical drug-drug interactions, based on the US8YdP3A4 in vitro data: predictions
of compounds as precipitants of interactibnug Metab Dispo87:1658-1666.

Fahmi OA, Maurer TS, Kish M, Cardenas E, Boldt 18] alettleton D (2008) A combined
model for predicting CYP3A4 clinical net drug-drungeraction based on CYP3A4
inhibition, inactivation, and induction determiniedvitro. Drug Metab Dispos
36:1698-1708.

FDA (2000) Guidance for Industry: Waiver of In ViBioavailability and Bioequivalence
Studies for Immediate-Release Solid Oral DosagenE@ased on a
Biopharmaceutics Classification System.

FDA (2010) Drugs@FDA: FDA Approved Drug Product®A; Retrieved November 01,

2010, from:http://www.accessdata.fda.gov/scripts/cder/drugsditidex.cfm

Fisher MB, Paine MF, Strelevitz TJ, and Wrighton &@A01) The role of hepatic and
extrahepatic UDP-glucuronosyltransferases in hudrag metabolismDrug Metab
Rev33:273-297.

Flegal KM, Carroll MD, Ogden CL, and Curtin LR (2)1Prevalence and trends in obesity
among US adults, 1999-200BAMA 303:235-241.

Fromm MF, Kauffmann HM, Fritz P, Burk O, Kroemer H®arzok RW, Eichelbaum M,
Siegmund W, and Schrenk D (2000) The effect ofman treatment on intestinal
expression of human MRP transportéxs J Patholl57:1575-1580.

Fujikawa M, Ano R, Nakao K, Shimizu R, and Akamalt4{2005) Relationships between
structure and high-throughput screening permeglufidiverse drugs with artificial
membranes: application to prediction of Caco-2 petimeability Bioorganic &
medicinal chemistr3:4721-4732.

Funk C (2008) The role of hepatic transportersrugalimination Expert Opin Drug Metab
Toxicol4:363-379.

Gertz M, Harrison A, Houston JB, and Galetin A (@DPrediction of human intestinal first-
pass metabolism of 25 CYP3A substrates from im\dtearance and permeability
data.Drug Metab Dispo$88:1147-1158.

Gertz M, Houston JB, and Galetin A (2011) Physiaally based pharmacokinetic modeling
of intestinal first-pass metabolism of CYP3A suatds with high intestinal
extraction.Drug Metab Dispo$89:1633-1642.

Ghobadi C, Johnson TN, Aarabi M, Almond LM, AlladC, Rowland-Yeo K, Jamei M, and
Rostami-Hodjegan A (2011) Application of a systeapproach to the bottom-up
assessment of pharmacokinetics in obese patiequsceed variations in clearance.
Clin Pharmacokineb0:809-822.

Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, BranKL, Chu X, Dahlin A, Evers R,
Fischer V, Hillgren KM, Hoffmaster KA, Ishikawa Keppler D, Kim RB, Lee CA,
Niemi M, Polli JW, Sugiyama Y, Swaan PW, Ware JAjdNt SH, Yee SW, Zamek-
Gliszczynski MJ, and Zhang L (2010) Membrane tramsgps in drug development.
Nat Rev Drug Disc09:215-236.

62



Glaeser H, Bailey DG, Dresser GK, Gregor JC, SchwHy McGrath JS, Jolicoeur E, Lee
W, Leake BF, Tirona RG, and Kim RB (2007) Intestithaig transporter expression
and the impact of grapefruit juice in huma@8n Pharmacol TheB1:362-370.

Goldman P (1978) Biochemical pharmacology of thestinal floraAnnual review of
pharmacology and toxicologhB8:523-539.

Graham H, Walker M, Jones O, Yates J, Galetin A, Aarons L (2012) Comparison of in-
vivo and in-silico methods used for predictioniettie: plasma partition coefficients
in rat.J Pharm Pharmaco$4:383-396.

Guo H, Liu C, Li J, Zhang M, Hu M, Xu P, Liu L, argu X (2013) A mechanistic
physiologically based pharmacokinetic-enzyme tuemawodel involving both
intestine and liver to predict CYP3A induction-mateid drug-drug interaction3.
Pharm Scil02:2819-2836.

Hardy JG, Wilson CG, and Wood E (1985) Drug deluverthe proximal colonJ Pharm
Pharmacol37:874-877.

Harwood MD, Neuhoff S, Carlson GL, Warhurst G, &uaktami-Hodjegan A (2013)
Absolute abundance and function of intestinal dragsporters: a prerequisite for
fully mechanistic in vitro-in vivo extrapolation ofal drug absorptiorBiopharm
Drug Dispos34:2-28.

Hellmig S, Von Schoning F, Gadow C, Katsoulis Sdékrich J, Folsch UR, and Stuber E
(2006) Gastric emptying time of fluids and solidealthy subjects determined by
13C breath tests: influence of age, sex and bodysnmalex.J Gastroenterol Hepatol
21:1832-1838.

Hewitt M, Cronin MT, Enoch SJ, Madden JC, Robe®,[and Dearden JC (2009) In silico
prediction of aqueous solubility: the solubilityatlenge.J Chem Inf Moded9:2572-
2587.

Hidalgo 13, Raub TJ, and Borchardt RT (1989) Charazation of the human colon
carcinoma cell line (Caco-2) as a model systenmnfistinal epithelial permeability.
Gastroenterologp6:736-749.

Hofmann AF, Molino G, Milanese M, and Belforte @8B) Description and simulation of a
physiological pharmacokinetic model for the metaoland enterohepatic
circulation of bile acids in man. Cholic acid indtty man.J Clin Invest71:1003-
1022.

Holm R, Millertz A, and Mu H (2013) Bile salts atiteir importance for drug absorption.
Int J Pharm453:44-55.

Horowitz M, Cook DJ, Collins PJ, Harding PE, Hoopkt, Walsh JF, and Shearman DJ
(1982) Measurement of gastric emptying after gaslypass surgery using
radionuclidesBr J Surg69:655-657.

Howgate EM, Rowland Yeo K, Proctor NJ, Tucker Giig &ostami-Hodjegan A (2006)
Prediction of in vivo drug clearance from in vittata. I: impact of inter-individual
variability. Xenobiotica36:473-497.

Ingelman-Sundberg M (2005) Genetic polymorphismesytdchrome P450 2D6 (CYP2D6):
clinical consequences, evolutionary aspects anctifumal diversity.
Pharmacogenomics:6-13.

Irvine JD, Takahashi L, Lockhart K, Cheong J, Tal&, Selick HE, and Grove JR (1999)
MDCK (Madin-Darby canine kidney) cells: A tool farembrane permeability
screeningJ Pharm ScB8:28-33.

Jamei M, Turner D, Yang J, Neuhoff S, Polak S, RostHodjegan A, and Tucker G (2009)
Population-based mechanistic prediction of oragydibsorptionAAPS J11:225-237.

Jinno J, Oh D, Crison JR, and Amidon GL (2000) Bisson of ionizable water-insoluble
drugs: the combined effect of pH and surfacta®harm ScB9:268-274.

63



Johnson TN, Boussery K, Rowland-Yeo K, Tucker QId Rostami-Hodjegan A (2010) A
semi-mechanistic model to predict the effects\rlicirrhosis on drug clearance.
Clin Pharmacokine#9:189-206.

Johnson TN and Rostami-Hodjegan A (2011) Resurgenitee use of physiologically based
pharmacokinetic models in pediatric clinical phacalagy: parallel shift in
incorporating the knowledge of biological elemeantsl increased applicability to
drug development and clinical practi€@ediatric anaesthesial:291-301.

Kamdem LK, Streit F, Zanger UM, Brockmoller J, @eith M, Armstrong VW, and
Wojnowski L (2005) Contribution of CYP3ADS5 to the witro hepatic clearance of
tacrolimus.Clin Chemb51:1374-1381.

Kansy M, Senner F, and Gubernator K (1998) Physientcal high throughput screening:
parallel artificial membrane permeation assay endascription of passive absorption
processes] Med Chen#1:1007-1010.

Kararli TT (1995) Comparison of the gastrointedter@atomy, physiology, and biochemistry
of humans and commonly used laboratory aniniitspharm Drug Dispo46:351-
380.

Karlsen S, Fynne L, Gronbaek H, and Krogh K (2082jall intestinal transit in patients with
liver cirrhosis and portal hypertension: a desorgstudy.BMC gastroenterology
12:176.

Ke AB, Nallani SC, Zhao P, Rostami-Hodjegan A, &hmhdkat JD (2012) A PBPK Model to
Predict Disposition of CYP3A-Metabolized Drugs iregnant Women: Verification
and Discerning the Site of CYP3A Inducti€@@PT: pharmacometrics & systems
pharmacologyl:e3.

Kolars JC, Lown KS, Schmiedlin-Ren P, Ghosh M, F@&ngVrighton SA, Merion RM, and
Watkins PB (1994) CYP3A gene expression in humaregithelium.
Pharmacogenetic4:247-259.

Kovarik JM, Mueller EA, van Bree JB, Tetzloff W, &iKutz K (1994) Reduced inter- and
intraindividual variability in cyclosporine pharmadnetics from a microemulsion
formulation.J Pharm ScB3:444-446.

Langenbucher F (1972) Linearization of dissolutiate curves by the Weibull distributioh.
Pharm Pharmacol4:979-981.

Lennernas H, Ahrenstedt O, Hallgren R, Knutson ydd&kM, and Paalzow LK (1992)
Regional jejunal perfusion, a new in vivo approsxBtudy oral drug absorption in
man.Pharm Re®:1243-1251.

Lennernas H, Lee ID, Fagerholm U, and Amidon GLO{@)9A residence-time distribution
analysis of the hydrodynamics within the intestimenan during a regional single-
pass perfusion with Loc-1-Gut: in-vivo permeabilggtimationJ Pharm Pharmacol
49:682-686.

Li AP (2007) Human hepatocytes: isolation, cryopreation and applications in drug
developmentChemico-biological interaction$68:16-29.

Lipinski CA, Lombardo F, Dominy BW, and Feeney P0Q1) Experimental and
computational approaches to estimate solubility @ereheability in drug discovery
and development settingddv Drug Deliv Rev6:3-26.

Maliepaard M, Scheffer GL, Faneyte IF, van Gastdly Pijnenborg AC, Schinkel AH,
van De Vijver MJ, Scheper RJ, and Schellens JHIP80ibcellular localization and
distribution of the breast cancer resistance pndtainsporter in normal human
tissuesCancer Re$1:3458-3464.

McFadden MA, DeLegge MH, and Kirby DF (1993) Medioa delivery in the short-bowel
syndromeJPEN J Parenter Enteral Nufr7:180-186.

64



Moore WEC and Holdeman LV (1975) Discussion of @uatrBacteriological Investigations
of the Relationships between Intestinal Flora, Daetd Colon Cance€ancer Res
35:3418-3420.

Mouly S and Paine MF (2003) P-glycoprotein increasem proximal to distal regions of
human small intestinéharm Re®0:1595-1599.

Murphy DB, Sutton JA, Prescott LF, and Murphy MB9Y) Opioid-induced delay in gastric
emptying: a peripheral mechanism in humarsesthesiolog§7:765-770.

Narang AS, Delmarre D, and Gao D (2007) Stable eénaapsulation in micelles and
microemulsionsint J Pharm345:9-25.

Nestorov IA, Aarons LJ, Arundel PA, and Rowland M$8) Lumping of whole-body
physiologically based pharmacokinetic modél®harmacokinet Biophar26:21-46.

Noyes AA and Whitney WR (1897) The rate of solutadrsolid substances in their own
solutions.J Am Chem Sot9:930-934.

Nugent SG, Kumar D, Rampton DS, and Evans DF (20Q&¥tinal luminal pH in
inflammatory bowel disease: possible determinantsiaplications for therapy with
aminosalicylates and other dru@ut48:571-577.

Obach RS (2013) Time-dependent inhibition of cytoate P450 is important in drug-drug
interactions - recent advances to meet the chakeng:DDI 2013 - 4th International
Workshop on Regulatory Requirements and CurremnBtic Aspects on the
Preclinical and Clinical Investigation of Drug-Drulgteraction Marbach Castle,
Germany.

Obach RS, Walsky RL, and Venkatakrishnan K (200@échMnism-based inactivation of
human cytochrome p450 enzymes and the predictiainugf-drug interaction®rug
Metab Dispos35:246-255.

Oberle RL, Chen TS, Lloyd C, Barnett JL, Owyanggyer J, and Amidon GL (1990) The
influence of the interdigestive migrating myoelecttomplex on the gastric emptying
of liquids. Gastroenterologp9:1275-1282.

Ogungbenro K, Vasist L, Maclaren R, Dukes G, Yothgand Aarons L (2011) A semi-
mechanistic gastric emptying model for the popalapharmacokinetic analysis of
orally administered acetaminophen in criticallypidltients Pharm Re28:394-404.

OHE (2010) Office of Health Economics, UK. Sheddihg Pounds: Obesity management,
NICE guidance and bariatric surgery in England.

Ohno Y, Hisaka A, Ueno M, and Suzuki H (2008) Gah&amework for the prediction of
oral drug interactions caused by CYP3A4 inductiamt in vivo informationClin
Pharmacokinett7:669-680.

Otsuka K, Shono Y, and Dressman J (2013) Coupliogelevant dissolution methods with
physiologically based pharmacokinetic modellindaecast in-vivo performance of
solid oral dosage formd.Pharm Pharmacd$5:937-952.

Padwal R, Brocks D, and Sharma AM (2009) A systamatiew of drug absorption
following bariatric surgery and its theoretical ileptions.Obes Rew1:41-50.

Paine MF, Hart HL, Ludington SS, Haining RL, Re®AE, and Zeldin DC (2006) The
human intestinal cytochrome P450 "piBtug Metab Dispos84:880-886.

Paine MF, Khalighi M, Fisher JM, Shen DD, Kunze Wllarsh CL, Perkins JD, and
Thummel KE (1997) Characterization of interinteatiand intraintestinal variations
in human CYP3A-dependent metabolishPharmacol Exp The283:1552-1562.

Parsons RL, Hossack G, and Paddock G (1975) Thettzs of antibiotics in adult patients
with coeliac diseasd. Antimicrob Chemothet:39-50.

Pertinez H, Chenel M, and Aarons L (2013) A physgatally based pharmacokinetic model
for strontium exposure in rdeharm Re$80:1536-1552.

65



Peters WH, Roelofs HM, Nagengast FM, and van TargdH (1989) Human intestinal
glutathione S-transferasd&iochem R57:471-476.

Picot J, Jones J, Colquitt JL, Gospodarevskayakeinan E, Baxter L, and Clegg AJ (2009)
The clinical effectiveness and cost-effectivenddsaoiatric (weight loss) surgery for
obesity: a systematic review and economic evaloakiealth Technol AssedS:1-
190, 215-357, iii-iv.

Pollack GM, Spencer AP, Horton TL, and Brouwer KI994) Site-dependent intestinal
hydrolysis of valproate and morphine glucuronidéhi@ developing raDrug Metab
Disp0s22:120-123.

Poulin P and Haddad S (2012) Advancing predictiotissue distribution and volume of
distribution of highly lipophilic compounds fromsamplified tissue-composition-
based model as a mechanistic animal alternativeadel Pharm SciL01:2250-2261.

Poulin P and Theil FP (2000) A priori predictiontssue:plasma partition coefficients of
drugs to facilitate the use of physiologically-bédigpdarmacokinetic models in drug
discovery.J Pharm ScB9:16-35.

Poulin P and Theil FP (2002a) Prediction of phamhkawtics prior to in vivo studies. 1.
Mechanism-based prediction of volume of distribatid Pharm Scb1:129-156.

Poulin P and Theil FP (2002b) Prediction of pharokatetics prior to in vivo studies. 1.
Generic physiologically based pharmacokinetic medéldrug disposition] Pharm
Sci91:1358-1370.

Radominska-Pandya A, Little JM, Pandya JT, Teply King CD, Barone GW, and
Raufman JP (1998) UDP-glucuronosyltransferasesiinam intestinal mucosa.
Biochimica et biophysica act394199-208.

Riches Z, Stanley EL, Bloomer JC, and Coughtrie ¥A809) Quantitative evaluation of the
expression and activity of five major sulfotranaf@s (SULTS) in human tissues: the
SULT "pie". Drug Metab Dispo87:2255-2261.

Rippie EG, Lamb DJ, and Romig PW (1964) Solubilmaibf Weakly Acidic and Basic
Drugs by Aqueous Solutions of Polysorbate BBharm Scb3:1346-1348.

Roberts MS and Rowland M (1986) A dispersion madéiepatic elimination: 1.
Formulation of the model and bolus consideratidrBharmacokinet Biopharm
14:227-260.

Rodgers T, Leahy D, and Rowland M (2005) Physiaally based pharmacokinetic
modeling 1: predicting the tissue distribution adaerate-to-strong basesPharm
Sci94:1259-1276.

Rodgers T and Rowland M (2006) Physiologically logglkearmacokinetic modelling 2:
predicting the tissue distribution of acids, veryak bases, neutrals and zwitteriahs.
Pharm Scb5:1238-1257.

Rodgers T and Rowland M (2007) Mechanistic appread¢t volume of distribution
predictions: understanding the procesgdmrm Ref£4:918-933.

Rostami-Hodjegan A (2012) Physiologically BasedrRteokinetics Joined With In Vitro-
In Vivo Extrapolation of ADME: A Marriage Under thrch of Systems
PharmacologyClin Pharmacol The®2:50-61.

Rostami-Hodjegan A and Tucker G (2004) 'In sil&ioulations to assess the 'in vivo'
consequences of 'in vitro' metabolic drug-drugratéons.Drug Discov Today:
Technoll:441-448.

Rowland M, Peck C, and Tucker G (2011) Physioldfydaased pharmacokinetics in drug
development and regulatory sciendenual review of pharmacology and toxicology
51:45-73.

Rowland M and Tozer TN (198@)linical Pharmacokinetics: Concepts and Application
Lea & Febiger, Philadelphia.

66



Rowland Yeo K, Aarabi M, Jamei M, and Rostami-Hgdje A (2011) Modeling and
predicting drug pharmacokinetics in patients wehal impairmentExpert review of
clinical pharmacology:261-274.

Rowland Yeo K, Jamei M, Yang J, Tucker GT, and RwostHodjegan A (2010)
Physiologically based mechanistic modelling to precomplex drug-drug
interactions involving simultaneous competitive dinte-dependent enzyme
inhibition by parent compound and its metabolitéath liver and gut - the effect of
diltiazem on the time-course of exposure to triamoEur J Pharm Sc89:298-309.

Sakr A and Andheria M (2001) Pharmacokinetics cffione extended-release tablets: a
single-dose studyl Clin Pharmacol1:783-789.

Samsom M, Vermeijden JR, Smout AJ, Van Doorn E |&sd, Van Dam PS, Martens EP,
Eelkman-Rooda SJ, and Van Berge-Henegouwen GP \Bd68alence of delayed
gastric emptying in diabetic patients and relatigms$o dyspeptic symptoms: a
prospective study in unselected diabetic patiddithetes Car6:3116-3122.

Sanger GJ and Lee K (2008) Hormones of the gutitarais as targets for the treatment of
upper gastrointestinal disordeMature Reviews Drug Discovery241-254.

Savage AP, Adrian TE, Carolan G, Chatterjee VK, Blubm SR (1987) Effects of peptide
YY (PYY) on mouth to caecum intestinal transit tiared on the rate of gastric
emptying in healthy volunteer&ut 28:166-170.

Schiller C, Frohlich CP, Giessmann T, Siegmund Véniikes H, Hosten N, and Weitschies
W (2005) Intestinal fluid volumes and transit okdge forms as assessed by
magnetic resonance imagirijiment Pharmacol The22:971-979.

Sconce EA, Khan TI, Wynne HA, Avery P, Monkhouse&ing BP, Wood P, Kesteven P,
Daly AK, and Kamali F (2005) The impact of CYP2Q8lavyKORC1 genetic
polymorphism and patient characteristics upon werf@dose requirements: proposal
for a new dosing regimeBlood 106:2329-2333.

Shah P, Jogani V, Bagchi T, and Misra A (2006) Ribl€aco-2 cell monolayers in
prediction of intestinal drug absorptiddiotechnology progres22:186-198.

Sharpstone D, Neild P, Crane R, Taylor C, Hodgsp8herwood R, Gazzard B, and
Bjarnason | (1999) Small intestinal transit, absiorp and permeability in patients
with AIDS with and without diarrhoe&ut45:70-76.

Sinko PJ, Leesman GD, and Amidon GL (1991) Pratlictiaction dose absorbed in humans
using a macroscopic mass balance apprd@ichrm Re8:979-988.

Sjoberg A, Lutz M, Tannergren C, Wingolf C, Bordeakd Ungell AL (2013)
Comprehensive study on regional human intestinahpability and prediction of
fraction absorbed of drugs using the Ussing chandmmiqueEur J Pharm Sci
48:166-180.

Skottheim IB, Jakobsen GS, Stormark K, ChristertdeHjelmesaeth J, Jenssen T, Asberg A,
and Sandbu R (2010) Significant increase in syst&xyposure of atorvastatin after
biliopancreatic diversion with duodenal swit€lin Pharmacol TheB7:699-705.

Skottheim IB, Stormark K, Christensen H, Jakobs&) igelmesaeth J, Jenssen T, Reubsaet
JL, Sandbu R, and Asberg A (2009) Significantlgid systemic exposure to
atorvastatin acid following gastric bypass surgargnorbidly obese patient€lin
Pharmacol TheB6:311-318.

Stringer RA, Strain-Damerell C, Nicklin P, and Htars JB (2009) Evaluation of
recombinant cytochrome P450 enzymes as an insystem for metabolic clearance
predictionsDrug Metab Dispo87:1025-1034.

Sugano K (2009) Computational oral absorption satioih for low-solubility compounds.
Chem Biodiver$:2014-2029.

67



Sun D, Lennernas H, Welage LS, Barnett JL, Lando®$k Foster D, Fleisher D, Lee KD,
and Amidon GL (2002) Comparison of human duodenach@aco-2 gene
expression profiles for 12,000 gene sequencesatadisorrelation with permeability
of 26 drugsPharm Red9:1400-1416.

Sun H, Chow EC, Liu S, Du Y, and Pang KS (2008) Tlaeo-2 cell monolayer: usefulness
and limitations Expert Opin Drug Metab Toxicdl:395-411.

Sutton SC (2009) Role of physiological intestinalter in oral absorptio®MAPS J11:277-
285.

Tang F, Horie K, and Borchardt RT (2002a) Are MDE&ls transfected with the human
MDR1 gene a good model of the human intestinal rea@®harm Red9:765-772.

Tang F, Horie K, and Borchardt RT (2002b) Are MDC&ls transfected with the human
MRP2 gene a good model of the human intestinal sag®harm Red9:773-779.

Tannergren C, Bergendal A, Lennernas H, and AbrasamB (2009) Toward an increased
understanding of the barriers to colonic drug gitsamm in humans: implications for
early controlled release candidate assessriviaitPharm6:60-73.

Valentin J (2002) Pages 38-40 fra@asic Anatomical and Physiological Data for Use in
Radiological Protection: Reference Valu@$e International Comission on
Radiological Protection, Pergamon.

Varma MV, Obach RS, Rotter C, Miller HR, Chang &y®& SJ, El-Kattan A, and Troutman
MD (2010) Physicochemical space for optimum orablailability: contribution of
human intestinal absorption and first-pass elimomat) Med Chen53:1098-1108.

Wang J and Flanagan DR (1999) General solutiodifusion-controlled dissolution of
spherical particles. 1. Theory Pharm ScB8:731-738.

Wang J and Flanagan DR (2002) General solutiodifusion-controlled dissolution of
spherical particles. 2. Evaluation of experimedt&th.J Pharm Scb1:534-542.

Wells KA and Losin WG (2008) In vitro stability, pency, and dissolution of duloxetine
enteric-coated pellets after exposure to applesaypde juice, and chocolate
pudding.Clin Ther30:1300-1308.

Willmann S, Schmitt W, Keldenich J, and Dressmar{Z®3) A physiologic model for
simulating gastrointestinal flow and drug absonpiio rats.Pharm Ref0:1766-
1771.

Willmann S, Schmitt W, Keldenich J, Lippert J, ddaessman JB (2004) A physiological
model for the estimation of the fraction dose absdrin humansl Med Chem
47:4022-4031.

Winiwarter S, Bonham NM, Ax F, Hallberg A, Lennesrid, and Karlen A (1998)
Correlation of human jejunal permeability (in vivaf)drugs with experimentally and
theoretically derived parameters. A multivariatéadanalysis approach.Med Chem
41:4939-4949.

Wu CY and Benet LZ (2005) Predicting drug dispasitvia application of BCS:
transport/absorption/ elimination interplay and elepment of a biopharmaceutics
drug disposition classification systeRharm Re22:11-23.

Wuyts B, Brouwers J, Mols R, Tack J, Annaert P, Aodustijns P (2013) Solubility
Profiling of HIV Protease Inhibitors in Human Intesil Fluids.J Pharm Sci

Yang J, Jamei M, Yeo KR, Rostami-Hodjegan A, andkeu GT (2007a) Misuse of the well-
stirred model of hepatic drug clearanDeug Metab Dispo$5:501-502.

Yang J, Jamei M, Yeo KR, Tucker GT, and Rostamijegan A (2007b) Prediction of
intestinal first-pass drug metabolis@urr Drug Metab8:676-684.

Yu LX and Amidon GL (1999) A compartmental absaoptand transit model for estimating
oral drug absorptiorint J Pharm186:119-125.

68



Yu LX, Amidon GL, Polli JE, Zhao H, Mehta MU, CommeP, Shah VP, Lesko LJ, Chen
ML, Lee VH, and Hussain AS (2002) Biopharmaceutiessification system: the
scientific basis for biowaiver extensioiarm Red9:921-925.

Yu LX, Crison JR, and Amidon GL (1996) Compartméiransit and dispersion model
analysis of small intestinal transit flow in humaimé J Pharm140:111-118.

Zhao P, Zhang L, Grillo JA, Liu Q, Bullock JM, Moofd, Song P, Brar SS, Madabushi R,
Wu TC, Booth BP, Rahman NA, Reynolds KS, Gil BergltE, Lesko LJ, and Huang
SM (2011) Applications of physiologically based phacokinetic (PBPK) modeling
and simulation during regulatory revie@lin Pharmacol TheB9:259-267.

Ziegler TR, Fernandez-Estivariz C, Gu LH, Bazarbatumeakunne K, Wallace TM, Diaz
EE, Rosado KE, Pascal RR, Galloway JR, Wilcox Jid, laeader LM (2002)
Distribution of the H+/peptide transporter PepThiman intestine: up-regulated
expression in the colonic mucosa of patients whtbrsbowel syndromeAm J Clin
Nutr 75:922-930.

69



Chapter 2: Trends in oral drug

bioavailability following bariatric
surgery: examining the variable
extent of impact on exposure of

different drug classes



Chapter 2: Trends in oral drug bioavailability foll owing
bariatric surgery: examining the variable extent ofimpact on

exposure of different drug classes

A.S. Darwich, K. Henderson, A. Burgin, N. WardWhittam, B.J. Ammori, D.M.
Ashcroft and A. Rostami-Hodjegan

Br J Clin Pharmacol. 2012,74(5):774-87
2.1 Abstract

2.1.1 Aims
To identify the most commonly prescribed drugs beaatric surgery population and to
assess existing evidence regarding trends in ougl lhioavailability post bariatric

surgery.

2.1.2 Methods

A retrospective audit was undertaken to documemtaonly prescribed drugs amongst
patients undergoing bariatric surgery in an NHSpftakin the UK and to assess
practice for drug administration following bariatsurgery. The available literature was
examined for trends relating to drug permeabilitg golubility with regards to the

Biopharmaceutics Classification System (BCS) anthmaute of elimination.

2.1.3 Results
No significant difference in the ‘post/pre surgeral drug exposure ratio’ (ppR) was
apparent between BCS class | to 1V drugs, withngg#o dose number (Do) or main
route of elimination. Drugs classified as ‘solulyilimited’ displayed an overall
reduction as compared with ‘freely soluble’ compdsiras well as an unaltered and

increased ppR.

2.1.4 Conclusion
Clinical studies establishing guidelines for comigqrescribed drugs, and the
monitoring of drugs exhibiting a narrow therapewutiadow or without a readily
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assessed clinical endpoint, are warranted. Usintharestically based pharmacokinetic
modelling for simulating the multivariate natureabfanges in drug exposure may serve
as a useful tool in the further understanding aftpperative trends in oral drug

exposure and in developing practical clinical gocia

2.2 Summary

2.2.1 What is already known about this subject
Changes to oral drug bioavailability have been nlexkepost bariatric surgery.
However, the magnitude and the direction of chaihge® not been assessed
systematically to provide insights into the paramegoverning the observed trends.

Understanding these can help with dose adjustments.

2.2.2 What this study adds
Analysis of drug characteristics based on a biaphaeutical classification system is
not adequate to explain observed trends in altera@liddrug bioavailability following

bariatric surgery, although the findings suggesilstity to play an important role.

2.3 Introduction
Obesity is generally defined by the body mass in@l = Body Weight (kg) / Height
(m)?). The classification is somewhat arbitrary sucit thverweight’ means a BMt
25 but <30 kgn?, ‘obesity’ refers to BME 30 but <40 kgn? and ‘morbid obesity’ is a
BMI > 40 kgm™ (this may also refer to being obese and suffefrioi related co-
morbid conditions) (WHO, 2006; Picet al, 2009).

Over the last decade the prevalence of obesityncasased dramatically in the USA
and Europe. In the USA 32.2% of the male and 3%5%e female population over the
age of 20 years were characterised as obese inZ® (Flegakt al, 2010). The
United Kingdom has the highest reported obesity imEurope (OECD, 2011). In
England, 24.1% of the male and 24.9% of the ferpajmlation over the age of 16
years were classified as obese in 2008 (OHE, 2@&0)atric surgery has proven to be

successful in treating morbid obesity. In the USW &anada approximately 200,000
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bariatric surgeries were performed in 2008 (Buckveaid Oien, 2009). In England
4,221 surgeries were performed in 2008/09, an asg®f over 100% since 2006/07
(Picotet al, 2009; The NHS Information Centre, 2010). Sevbkaailatric surgical
methods currently coexist in healthcare. Thesaidethe adjustable gastric band
(AGBD), sleeve gastrectomy (SG), biliopancreaticedsion (BPD), biliopancreatic
diversion with duodenal switch (BPD-DS) and Roux¥egastric bypass (RYGB)
(National Institutes of Health, 2010). Other prasex$, such as jejunoileal bypass (JIB),
have been gradually phased out due to a highdihidaed of adverse events (Griffen

al., 1977; Elder and Wolfe, 2007; Singhal, 2009).

Bariatric surgical procedures have been well dbsdrin the literature (Schneider and
Mun, 2005; Elder and Wolfe, 2007), where they apeagally characterised as being
restrictive, in terms of physiologically reducingtry intake, malabsorptive, through
reducing the ability of the gastrointestinal (@GBdt to absorb nutrients or a combination
of both. Restrictive procedures such as AGBD ande&¥@lt in a reduced gastric
capacity to 15-20 mL and 60-80 mL respectively (&itler and Mun, 2005; Lest al,
2007). The JIB, considered a malabsorptive proadesults in a 90-95% bypass of
the small intestine, retaining the duodenum, praXi@junum and terminal ileum
(Griffen et al, 1977; Elder and Wolfe, 2007; Singhal, 2009). The BPD-DS,
primarily a malabsorptive procedure, results ie@duced gastric volume (100-175 mL)
and bypass of larger parts of the small intesforaing a biliopancreatic canal
transporting the bile juices to the distal ileunegd and Hess, 1998; Spetkal, 2010).
The RYGB, combining restriction and malabsorpti@sults in the restriction of the
stomach to 15-30 mL, and bypass of the proximallsntastine (Wittgrove and Clark,
2000; DeMarieet al, 2002; Spalet al,, 2010).

Bariatric surgery imposes a number of physiologattdrations known to affect the
bioavailability of orally administered drugs.k), dependent on the fraction of drug
that is absorbed in the intestinal gut waj),(the fraction that escapes gut wall

metabolism (E), and the fraction that escapes hepatic metabdksinEquation 1.1).

Forar = fa " Fg " Fy
Equation 1.1: Components of Foral.
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faand ks are highly influenced by drug specific propertigsch as permeability and
solubility, and the GI physiology such as gastrigpgying time, Gl pH profiles, small
intestinal transit time, Gl drug metabolising enamand Gl efflux transporters
(Rowland and Tozer, 1989; Janatial, 2009). Gastric emptying time can serve as the
rate limiting step for highly permeable and highbluble drugs as the absorption from
the stomach is low (Higalat al, 2008). The gastrointestinal pH may affect drug
dissolution of permeability-limited drugs displagia pKa within the range of the Gl

pH fluctuations. Small intestinal transit time dafluence the drug absorption of poorly

soluble or extended release drug formulations (Rod/and Tozer, 1989).

Metabolism in the gut acts to regulate oral biokmlity of drugs and other
xenobiotics, and is an important determinant innttegabolism of substrate drugs
(Kolarset al, 1994). CYP3A4 is the most abundant drug metainglisnzyme in the Gl
tract, preceding CYP2C9/19 amongst others in coflappearance (Petezsal, 1989;
Fisheret al, 2001; Painet al, 2006; Riche®t al, 2009). CYP3A4 and CYP3AS5 are
both present along the Gl tract, where CYP3A4 esgiom rises towards the jejunum to
decrease towards the ileum (Koletsal, 1994; Painet al, 1997). Gl transporters may
influence the absorption of orally administeredgdrand potentially also the extent of
metabolism in the gut through active substrateigffBenet and Cummins, 2001).
Numerous transporters are present in the gut, whlgcoprotein (P-gp) is perhaps
the most extensively studied of the Gl transporfEne relative expression pattern of P-
gp in the small intestine increases from the praxita the distal parts of the small

intestine (Mouly and Paine, 2003).

The Biopharmaceutics Classification System (BC&3gifies drugs in accordance to
solubility and permeability. Solubility takes oretform of a dose number (Do), given
by dividing highest dose strength in mgdMy a volume of 250 mL () divided by
the aqueous solubility of the drug (mmd.™) over a pH range of 1.0-7.5 at 37°Gs(C
(FDA, 2000). Defining Dg1l as highly soluble and dx90% as a highly permeable
drug, drugs are classified as class | (high satykiigh permeability), class Il (poor
solubility-high permeability), class Il (high sdiility-poor permeability) and class IV
(poor solubility-poor permeability) (Amidoet al, 1995).
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The aims of this study were to identify the mosnawonly prescribed drugs in a
bariatric surgery population and to assess exigtuigence with respect to altered oral
drug bioavailability post bariatric surgery. Thisuld be carried out through
methodologically reviewing the current literatueealuating drug specific
pharmacokinetic characteristics relating to soltyhipermeability and main route of

elimination.

2.4 Methods

2.4.1 Evaluation of drug utilisation following gastric ypass
A retrospective audit of drug utilisation by bariatsurgery patients was performed at
Salford Royal NHS Foundation Trust, Salford, UK t&eollection was performed
using the hospitals electronic patient record (E®R}em, iSOFT clinical manager 1.4,
which incorporates the medication prescription addinistration records. A search of
the EPR system was carried out for all patienteutite care of a consultant bariatric
surgeon. The search consisted of patients thatihdergone surgery in the previous 5
months, from the ZiMarch 2011. The medical history of patients watitly
searched to identify those having undergone lapaps RYGB. Patients who had a

colostomy, gastric banding and reversal of gastitding were excluded.

Data extraction was performed utilising an anonysndata collection form,

maintaining patient confidentiality. Informationteacted consisted of type of bariatric
surgical procedure, pre surgery prescribed drugafiyeand associated co-morbidities,
post surgery medication including formulation chesignd documented reasons behind
alterations. Pre surgery medications were comp@aréte patients’ medical charts on
discharge, generally 2-3 days post-surgery. Stlsinalysis of trends in prescribed
drugs observed during the retrospective audit waslected using McNemar’s non-
parametric testR<0.05) in R v 2.12 (the R Foundation for StatistiCaimputing).

2.4.2 Review and analysis of oral drug bioavailabilitglfowing

gastric bypass
Embase (1980-2010) and PubMed (1977-2010) werelseéusing the following
combinations of key words: ‘oral administrationbdoavailability’, ‘absorption’,
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'bioavailability’, ‘gastric bypass’, ‘jejunoilealypass’, ‘bariatric surgery’. In addition,

references of related articles were systematidalgstigated for relevant publications.

Initial screening of titles and abstracts was earout to identify those compliant with
pre specified criteria of reporting observatiomahtls in bioavailability/oral drug
exposure of pharmaceutical agents following badaurgery or the identification of
adverse events related to oral drug exposure follpwsurgery. Studies excluded
consisted of gastric surgical procedures not rélegebesity, reports on nutrients or
supplementation post bariatric surgery, publicaiamitten in a language other than
English. Screening was carried out to determinkigion or exclusion criteria.
Information extracted included study charactersstsurgical procedure, study design,
number of participants, year of publication, coymf origin and time since procedure;
study population characteristics: sex, averageaggage BMI and co-morbidities. The
principle measurement of bioavailability in the lses was area under the curve

(AUC), bioavailability, steady-state plasma or seroncentration.

Observed trends in oral drug exposure were asstmrfetow a log normal
distribution. Quantitative analysis was carried thmbugh estimating the mean effect
size of response ratios and their variance follgwandom-effect model. Statistical
analysis was carried out with a two-tailed t-tddhe standard normal cumulative
distribution (Borensteiet al, 2009). Statistical analysis between subgroupe wer
carried out utilising Welch’s t-tesP£0.05) of log-transformed weighted means and
SDs withpost hocDunn-Sidék correctiorP0.05) using Microsoft Excel 2003 and
Matlab 2010 (the Mathworks Inc).

2.5 Results

2.5.1 Evaluation of clinical drug utilisation followinggastric

bypass
The search of iISOFT identified 63 patients underdére of the bariatric surgeon and
38 patients (26 female) with a mean age of 45 @&8;64) years were eligible for data
extraction after fulfilling the pre-specified cnite. The surgical procedures performed
included laparoscopic RYGB (n=34), laparoscopic Byi@@th abdominal wall hernia

repair (n=3) and conversion of AGBD to RYGB (n=Cpmmonly treated
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comorbidities amongst the study population inclubgpertension (n=12), type 2
diabetes (n=15), depression/anxiety (n=11), hypoidism (n=5), osteoarthritis

(n=11), hypercholesterolemia (n=10) and asthma)(n=9

The most commonly prescribed drugs prior to surgesiuded statins (n=13), ACE
inhibitors (n=10), proton pump inhibitors (PPIs)/keceptor antagonists (n=10) and
metformin (n=10). Comparing pre to post surgersigaificant increase in the
prescription of paracetamol, opioids, PPlIsfeceptor antagonists, heparin and
antimicrobials was observeB<0.05) as well as an overall reduction in the nunabe
patients treated for type 2 diabetBs(.05). The most common drugs prescribed
following surgery included heparin (n=38), PPIsfielceptor antagonists (n=38) and
paracetamol (n=34). The number of patients presdrdardiovascular agents remained
constant postoperatively, whereas prescriptiorstaiins displayed a non-significant
reduction of 31%R>0.05). The postoperative formulation of choicedmretics was
liquid (n=4), whereas the remaining cardiovascaggnts were tablets that were being

crushed postoperatively (n=28) (Figure 2.1).

All patients receiving antidepressants remainethersame antidepressant post surgery,
with all but one receiving a different formulatiddf the 11 patients pre-

scribed antidepressants, 50% were switched owuadliformulations, whereas the
remaining 50% were advised to crush their tabless purgery (Figure 2.1). All patients
with a prior diagnosis of diabetes underwent aelialreview during their stay in
hospital. The review resulted in a significant retthn in post-surgical prescriptions of
anti-diabetic medications by 67%<0.05). Patients who no longer required diabetic
medication were alternatively switched to manuahitaoing of blood glucose
concentrations. Metformin was the only agent car@gthpostoperatively and in 60% of
cases continued at a reduced dose of up to adghthe pre-surgical dose level. All but
one patient were converted to liquid preparatidiigure 2.1). Standard postoperative
treatment consisted of 1-2 weeks low molecular hieigparin injection, PPIs
(lansoprazole FasTab) and liquid formulation pallets (codeine and paracetamol)
being prescribed for all patients. This patientugralso displayed a significant increase
in the prescription of PPIsfHeceptor antagonists, opioids, paracetamol andrirep
(P<0.05). One patient with a history of deep veimthbosis remained on tinzaparin for

4 weeks.
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Lansoprazole was given at a dose of 30 mg twidg daia orodispersible formulation.
The prophylactic therapy was to continue for asié&amonths postoperatively, before
reducing the dose to once daily for a further 1&1ths. Approximately 2 weeks after
surgery the sublingual formulation was switchetht® solid tablet or capsule

formulation.

Antimicrobials were given to 7 patients post-opeedy for the eradication of
Helicobacter pylori(n=5) that was detected from an intra-operativ@rgamucosal
biopsy, development of hospital-acquired pneum@mid) and anastomotic leakage

(n=1). All patients were given liquid preparations.

In total 17 patients were taking analgesics onlegduasis prior to surgery, increasing
to 38 patients postoperatively. Analgesic produatiided paracetamol (n=P<0.05),
aspirin (n=5), opioids (n=%¥<0.05) and non-steroidal anti-inflammatory drugs
(NSAIDs) (n=3). Patients taking NSAIDs prior to gary (n=3) were advised to stop
taking these postoperatively due to an increas#dofi developing gastro-jejunal

anastomotic ulceration.

As stated in the patients ‘plan’ for postoperatiaee, a review of the nutritional
progress usually occurred approximately 2 weeks quagery. Patients were therefore
advised to cease taking any non-essential vitaemadsminerals immediately after
surgery until the nutritional review had been coetedl. On discharge patients were

informed that they would require taking lifelongtiry supplementation.
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Figure 2.1.Pharmacotherapeutic alterations in formulatiorpprties post bariatric

surgery (Solid=solid tablets, Liquid=liquid formtilan, S/C=subcutaneous,
Crushed=patients instructed to crush tablets, édwhhalation formulation) of
prescribed cardiovascular drugs, anti-depressautsati-diabetics as compared to

prior to surgery observed in 38 evaluated patients.

2.5.2 Oral drug bioavailability following bariatric surgry
The initial search of Embase and PubMed identiBi#dl potentially relevant
publications based on search terms. After screesfiadpstracts, 66 articles were
identified of which 22 matched the pre-specifieitiecia following full text screening.
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Overall, the literature search included 41 arti¢®controlled trials, 18 case reports
and three case series) published between 1974MridtRat were suitable for further

evaluation and data extraction.

Articles relating to JIB mainly appeared betweef4l@nd 1985. An increase of
published data on RYGB was identified between 28f) 2011, following the trend of
RYGB being the most widely used bariatric surgfmalcedure at the present time
(Picotet al, 2009).

Surgical techniques identified included RYGB (ns14B (n=19), reversal of
jejunoileal bypass (JIB R) (n=4), BPD-DS (n=2) BRi>3), GBP (n=1) and AGBD
(n=1) (Table 2.1). The 41 identified publicationggmated from the USA (58%),
followed by the UK (10%), Italy (5%), Norway (5%h@ Canada (5%).

A total of 230 participanta/ere studied in the identified publications. Thredipoint for
post surgical examination of oral drug exposuregeanfrom 0.1 to 88.9 months (Fuller
et al, 1986; Rogerst al, 2008).In total 38 drugs were identified. These were
categorically divided based on therapeutic indaratiThe studied drugs consisted of
antimicrobials (n=12 drugs), cardiovascular drugs2), immunosuppressants (n=4),
antiepileptics (n=3), analgesics (n=2), oral careives (n=4), anti-ulcer drugs (n=1),
statins (n=1), thyroid hormones (n=1), anti-depaiass (n=2), anti-cancer drugs (n=2),
anti-diabetics (n=1) and HIV medication (n=1). Pp&rative trends in drug
bioavailability based on geometric mean drug exposanged from a 10.43 fold
increase with a 95% confidence interval (Cl) raggmom 0.10 to 1058 (n=32) (Terry
et al, 1982) to a 5.88 fold reduction (n=1) (Liu andAmarcuset al, 1977; Gersomt
al., 1980; Adamet al, 1991; Cosset al, 1999; Skottheinet al, 2009; Skottheinet
al.). The overall post/pre surgical oral drug exposut®e (GpR’) obtained from meta-
analysis significantly diverged from pre-surgeryiwa mean ppR of 0.80 with a 95%
confidence interval (Cl) of 0.67 to 0.9B<0.01), when analysing quantitative data

providing mean and variance of exposure pre anthaogatric surgery.
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Table 2.1. Controlled trials examining the trend in oral dexgosure following bariatric surgery.

Pre to post
surgery oral drug

exposure ratio Patients
Drug Surgery (X, 95% CI) (n) References
Phenoxymethyl penicillin JIB 10.43 3 (Terryet al, 1982)
1,000 mg (0.10, 1058)*
Atorvastatin aci BPD-DS  1.85(0.81, 4.27)t 10 (Skottheimet al,
20-80 mg 2010)
Ranitidine 300 mg BPD 143 (1.12, 1.81)* 11 (Cosstet al,
1999)
Metformin 1,000 mg RYGB 1.20 (0.91, 1.58)t 16 (Padwalet al)
Propylthiouracil 400 mg JiB 1.09 (0.84, 1.42)t 6 (Kampmanret al,
1984)
Phenazone 15 mg/kg JiB 1.06 (0.81, 1.38)* 17 (Andreaseret al,
1977)
Atorvastatin acid RYGB 1.00 (0.29, 3.46)t 12 (Skottheimet al,
20-80 mg 2009)
Paracetamol 1,500 mg JiB 1.00 (0.647, 1.54)* 3 (Terryet al, 1982)
Digoxin 0.5 mg daily JiB 0.89 (0.70, 1.14)t 7 (Marcuset al,
(First day: 1 mg) 1977)
Erythromycin 250 mg GBP 0.61 (0.38, 0.99)t 7 (Princeet al,
1984)
Sulfisoxazole 1,000 mg JIB 0.84 (0.74, 0.94)* 3 (Garrettet al,
1981)
Norethisterone 3 n JIB 0.80 (0.39, 1.63)% 6 (Victor et al,
1987)
Digoxin 0.5 m¢ JiB 0.76 (0.59, 0.97)1 9 (Gersoret al,
1980)
MMF 2-1,000 mg RYGB 0.66 (0.21, 2.06)* 2 (Rogerset al,
2008; Genentech,
2010)
Levonorgestre 0.25 m¢ JiB 0.55 (0.34, 0.90) 6 (Victor et al,
1987)
Sirolimus 8 m RYGB 0.54 (0.25, 1.17)* 4 (Brattstron et al,
2000; Mathewet
al., 2006; Rogers
et al, 2008)
Hydrochlorothazide JIB 0.46 (0.33, 0.65)* 4 (Beermann an
75 mg Groschinsky-
Grind, 1977;
Backmaret al,
1979)
Sertraline 100 r RYGB 0.40 (0.19, 0.84)t 5 (Roericet al)
Ampicillin JiB 0.37 (0.16, 0.89)t 5 (Kampmanret al,
(pivampicillin 750 mg) 1984)
Phenytoin 200 JiB 0.32 (0.17, 0.58) 1 7 (Kennedy anc
Wade, 1979)

A = Indicating a significant increase in oral drugpesure (AUC, B4 or steady state concentration)
following surgery== = No statistical significant change in oral drugesure¥ = Significant

reduction in oral drug exposure. X=mean ratio cledogsed on geometric mean, CI=95% confidence
interval. GBP=Gastric Bypass (gastroplasty and Renw¥ gastric bypass), JIB=Jejunoileal Bypass,
BPD=Biliopancreatic Diversion, BPDDS=Biliopancreabiversion with a Duodenal Switch,
RYGB=Roux-en-Y Gastric Bypass, MMF=mycophenolatdetib *t-test performed at 5%
significance levelfStatistical outcome as reported in publicatidelch’s t-test at a 5% significance
level.
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2.5.3 Analysis in accordance to the biopharmaceutics

classification system
Classifying drugs into BCS classification, clagkigh solubility, high permeability),
class Il (low solubility, high permeability), clalis (high solubility, low permeability)
and class IV (low solubility, low permeability),adtified eight drugs as BCS class |
(n=66 patients), three drugs as BCS class Il (neféyen drugs as BCS class Ill (n=53)
and three drugs as BCS class IV (n=8). A totaligiitedrugs were found to be
inconclusive (n=40). Information was lacking in fiterature with regards to the BCS

classification of pivampicillin, para-aminosaliaylacid and lopinavir/ritonavir.

Of the eight drugs identified as BCS class I, fowugs displayed a reduction in
exposure following surgery, four drugs remainedit@naed and one drug displayed an
increase in drug exposure. Out of eleven mapped &S Il drugs, five displayed a
reduction in drug exposure following surgery. Ardgidnal five drugs displayed
unaltered drug exposure, whereas one drug dispkyaacrease. All BCS class Il and
IV drugs (total of six) displayed a reduction iugrexposure following surgery (Figure
2.2).
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Figure 2.2.Categorical trends in oral drug exposure in retatd , (fraction of orally
administered dose absorbed) and Do (dose numbaccordance to the BCS dividing
drugs into BCS class I-1V). Reduced exposWe (  Jaltémed [ ); IncreasedX )
(Kaplanet al, 1972; Kampmann and Skovsted, 1974; Pettel, 1975; Wenzel and
Kirschsieper, 1977; Nelsast al, 1982; Oieet al, 1982; Dressmaaet al, 1985;
Kearneyet al, 1993; Stewarét al, 1995; Crowe and Lemaire, 1998; Pelogeiral,
1999; Taveliret al, 1999; Lennernast al, 2002; Tamurat al, 2002; Bocket al,
2003; Garekanet al, 2003; Lennernas, 2003; Yalkowsky and He, 2003t0Bcet al,
2004; Kasimet al, 2004; Lindenbergt al, 2004; Wu and Benet, 2005; Soeigal,
2006; Ashiruet al, 2008; Beckeet al, 2008; Niet al, 2008; Petart al, 2008;
Chemical, 2010; FDA, 2010; BNF, 2011; NCBI, 2011).

Analysing BCS classified drugs where studies predidquantifiable measurements of
drug exposurei.e. AUC, F,, and plasma or serum concentration levels), comgini
weighted means and variance of pre/post drug expaatio, BCS class | (n=5 drugs,
n=108 population) displayed a weighted mean pp&® (Cl 0.66, 1.34). BCS class Il
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(n=2 drugs, n=5 population) displayed a weighte@amgpR of 0.80 (CI 0.48, 1.36),
BCS class Il (n=8 drugs, n=111 population) showegdeighted mean ppR of 0.86 (CI
0.68, 1.10), whereas BCS class IV (n=2 drugs, npdulation) displayed a weighted
mean ppR of 0.51 (CI 0.22, 1.17). Statistical ysialdid not reveal any significant
differences from pre-surgical ratio of 1 between®<€libgroupsR>0.05) (Figure 2.3).

].2 T T T T
2
E 1k 0 i
)
Tt
= 0.8r .
]
=
5 0.6f i
o
o
= 0.4+ .
- o
|-
A 02+ o |
=
wn 0_ % i § -
]
=
E 021 o .
]
=3 o
op-0.41 .
o=
— O

_06 1 1 1 |

I 1| I v

BCS class

Figure 2.3.Log mean post/pre surgery drug exposure ratio db Blass I-IV drugs®
log mean drug ratio® combined log mean ratio and standard deviatiagubgroup.

Drugs where studies provided quantifiable measunésraf drug exposure were further
statistically analysed with regards to£19 BCS class | and 11l (n=16 drugs, n=262
population) vs. BCS class Il and IV (n=4 drugs, 8&patients). Dgl drugs displayed a
weighted mean ppR of 0.83 (0.69-1.00), whereas Diyuds displayed a ratio of 0.70
(95% CI 0.45, 1.10). Statistical analysis revealedtatistical significance from a pre

surgical ratio of 1 or between subgroups@.05) (Figure 2.4).
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Figure 2.4.Mean post/pre surgery drug exposure ratio andiatandeviation in

relation to quantitative Do (dose number).

2.5.4 Analysis in accordance to main route of eliminatio
Examining drugs in accordance to the main routeiofination produced a weighted
mean ppR in oral drug exposure of 0.83 (95% CI,01587) for CYP3A4/5 substrates
(n=7 drugs, n=99 patients), 0.32 (95% CI 0.14, PfG2CYP2C substrates (n=1 drug,
n=16 population), 0.90 (95% CI 0.68, 1.18) for nanenally-cleared drugs (n=5
drugs, n=103 population) and 0.76 (95% CI 0.5711t6r the remaining drugs (n=8
drugs, n=92 population). Statistical analysis réagao difference in ppR between the
subgroupsi®>0.05), whereas the CYP2C subgroup significantiieced from the pre-
surgical ratio of 1R<0.001).
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2.6 Discussion

2.6.1 Evaluation of drug utilisation following gastric ypass
The observed practice of altering formulation prtips to liquid preparations are
considered necessary in healthcare due to thepmstive condition of the patient
rather than as a proactive measure against alpdr@unacokinetics due to changes in
Gl physiology. Patients are advised to remain guidi formulations for approximately
2-3 weeks, varying nationally to 3 months to lifedo post bariatric surgery to prevent
any unnecessary strain on the gastric and jejumaséction lines and the gastrojejunal
anastomosis and therefore to allow time for healkgan unintentional consequence
changing to liquid preparations may result in arréase in oral bioavailability for
solubility limited drugs.

Pharmacotherapeutic treatment of type 2 diabetexeased in 67% of patients
following surgery. The prescription of metformimrained unaltered following surgery,
albeit being observed to be significantly reduc2dribonths postoperatively, by Malone
and Alger-Mayer, following 114 patients up to 24ntits post surgery (Malone and
Alger-Mayer, 2005).

Antidepressants, TCAs and SSRIs were continued oiratedy postoperatively in all
cases. This was consistent with the report by Maklmd Alger-Mayer, indicating
prescriptions of TCAs and SSRIs remained statibficmaltered 12 months post

surgery.

Vitamin and mineral deficiencies are likely to ocawdefinitely in the bariatric patient,
resulting in the need for lifelong supplementai{Bonskyet al, 2005). Deficiencies are
most likely to occur with fat-soluble vitamins (B, E and K), calcium and iron.
Calcium and iron absorption is highly influencedtbg reduction of hydrochloric acid
production within the stomach after bariatric suyg@onskyet al, 2005).

Medication reviews have been performed observindifitations to patient dosing and

formulation after bariatric surgery. Currently mmeensus guidelines are available

regarding considerations of pharmacotherapy pasithia surgery. Evidence based

86



national guidelines are warranted as bariatricesyrgs becoming a more popular
method for the treatment of obesity (Buchwald andighs, 2004).

2.6.2 Oral drug exposure following bariatric surgery
Reviewing current data on changes in drug expgstoe to, and post bariatric surgery
reveals many uncertainties regarding the prediaifgrost bariatric surgery drug
bioavailability and the mechanisms behind thesegés. BCS did not prove to be

enough to explain the observed trend.

Post-bariatric surgery imposed restrictions onrgagblume €.9.SG and RYGB) has
been observed to reduce the gastric emptying tintiguods (Horowitzet al, 1982;
Braghettoet al, 2009) and may further lead to an increase inriggstl (Smithet al,
1993; Behrnst al, 1994). This together with a reduced fluid intakay impact the

solubility of orally administered drugs.

Statistical analysis did not present any signifi¢ceends when examining BCS class I-
IV, Do or elimination subgroups. None of the Do*4ssified drugs displayed an
increase in bioavailability postoperatively, whes¢lae D&l group exhibited a larger
variability in post/pre surgery drug exposure outeo This may be due to solubility
issues of the Do>1 group, resulting in an overduction in oral drug exposure
following surgery. The impact is however uncleae do a low number of drugs falling
into the Do>1 category, where further clinical dataecessary to establish the case.
Due to the restriction of the gastric volume follogycertain types of bariatric surgery
(e.g. RYGB and BPD-DS) the default concomitantdflitake of 250 mL in the BCS
may no longer be valid. This will have implicatidias shifting the boundaries between
BCS class I/lll and 11/1V, such that some freelyuie drugs may become solubility
limited dependent on the administered dose. THisrieer complicated by a potentially
altered gastric pH (Smitét al, 1993; Behrngt al, 1994; FDA, 2000; Schneider and
Mun, 2005; Elder and Wolfe, 2007).

A small intestinal bypass will reduce the absorptea and may also alter the regional
distribution and abundances of drug metabolisiryemes and transporters thus

altering exposure of substrate drugs. When examidiogs with respect to main route
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of elimination, no significant difference was ohsat between CYP3A, CYP2C, renal
and other drugs. These results were also assodcidtted high degree of uncertainty
due to scarcity of data, albeit a higher ppR of GXPnay be expected due to the Gl
abundance of CYP enzymes were CYP3A4 is the mghktyhabundant. The bypass of
highly abundant regions of CYP3A4 may lead to amease in oral bioavailability
while such an effect may become less relevantdbstsates due to decreasingly
abundant CYP2C9/19 and CYP2D6. Such a hypothesisomaupported by the
observed trend in AUC of atorvastatin acid, mamigtabolised by CYP3A4
(Lennernas and Fager, 1997), thus potentially @ispg an increase in bioavailability
post malabsorptive bariatric surgery due to theabgpf significant segments Gl
regions highly abundant of CYP3A4 (Paketeal, 1997), whereas this effect may be
counteracted by a reduced absorption area. Follp®PD-DS a significant increase in
AUC of atorvastatin acid (2-fold) was observed, veas no significant change was
observed following RYGB, thus potentially increasithe risk of adverse effects, such
as myopathy, following BPD-DS (Omat al, 2001; Skottheinet al., 2009; Skottheim
et al.,2010).

The lack of quantifiable drug exposure data mehasdrugs displaying a lowgFor
limited absorption prior to surgery are likely te Wwrongly classified when trying to
generalise over a wide variety of drugs, such asomein and

phenoxymethylpenicillin.

Metformin, a highly soluble and permeability limitéasic compound (van de Merlazl
al., 1998; Kasimret al, 2004) has been suggested to be subject to sktdrabsporter
uptake to an extent by organic cation transportetise intestine although not fully
understood, thus resulting in a dose-dependentptiimo that is mainly renally-cleared
(Tuckeret al, 1981, Proctoet al, 2008). The observed increase in postoperative
bioavailability (Padwakt al) might be due to altered small intestinal transittuctions
in gastric emptying time and small intestinal mtilvould in theory lead to a longer
exposure time to enterocytic influx transporterdufther reason could be a post-
surgical alteration in transporter distributiontpats. Phenoxymethylpenicillin,
considered a highly soluble and permeable comp@asimet al, 2004), displayed a
significant increase in AUC post-JIB, possibly dae reduced intestinal degradation

by bacteriaB-lactamase due to a major small intestinal regincfColeet al, 1973).
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The different surgical implications on Gl physiojogay result in variable trends in
post-surgery drug exposure across the range daftbamprocedures, as is the case with
atorvastatin acid displaying a significant increasAUC following BPD-DS procedure
as compared to no significant change followingléss malabsorptive RYGB procedure
(Skottheimet al, 2009; Skottheinet al.,2010). Also the case for cyclosporine,
implicated to display a reduction in drug expodetlwing JIB, an exclusively
malabsorptive procedure, as compared to remaimagered following the restrictive
AGBD (Knight et al, 1988; Ablassmaiest al, 2002; Chenhsat al, 2003).

The outcomes of oral drug exposure of many commprégcribed drugs in bariatric
surgery populations are still unknown, such as nariidepressants and analgesics.
Current available clinical data is very valuableirig forward it is important that
further clinical studies are designed taking itte tonsideration the potential
alterations in concentration-time profiles, relgtio pharmacokinetic parameters such
as tax Drugs exhibiting narrow therapeutic range or ldiging less readily measurable
clinical endpoints will require more stringent miming after bariatric surgery, such as

immunosuppressants and CNS active drugs.

Due to the multiple physiological factors alteradariatric surgeryi.ge. gastric volume,
absorption area, CYP-abundance and regional disiitn), and the fact that various
drugs might be affected to different degrees by edichese changes, physiologically-
based pharmacokinetic (PBPK) modelling may helplicidating the impact of various
bariatric surgeries on different drugs given atedént doses (Schneider and Mun, 2005;
Elder and Wolfe, 2007). Such investigation was idetshe scope of the current
research however initial attempts on this appr@ehaddressed in another report

(Darwichet al, 2012) where the complex nature of interplays vweamifested.

In conclusion, based on current findings, analgéigeneral pharmacokinetic
parameters alone €. solubility, permeability and main route of elimirman) is not
enough to explain observed trends in oral drugJaability following bariatric
surgery, although the findings of this study suggetubility to potentially play an

important role.
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These implications support the hypothesis thakethee several physiologic and drug-
specific parameters which govern the observed awimgdrug exposure, thus calling

for a more mechanistic approach, integrating adivkm parameters.

To the authors’ knowledge this is the first puldiica quantitatively examining oral

drug bioavailability in relation to a set of phamo&inetic, biopharmaceutic and other
drug-specific parameters and also in the contephafrmacotherapeutic practice
following bariatric surgery. Along with further aiical studies, PBPK modelling may
provide essential insights into the significancendividual pharmacokinetic parameters
and generate important clinical guidance for a tamif/ growing post bariatric surgery
population. Currently, there seems to be no sirajgerithm or decision tree that

predicts the variable changes to drug bioavailgiitilowing bariatric surgery.
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J Pharm Pharmacol. 2012, 64(7):1008-24
3.1 Abstract

3.1.1 Objectives
Due to the multi-factorial physiological implicatis of bariatric surgery, attempts to
explain trends in oral bioavailability following batric surgery using singular attributes
of drugs or simplified categorisations such ashils@harmaceutics classification

system have been unsuccessful.

3.1.2 Methods
Pharmacokinetic post bariatric surgery models wesated for Roux-en-Y gastric
bypass, biliopancreatic diversion with duodenalskyisleeve gastrectomy and
jejunoileal bypass, through altering the ‘Advan&agsolution Absorption and
Metabolism’ (ADAM) model incorporated into the Sigp® Simulator. Post to pre
surgical simulations were carried out for five dswgith varying characteristics
regarding their gut wall metabolism, dissolutioml grermeability (simvastatin,
omeprazole, diclofenac, fluconazole and ciproflaxac

3.1.3 Key findings

The trends in oral drug bioavailability pre to psestgery were found to be dependent
on a combination of drug parameters, including lsitity, permeability and

gastrointestinal metabolism as well as the surgicatedure carried out.
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3.1.4 Conclusions
In the absence of clinical studies, the abilityptoject the direction and the magnitude
of changes in bioavailability of drug therapy, @s@vidence-based mechanistic
pharmacokinetien silico models would be of significant value in guiding@geribers to
make the necessary adjustments to dosage regimeas increasing population of

patients who are undergoing bariatric surgery.

3.2 Introduction
The prevalence of obesity has increased dramaticathe USA and Europe over the
last decade (Elder and Wolfe, 2007; Flegtzl, 2010; OECD, 2011; Ammori, 2012).
Bariatric surgery has proven to be successfuleiating morbid obesity. In 2008,
approximately 220,000 bariatric surgeries wereqreréd in the USA and Canada,
whereas over 66,000 operations were carried obtilope (Buchwald and Oien, 2009;
Picotet al, 2009).

Several bariatric surgical procedures currentlyisten healthcare, being characterised
as either restrictive, in terms of reducing gastapacity, malabsorptive, with regard to
restricting the small intestine and/or delaying biile inlet, or a combination of both
(Schneider and Mun, 2005; Leeal, 2007). These procedures include: adjustable
gastric band (AGB), sleeve gastrectomy (SG), bdiugeatic diversion (BPD),
biliopancreatic diversion with a duodenal switchP®BDS) and Roux-en-Y gastric
bypass (RYGB) (National Institutes of Health, 20XD)her procedures have been
gradually phased out due to a higher likelihoodaiferse events, such as jejunoileal
bypass (JIB) (Figure 3.1) (Griffezt al, 1977; Elder and Wolfe, 2007; Singhal,

2009).
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Figure 3.1.Schematic illustrations of a selected bariatrigsal procedures imposing
restrictions to the gastrointestinal trakt. Roux-en-Y gastric bypasB; biliopancreatic
diversion with duodenal switckg: jejunoileal bypass, obtained from (Elder and Wolf

2007),D: sleeve gastrectomy, obtained from (Ammori, 2012).

Different types of bariatric surgery will imposeéamber of physiological changes
varying in extent depending on the invasivenedb®procedure. Many of these
alterations are known to affect the bioavailabitifyorally administered drugs, although
studies investigating alterations in oral drug estpe pre to post operatively have been

limited (Darwichet al.,2012).
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Oral bioavailability (Fa) is dependent on the fraction of drug that is &t in the
intestinal gut wall (), the fraction that escapes gut wall metabolisg),(&d the

fraction that escapes hepatic metabolisg) (Equation 1.1).

Forar = fa"F¢ Fu
Equation 1.1: Components of Foral.

f, andFg are highly influenced by drug and formulation pedjes, such as
disintegration, dissolution, permeability, solutyiliand the susceptibility to being
metabolised by certain enzymesd.certain cytochrome P450 families [CYP3A] or
UDP-Glucuronsyltransferases [UGT]). Gastrointest{@d) physiology such as gastric
emptying time, pH profiles, small intestinal trart8ne, abundance and genotype of gut
wall drug metabolising enzymes and transportersatsmaffect fand ks (Rowland and
Tozer, 1989; Jameit al, 2009Db).

Gastric emptying time can serve as the rate ligisitep for highly permeable and
highly soluble drugs as the absorption from thenstch is inevitably low (Higaket al,
2008). The gastrointestinal pH may affect drugaligson for drugs displaying a pKa
within the range of the GI pH fluctuations (Blwehal, 1991; Avdeef, 2007).
Furthermore, small intestinal transit time mayuefice the drug absorption of poorly
soluble or extended release drug formulations isstlite main site of absorption (Koch
et al, 1993). Metabolism in the gut acts to regulatedia bioavailability of drugs and
other xenobiotics, an important determinant inrtregabolism of substrate drugs
(Kolarset al, 1994). Cytochrome P450 (CYP), UDP-Glucuronsylfarases,
sulfotransferases (SULTSs) and glutathione S-traasés (GST) drug metabolising
enzymes are present in the enterocytes along thea&l CYP3A4 is the most abundant
drug metabolising enzyme in the Gl tract, preceding2C9, CYP2C19, CYP2J2 and
CYP2D6 in order of abundance (Petetsl, 1989; Fisheet al, 2001; Painet al,
2006; Riche®t al, 2009). CYP3A4 and CYP3A5 are both present albegihole Gl
tract, where CYP3A4 is expressed at lower levethénduodenum, rising in the

jejunum and decreasing towards the ileum (Koddral, 1994; Painet al, 1997).
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Gl transporters may influence the absorption ofipedministered drugs and

potentially also the extent of metabolism in thé thuough active substrate efflux

(Benet and Cummins, 2001; Darwiehal, 2010). Numerous transporters are present in
the gut, such as the multidrug resistance transp@rfMDR1), also referred to as P-
glycoprotein (P-gp), multidrug resistance assodigi®tein 2 (MRP2) and breast cancer
related protein (BCRP) (Fromst al, 2000; Maliepaare@t al, 2001). P-gp is the most
extensively studied of the Gl transporters andréthetive expression pattern of P-gp in
the small intestine increases from the proximahwodistal parts of the small intestine
(Mouly and Paine, 2003).

The ADAM (Advanced Dissolution Absorption and Metéibm) model is a
mechanistic representation of the Gl tract whicimiglemented in the Simc§p
Simulator (Jameet al, 2009a). It is a successive development of theaAided
Compartmental Absorption and Transit (ACAT) modsjdramet al, 2001; Huanget
al., 2009), and includes distinct parameters whiclecethe physiology better with
regards to handling of fluid dynamics (no constaniime in each segment), anatomical
mirroring of the GI anatomy and biology for diffatesegments (un-equal segments
with relative abundance of enzymes), and dissaluti@dels (avoiding assumptions of
a flat surface in Noyes-Whitney). The model defittessamount of drug in
‘formulation’, ‘released but undissolved’, ‘dissel¥ and ‘enterocytes’ as separate
compartment structures and further adds hepatarpitirculation and bile mediated
solubility (Figure 1.4). The model also incorposatiiid dynamics along the Gl tract
flowing at the rate of gastric emptying and smatiéstinal transit time and rates of fluid
absorption, secretion and reabsorption along theaGt as opposed to a static volume
in each segment (Janedial, 2009b).

Furthermore, the ADAM model incorporates the abmedaand distribution of Gl
enzymes and inter-individual variability as wellthe distribution of the Gl transporter
P-gp (Jameet al, 2009b). The model attributes can be modifieceftect changes
following bariatric surgery in a morbidly obeseipat population and to investigate the
validity of predicting the influence of surgery oral bioavailability of drugs (Ghobadi
et al, 2011).
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Figure 1.4.Depiction of the 9 segment ADAM model, consistirigallowing

compartments: Stomach, Duodenum, Jejunum I, Jejuhulaum I-1V, and Colon.
Further describing: St=stomach, Jej1 & 2=jejunutr4kileum, form=drug trapped in
formulation, undiss=undissolved drug, diss= dissdldrug, ent=fraction absorbed drug
in enterocytes, kttransit rate, @gastrointestinal blood flow,d=fraction drug that
escapes gut wall metabolism, gd=biliary clearance. Compartment size and purple
colour intensity ¢) refers to segmental length and regional abundahC P3A4
respectively. Green colour schensd {ndicates bile enhanced solubility. Adapted from

Jamei, and co-workers (2009b).

Due to the multi-factorial physiological implicatis of bariatric surgery, attempts to

explaintrends in changes to oral bioavailability followibgriatric surgery using single
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attributes of drugs or simplified categorisatiounstsas the biopharmaceutics

classification system (BCS) have been unsucce@3arivichet al.,2012).

In the absence of clinical studies showing direcdod magnitude of changes in
bioavailability of various drugs, evidence-basedhamistic pharmacokinetin silico
models which define such alterations would be ddieén determining appropriate
dosage regimens for an increasing patient populatito are undergoing bariatric

surgery. The current study, to our knowledge, ésfitst to develop such a model.

3.3 Methods

3.3.1 Characterisation of post bariatric surgery popuiah
A set of gastrointestinal and ‘whole body’ physuittal parameters were identified
based on factors influencing oral drug bioavailsbpost bariatric surgery, these
included: gastric volume and gastric emptying rgssstrointestinal pH, post surgical
small intestinal dimensions, small intestinal mtytiand transit time and bile properties.
Whole body physiological factors known to influeraral drug exposure were also
identified, such as: renal function and serum pndivels as a function of post surgical

weight loss.

An extensive literature search of identified partersein relation to bariatric surgery
was performed utilising PubMed (1966-2011). Thergastestinal and physiological
parameters were analysed in accordance to appi®@juiactions. Weighted means
(WX) and standard deviations (overall SD) of resufere calculated from the reported
means (x) and standard deviations (SD), dependetiteonumber of observations in the
i" study (n) (Equation 3.1, Equation 3.2 and Equafi®), and where applicable
analysed using Welch’s t test at a significancelle¥ 0.05 assuming parameter data to
be normally distributed and taking unequal variaf®ento account, where X is the

sample mean and N is the sample size (Equation 3.4)

104



D on X
WX =12

Equation 3.1.Calculating weighted mean.

Overallsunof squares
N

OveraIISD:\/

Equation 3.2.Overall standard deviation.

Overall sumof squares= Zn:[{(SD, )+ (%, )Z}Dhi ]— N WX ?

i=1

Equation 3.3.Overall sum of squares.

X, - X,

1
S,
N, N,

Equation 3.4.Welch's t test.

t=

3.3.2 Adapting the ADAM model to mimic post bariatric sgery

conditions
The Simcyf§ Simulator v10 (Simcyp Ltd, Sheffield, UK) poputatitemplate for
Morbidly Obese based on a Northern European Caacgsipulation was used.
Validation of this model with respect to predictiof clearance has recently been
published by Ghobadi and co-workers (2011). Weviaduated and analysed model
performance against the identified post bariatiigery model. Whenever applicable,
we altered necessary population parameters to gartfmpost bariatric surgery
conditions, applying reported data of weighted nsesamd coefficient of variation (CV
%) (Table 3.1).
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Table 3.1. Pre- to post-surgery intrinsic factors.

Gastric emptying of liquids (minutes)
Gastric emptying of solids (minutes)
Post operative gastric volume (mL)
Secretion in stomach (Q L/h)
Initial volume of stomach fluid (mL)
Small intestinal bypass (cm)
Small intestinal bile delay (cm)
Small intestinal bile concentrations at fasted fudstate (nM)
Gastrointestinal pH at fasted and fed state
Gl CYP3A4 abundance (nmol/total gut)
Gl CYP3A5 abundance (hmol/total gut)
Small intestinal transit time (hours)
Renal function (GFR; mL/min)
Human Serum Albumin levels (HSA; g/L)
a-1 Acid Glycoprotein levels (AGP; g/L)
Hepatic function (enzymatic activity)

Gl=Gastrointestine
GFR=Glomerular filtration rate.

Post bariatric surgery gastrointestinal physiolabgarameters based on
population/surgical data or physiologically ratibaasumptions were implemented to
the ADAM model, creating ‘Post sleeve gastrectortBgst Roux-en-Y gastric bypass’,
‘Post biliopancreatic diversion with duodenal sWitand ‘Post jejunoileal bypass’

population templates (so called “population fil@sthin Simcyp).

Post surgical basal steady state gastric fluidmelsiat fasted state were estimated
through one compartmental simulations of gastuftlynamics (Equation 3.5) in
Matlab® R2010a (MathWorks, Natick, MA, USA) utilising reped post surgical
gastric emptying and assuming a linear relationsliip regards to the excretion of
gastric juices (0.08 L/h) as a function of gastapacity, utilising an average gastric
volume of 230+13 mL as reported in 134 individu&aliva production was kept
constant at 0.05 L/h (Valentin, 2002; Delgado-Aebsl, 2004; Jameit al, 2009b).
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dv,
dtt = Qsecs - ktstvst

Equation 3.5.Gastric fluid dynamics model.

Population implementations of small intestinal lsgpand delay in bile inlet were
dimensionally estimated as a function of body sa&farea utilising Equation 3.6 and
Equation 3.7, as implemented in the Sinfeg@mulator ADAM model. Further, the
human effective permeability {f) was set to close to zero in segments correspgndin

to the small intestinal bypass in the drug temp(@tener, 2008).

Lengthof duodenum 0205(BSA>>°
Equation 3.6.Length of the duodenum.

Lengthof jejunumand ileum= 5231 BSA**

Equation 3.7.Length of the distal small intestine.

Post surgical estimations of small intestinal tiiaim®ie were implemented into the
ADAM model utilising the incorporated Weibull digtution fitted to describe a log
normal distribution through altering the scale éa¢p) of small intestinal transit time
keeping the shape factar)(constant, altering thus retaining the log normal

distribution assumption (Equation 3.8) (Turner, 00

f :Z(l}ﬁ ~(xI B
(x) 5 3 e

Equation 3.8.Weibull distribution of variance in small intestlreansit.

Following the dimensional alterations to the pgsem@tive surgical Gl anatomy the
bariatric surgical team at Salford Royal FoundattS Hospital Trust (Salford, UK)
was consulted in order to establish consensus wsigibgical dimension reflecting a
realistic patient population. The parameters suligea consensus discussion included:

Post surgical gastric volume and capacity, smédisitnal bypass and delay in bile inlet.
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3.3.3 Virtual study of bioavailability ‘post bariatric srgery’
An identified set of compounds in the Sim&@imulator were simulated utilising ‘Post
Sleeve Gastrectomy in Morbidly Obese’, ‘Post Ronx¥eGastric Bypass in Morbidly
Obese’, ‘Post Biliopancreatic Diversion with DuodéBwitch in Morbidly Obese’ and
‘Post Jejunoileal Bypass in Morbidly Obese’ popigiatemplates in a total of 100
subjects per group, displaying an age range ob ZDtyears and 0.50 proportion of
females, varying the mean small intestinal tratisie to account for any ambiguity in

reported data following surgery.

The selected drugs (simvastatin, omeprazole, dinkd, fluconazole and ciprofloxacin)
had a wide range of physicochemical and metabtilibates and were commonly used
in patients undergoing bariatric surgery (Darwéthal.,2012). Oral drug exposure was
simulated for a low, medium and high therapeutisedim accordance with the British
National Formulary (BNF), which included: Simvasgtatnmediate release (IR; 10, 20
and 80 mg), diclofenac enteric-coated (EC; 25, & mg), omeprazole EC (10, 20
and 40 mg), fluconazole IR (50, 200, 400 mg) apdatioxacin IR (250, 500 and 750
mg). Drugs simulated in post bariatric surgery gapon templates were compared to
simulations carried out in the Morbidly Obese pagioh template, examining trends in
oral drug bioavailability, fand k5 (Equation 1.1), and related surrogate biomarkers:
AUCo.24n Cmax and fax Where simulated data were analysed in MATIAB2010a.

3.4 Results

3.4.1 Characterisation and validation of virtual populeins

Roux-en-Y gastric bypass (RYGB)

Post RYGB stomach volume:

A reduced gastric volume was implemented in thertdttly Obese’ population
template through limiting concomitant fluid intakem the default value of 250 mL to
30 mL based on surgical restriction in accordand&/ittgrove and Clark (2000). The
initial volume of stomach fluid at fasted state veaimated to be 9.9 mL (CV: 30%)

utilising simulations at steady state as per Equadib.
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Gastric acid secretion and pH:

Two studies were identified measuring gastric acatuction in a total of 18 post
RYGB patients, with an approximate gastric volurh@@mL, as compared to pre
surgery or controls (Smitét al, 1993; Behrngt al, 1994). Combining weighted
means and variance displayed a mean basal gasttiexcretion of 0.08 (+0.008)
mEqg/h, and a weighted mean peak acid excretion0di8)(+0.048) mEq/30 minutes
post surgery, as compared to a basal and pealexmidtion of 9.1+3.6 mEqg/HPK0.05)
and 12.8+1.8 mEQ/30 minuteB<0.05) respectively in pre surgery patients (n+8) a
basal and peak acid secretion of 5.0+@J0(05) and 12.1+1.370.05) respectively in
healthy volunteers (n=15) (Figure 3.2) (Snetral, 1993; Behrngt al, 1994).
Implementation into the Simc§gSimulator Morbidly Obese population template was
based on assuming a gastric pH of 6.4 at fasteel sta
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Figure 3.2.Mean acid secretion and standard deviation, mEL éi@r time at basal
and peak level. Acid secretion in 12 post Roux-eGastric Bypass (RYGB) patients
as compared to 15 healthy volunteers not subjesiitgery (HV) (Smittet al, 1993).
Acid secretion in 8 RYGB patients, pre and postysty (Behrnst al, 1994).
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Gastric emptying time:

Following RYGB surgery a significant reduction # gastric emptying time has been
observed for liquids, whereas available data otrigaamptying of solids display a
considerably increased variability (Figure 3.3 &iglre 3.4). Four studies measuring
gastric emptying time following gastrectomy surgesre identified (RYGB, SG,
Billroth gastrectomy with Roux-en-Y gastrectomy gradtial gastrectomy) . Combining
weighted means and variance in a total of 68 postesy patients resulted in a mean t%
gastric emptying of 8.48 (x9.12) minutes, as cora@do 24.33 (£23.71) minutes in
controls (n=39; P<0.05) (Figure 3.3).(Horowdtzal, 1982; Hindelet al, 1988; Rielet
al., 1989; Braghettet al, 2009)
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Figure 3.3.Reported meartedian) t¥z gastric emptying time of liquids in post
gastric surgery patients subject to various suegarsulting in a reduced gastric
volume as compared to controls (pre surgery ortineablunteers not subject to
surgery). A: Sleeve gastrectomy, B: Billroth gastoeny and Roux-en-Y
gastrojejunostomy, C: Roux-en-Y gastric bypass@nBoux-en-Y gastrectomy
(Horowitz et al, 1982; Hindeet al, 1988; Rielet al, 1989; Braghettet al, 2009).
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Identified publications examining gastric emptyiimge of solids post gastric surgery
resulting in a reduced gastric volume (RYGB, SG Bitldoth gastrectomy with Roux-
en-Y gastrectomy) displayed an observable incraagariability following surgery as
compared to controls: reported observations raniorg 4 minutes to over 200
minutes post surgery (Figure 3.4) (Stetal.,2010; Horowitzet al, 1982; Hindeet
al., 1988; Rietet al, 1989; Petrakigt al, 1998; Bernstinet al, 2009; Braghettet al,

2009).
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Figure 3.4.Reported mean (*median) t¥z gastric emptying timeadids in post gastric
surgery patients subject to various gastrointelstmageries, as described in publication,
resulting in a reduced gastric volume as comparewmtrols. A: Sleeve gastrectomy,
B: Billroth gastrectomy and Roux-en-Y gastrectoi@yRoux-en-Y gastric bypass, D:
Roux-en-Y gastrectomy, E: Roux-en-Y gastrectom\sl€eve gastrectomy (Shahbal.,
2010; Horowitzet al, 1982; Hindeet al, 1988; Rielet al, 1989; Petrakist al, 1998;
Bernstineet al, 2009; Braghettet al, 2009).
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Following RYGB, the gastric emptying half-life a§lids was measured to be 7 (£3)
minutes after liquid intake in 12 post gastric bggpatients 12 months post surgery
with a newly formed stomach pouch of size of 60s0and a gastrojejunal
anastomosis of 12-20 mm in diameter, as comparéd teealthy volunteers displaying

a gastric emptying half-life of 15 (+2) minutesd&re 3.3) (Horowitzt al, 1982).

Gastric emptying half-life of a solid meal was Highariable in the post RYGB patient
population, where 4 patients displayed a t%2 of#240) minutes, exhibiting an initial
rapid gastric emptying followed by a linear emptyiwhereas five patients displayed
an initial lag time followed by linear emptying. /e patients displayed a prolonged lag
time followed by slow gastric emptying, with a ref@al gastric emptying half time of
over 200 minutes. The control group displayed @20 (x7) minutes (Figure 3.4).
Alteration to the gastric emptying was implemerttieded on post surgical gastric
emptying time for liquids of 7 (CV: 45%) minutesarfasted state (Horowitt al,

1982).

Small intestinal bypass and regional abundance3\adP3A:

Approximately 75-100 cm’s of the proximal smalldstine is bypassed following
RYGB surgery, bypassing the duodenum and proxigjahpym (Wittgrove and Clark,
2000; DeMarieet al, 2002; Schneider and Mun, 2005; Elder and Woli®,72
Skottheimet al, 2009; Spalet al, 2010). In accordance with the small intestinal
bypass, the duodenum and proximal jejunum weredsgshthrough setting transit time
close to zero in the duodenum and reducing sm@iimal transit time in jejunum | by
38%, thus creating an approximate bypass of 87.,dire ADAM model based on
BSA (Equation 3.6 and Equation 3.7).

Small intestinal motility and transit time:

Studies in humans examining small intestinal titagnsd motility in patients subject to
total gastrectomy were reviewed, as compared triéapgastrectomy in the treatment
of obesity (Pellegrinet al, 1986; Haglunckt al, 1989; Le Blanc-Louvret al, 1999;
Wittgrove and Clark, 2000).
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The data suggested changes in small intestinalityatiter a Roux-en-Y reconstruction
(van der Mijleet al, 1993; Le Blanc-Louvrgt al, 2000). In ten patients subject to
Roux-en-Y with a total gastrectomy (cancer beirgyrtiain indication), a mean small
intestinal transit for solids of 293 (x37) minuteas observed as compared to 187 (x37)
minutes in five controlsR<0.02), thus suggesting the small intestinal ttatosbe
increased post Roux-en-Y gastric bypass (Pellegtial, 1986). Animal models of
Roux-en-Y gastric bypass surgery suggested a simmlaact of surgery as that

observed in man, with disturbed small intestinatilty reported in rat and dog
(Woodwardet al, 1993; Le Blanc-Louvret al, 1999; Suzuket al, 2005).

Two scenarios were created with regards to smigsimal transit time. In the first
scenario the transit time was assumed to be 5.&@sed on a reduced motility as
reported by Pellegrini and co-workers (1986); whsrén the second scenario the small
intestinal motility was assumed to remain unalteéheds reducing small intestinal transit

to 3.0 hours as a function of the small intestingdass (Pellegriret al, 1986).

Regional abundances of CYP3A metabolising enzynas wet to close to zero in the
bypassed segments of the small intestine. Meahanyme abundances of CYP3A4
and CYP3A5 were recalculated to account for thellamtastinal bypass of the
duodenum, resulting in a reduction from 66.2 t@5tmol/total gut and from 24.6 to
18.7 nmol/total gut respectively (Turner, 2008).

Bile and pancreatic fluids

Following RYGB surgery, the inlet of bile and pamatic fluids is delayed to the
common channel approximately 75-150 cm distall}hefnewly formed stomach pouch
(Wittgrove and Clark, 2000; DeMar& al, 2002; Spalet al, 2010). A delayed bile

inlet was implemented into the ADAM model througditsg bile concentrations in the
fasted and fed state to zero in the gastrointdstggons of the stomach, duodenum and

jejunum corresponding to approximately 90 cm.
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Biliopancreatic diversion with duodenal switch (BHEL3)
Stomach volume
In accordance to the surgical procedure the gasttiame following biliopancreatic
diversion with duodenal switch was effectively rigseéd to 150 mL, through limiting
concomitant fluid intake with oral administratiam 150 mL. Due to lack of data gastric
emptying and gastric pH was assumed to remaineneal{Smithet al, 1993; Behrns
et al, 1994; Wittgrove and Clark, 2000; DeMaeial, 2002; Schneider and Mun,
2005; Elder and Wolfe, 2007; Spakal, 2010).

Small intestinal bypass and regional abundanceSYdP3A:

Segments Jejl and 2 were bypassed correspondamptoximately 294 cm (Wittgrove
and Clark, 2000); recalculating gastrointestinalratances of CYP3A4 and CYP3A5
accordingly to 30.0 and 11.2 nmol/total gut respett (Turner, 2008).

Small intestinal motility and transit time:

In the first scenario the transit time was assutodze 3.7 hours in accordance to the
reduced motility observed post total gastrectomyr \Woux-en-Y jejunostomy
corrected for the small intestinal length followiB&D-DS (Pellegrinét al, 1986);
whereas, in the second scenario the small intéstioslity was assumed to be 2.2

hours thus reducing as a function of the smalktimeal bypass.

Bile and pancreatic fluids

In accordance with the surgical procedure theiblit was delayed to ileum Ill
corresponding to 252 cm (Wittgrove and Clark, 20®¢hneider and Mun, 2005; Elder
and Wolfe, 2007).

Sleeve gastrectomy (SG)
Stomach volume:
Sleeve gastrectomy surgery is limited to the retsbn of the dimension of the gastric
pouch (to approximately 60-80 mL), preserving thpc sphincter (Baltasaet al,
2005; Leeet al, 2007). Albeit not being as invasive as malabseggirocedures, the
reduction in gastric volume has been reportedfecathe gastric emptying time of
liquids and solids (Figure 3.2 and Figure 3.3) (Bettoet al, 2009; Shalet al, 2010).

This was implemented through setting concomitantlifintake to 80 mL and initial
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volume of stomach fluid to 24.2 mL (CV: 30%) in taested state in accordance with

simulated steady state gastric volumes.

Gastric emptying time

One study was identified examining gastric emptyhgquids following sleeve
gastrectomy, observing a significantly reduced #2tigc emptying time of 13.6
(x11.9) minutes in 20 post surgery patients as @eagto 34.9 (£24.6) minutes in 18
controls (Figure 3.3) (Braghetat al, 2009). Thus, gastric emptying was set to 13.6
(CV: 53%) in the post sleeve gastrectomy populdisnplate.

Results from combining weighted means and variafogentified studies examining
gastric emptying of solids resulted in a significezduction post operatively?€0.05),
with an observed mean gastric emptying time of 4617.7) minutes in 43 post surgery
patients as compared to 74.6 (£26.2) minutes iooddrols (Figure 3.4) (Braghettd

al., 2009; Shalet al.,2010)

Gastric acid secretion and pH:
There is a lack of published data on the impasiedve gastrectomy on gastric acid
secretion or gastric pH measurements pre to pogésu Given this, gastric pH was

assumed to remain unaltered following sleeve geisingy.

Jejunoileal bypass (JIB)
Small intestinal bypass and regional abundanceY9P8A:
In accordance with the surgical procedure a smtdktinal bypass was created
retaining the duodenum segment, 20% of the proxjejahum | and 23% of the
terminal ileum IV approximately, bypassing the ré@mdar of the small intestine (Scott
et al, 1971, Scotet al, 1973; Griffenet al, 1977). Accordingly the abundances of
CYP3A4 and CYP3A5 were set to zero in jejunum lliéam 11l and recalculated to
32.3 and 12.1 nmol per total gut respectively.

Small intestinal motility and transit time:
In the first scenario the transit time was assutodugk 0.7 hours in accordance to the
reduced motility observed post total gastrectomyr Woux-en-Y jejunostomy

corrected for the small intestinal length post JMBereas, in the second scenario the
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small intestinal motility was assumed to be 0.4redbus reducing as a function of the

small intestinal bypass (Pellegrigti al, 1986).

Bariatric surgery — Whole body physiological paraers
Renal function:
Comparing observed data on renal function, in teshSlomerular Filtration Rate
(GFR), in relation to BMI following bariatric surgeinduced weight loss, estimates
made utilising Cockcroft-Gault and Modification Dfet in renal Disease (MDRD;
Equation 3.9) equations, concluded a better priedidtly MDRD equation (Chagnast
al., 2003; Navarro-Diaet al, 2006; Serrat al, 2006; Salibat al, 2010). The
Cockcroft-Gault equation estimates the creatinlearance the MDRD equation
estimates the GFR corrected for body surface dMeheélset al.,2010). Simulating
age and sex matched populations over a range of BMsing the Simcyp Simulator
incorporating inter-individual variability, obse@ata was within 95% confidence
interval of simulated estimations utilising the MDRquation, whereas, Cockcroft
Gault over predicted GFR at a higher BMI in agreetwath previous publications
examining predicted versus observed GFR in Morb@lhese and Obese populations
(Figure 3.5) (Michel®t al.,2010; Ghobadet al, 2011). Based on these findings the
MDRD equation was utilised to estimate GFR in thec$p® Simulator.

GFR(mL/min/1.73m?)

= 186 - Serumcreatinine 5% - qge~%203 . (0.742 for females)

Equation 3.9.Modification of Diet in renal disease (MDRD) eqgoatfor estimating

glomerular filtration rate (GFR).
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Figure 3.5.0bserved Glomerular Filtration Rate (GFR) followinariatric surgery
induced weight loss, as compared to calculated @GHiRing the Modification of Diet

in Renal Disease (MDRD) equation and simulatedsagegender matched GFR with 5,
50 and 95% confidence intervals (CI) utilising Siency® Simulator (MDRD) with
inter-individual variability (Chagnaet al, 2003; Navarro-Diaet al, 2006; Serrat al,
2006; Salibeet al, 2010).

Serum protein levels:

Prior to and following bariatric surgery inducedigig loss, Human Serum Albumin
(HSA) levels remained consistent with the normabréed range (at a total of 322 data
points; n=163) evaluated utilising sex and age heitesimulations in the Simcyp
Simulator, predicting HSA within the 95% confidenngerval (Figure 3.6) (Benedek
al., 1984; Mattaet al, 2005; Stratopoulost al, 2005; Barkeet al, 2006). Levels of
a-1 Acid Glycoprotein (AGP) was significantly redacillowing bariatric surgery
induced weight loss (at a total of 170 data point£i0), regressing towards ranges
observed in normal weight controls, where simataiin Simcyf§ Simulator
overestimated the levels of AGP at lower BMI ran(fégure 3.7) (Benededt al,
1984; van Dieleret al, 2004).
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Figure 3.6.Observed mean and standard deviation of serunmeatnations of Human
Serum Albumin (HSA) in morbidly obese patients sgbjto bariatric surgery induced
weight loss as compared to simulated HSA levelb Wjt50 and 95% confidence
intervals (Cl) based on Simcymlemographics characteristics (Benedekl, 1984;
Mattaret al, 2005; Stratopoulost al, 2005; Barkeet al, 2006).
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Figure 3.7.0bserved mean and standard deviation of serum ntratens ofo-1 Acid
Glycoprotein (AGP) in morbidly obese patients sabje bariatric surgery induced
weight loss as compared to simulated AGP levels %50 and 95% confidence
intervals (Cl) based on SimcySimulator demographics characteristics (Benedek
al., 1984; Mattaet al, 2005; Stratopoulost al,, 2005; Barkeet al, 2006).

Hepatic function:

The reduction in liver volume following bariatriargery induced weight loss was
assumed to be a function of the reduction in Bodifege Area (BSA) as observed in a
general population, where the equation incorporatedthe Simcyf Simulator

corrects for the observed under prediction in liwelume at a BM+40 kg/nf utilising a
correction factor of 1.25 (Johnsenal, 2005; Ghobadet al, 2011). Tissue blood
perfusions were obtained as a function of cardigput estimated from BSA as

incorporated into the Simc§Bimulator (Howgatet al, 2006).

119



w4 [eunsaiul [ews [elued) (g' uonenb3 (g6 g=1) uonouny |INCIoA 8Sessipyal Ul 18Ip JO uonealipow=aydn ‘slel uolemniawolb=y449 ‘wna|i=T| ‘wnunfsl=fel ‘wnusponp=onp
‘reunsajulonsebigyien) jeunsaul rews=1|S ‘Awoioansed anas|s=gsedAq [esjiounlal=g|r ‘youms reusponp yuasLamp onealouedoliq=Ssa-adg ‘ssedAq ouiseb A-ua-<noy=g9AY

(0TOZ ‘re 19(edS :0T0Z “[e 19€qIeS

:6002 “[e 1@UIBYNOS /002 “[e 18937 12002
‘8|0 pue I3p[3 19002 ‘e 1@ISS 9002
_._MNED-O._._m>mZ ”mOON .c:_>_ pue J1aplsuyds
‘5002 “[e 13eseleqd €002 ‘e 1@eubeyd
:200Z “le ueNaQd 0002 “e|D pue
SN0IBNIM ‘€L6T “[e 18109S ‘T/6T “[e 191109S)

(V66T ‘e 18UIYag '€66T “[e D YNWS)

909 AD) 08

dddin

(%609 AD) 22
(9609 AD) 299
palaleun

oV
€€
paJaleun

palaleun

(%8€ AD) S'T

609 AD) 0S¢

dadin

(%609 AD) T'ZT
(%09 AD) £°2€
m-nfec

80
L0
S0
¥'0
paJsleun

I u-nfec

(%8€ AD) S'T

%09 AD) 0ST %09 AD) 0E

ISOP Yum axelul pinj4
suonelsale ubisap Apms

uonoipaid Y49
ABojoisAyd Apog-sjoym

aouepunge SYEJAD

aouepunge yveEdAD

dddin ddadin

(9609 AD) 2'8T
(%09 AD) 2°05

(%609 AD) 2'TT
(%609 AD) 0°0€

[REINEET L fel‘ong (swuswbas) ssedAq VEJAD
wsljogelaw |9
% 09 «glIinqm
L€ 0§ T 01eUdS :[IS
9¢ 9€ «glIinam
ze 0€ (y) T oLreUdIS 11IS
Il I-on@ 1 fel-ong (sluawbas) Aejap a|ig
REINNEN 11 fal ‘ona (sjuswbas) ssedAg

aunsaul [lews

(%8€ AD) ST (9%8E AD) 79 Hd ouises

(%0€ AD) 2'¥2 pasayeun pasayeun (%0€ AD) 6'6 (lw) swinjoA pinyy remul
(6002 “e 1@naybe.g 'Z86T “[e 12 ZIMOIOH)  (%ES AD) 9°€T pasayeun pasayeun (%S AD) 02 (4) swn Buifidwsa oses
yoewols
suonelaye uonendod
SERIVEVETER| 98 aic sa-adg 99oAY s1a1owe.ed [ealbojoisAyd

lore|nwis pwis ol indui soj A1abins olrelreq bympsuoneld)e sispweled [ealbojoisAyd jo Arewwns z'¢ s|qel

120



3.4.2 Virtual studies
Roux-en-Y gastric bypass:
Simulated simvastatin IR 10 mg oral drug exposast RYGB (SIT=3.0h) displayed
an unaltered oral bioavailability with a mean pmst/surgery AUC ratio of 1.14+0.18
due to a mean increase ig ffom 0.24 (+0.10) to 0.27 (x0.11) counteractechby
reduction in £ from 0.90 (£0.11) to 0.87 (x0.12) (Figure 3.8).ahigh therapeutic dose
(80 mg) the mean post/pre surgery ratio becamealgsarent (1.07+£0.19) due to a more
apparent reduction in from 0.88+0.12 to 0.82+0.14 (Figure 3.9). Assuneng
reduction in small intestinal motility post RYGBITS5.0h) simvastatin displayed a
mean ratio of 1.22 (£0.19) to 1.17 (+0.20) overtterapeutic dose range due to
reduced post operative impact gnTthis was apparent over the whole range of studied
drugs, where the increased small intestinal traimsé influenced f positively (data not

shown).

Oral drug exposure of omeprazole remained unalteiémving RYGB (SIT=3.0h),
although displaying a reduction g% from approximately 1.24 (+0.41) to 0.97 (x0.23)
hours over the therapeutic dose range. Diclofenat/pre surgery AUC ratio displayed
a minor reduction following RYGB (SIT=3.0h). Thistame more apparent at a high
therapeutic dose, displaying an AUC ratio of 0£@.14), due to a reduction in®.88
(x0.13) to 0.84 (+0.13), counteracted by a minerease in §from 0.95 (x0.04) to

0.96 (x£0.03); whereagdx displayed a reduction from 1.44 (+0.54) to 1.28.%41)

hours. Ciprofloxacin displayed a minor reductiotAldC post RYGB (SIT=3.0h),
displaying a ratio of 0.96 (+0.02) over the theratpedose range due to a reductiongn f

from 0.77 (x0.15) to 0.74 (+0.15). Fluconazole ramad unaltered over the dose range.
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Figure 3.8.Simulated simvastatin immediate release (IR) 1Qlmg therapeutic dose)
in morbidly obese (n=100) and post Roux-en-Y gadlypass surgery (n=100; small
intestinal transit=3.0M\: Mean, 98' and &' percentile plasma concentration time
profile over 24 hoursB: Mean and standard deviation of segmental fracifaiose
absorbed along the small intesting,(€: Mean and standard deviation of segmental

fraction of dose metabolised in the gut wall @-Puo=duodenum, Jej=jejunum.
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Figure 3.9.Simulated post/pre Roux-en-Y gastric bypass sur(gmall intestinal
transit=3.0h) AUC ratio over a range of selectathdrat a low (LOW), medium (MED)
and high (HIGH) therapeutic dose: Simvastatin imiaedrelease (IR; 10, 20 and 80
mg), omeprazole enteric coated (EC; 10, 20 and g)) diclofenac EC (25, 50 75 mg),
fluconazole IR (50, 200, 400 mg) and ciprofloxaldn(250, 500 and 750 mg).

Biliopancreatic diversion with duodenal switch:

Following BPD-DS (SIT=2.2 h), simvastatin displayededuction in AUC, with an
observed post/pre surgical AUC ratio ranging fra@90+0.15) to 0.65 (£0.22) as a
result of a more extensive reduction jra$ compared to following RYGB; whereas
assuming a higher SIT of 3.7 h simvastatin displege increase in AUC, displaying a
ratio of 1.05 (x£0.08) at a low therapeutic dosesle@nging to a reduction, with a
simulated ratio of 0.83 (x0.22) at the highestaipeutic dose. This was observed for

the whole range of simulated drugs.

Omeprazole displayed a post/pre BPD-DS AUC rati0.88 (+0.10) at a low
therapeutic dose due to a reduction,ifrédm 0.94 (x0.09) to 0.83 (x0.14) (Figure 3.10),
whereas a minor increase ig Was observed from 0.96 (£0.02) to 0.97 (£0.02)xT
displayed an increase from 1.22 (x0.38) to 1.5054Phours, whereasqf& displayed a
reduction by approximately 19%. At a high theraedbse, omeprazole displayed a
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post/pre surgery AUC ratio of 0.77 (£0.15), duatmore extensive reduction ig f
whereastax Was increased from 1.42 (+0.50) to 2.26 (+0.63)rBoThe reduction

became less apparent assuming a small intestaredititime of 3.7 h.
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Figure 3.10.Simulated omeprazole enteric coated (EC) 10 mg {leerapeutic dose) in
morbidly obese (n=100) and post biliopancreati@sion with duodenal switch
(n=100; small intestinal transit=2.24) Mean, 98' and %' percentile plasma
concentration time profile over 24 houBs, Mean and standard deviation of segmental

fraction of dose absorbed along the small integfy)eDuo=duodenum, Jej=jejunum.

125



Diclofenac displayed an AUC ratio of 0.87 (£0.08)édwing BPD-DS (SIT=2.2 h) at a
low therapeutic dose due to a reductionyiftdm 0.89 (x0.12) to 0.75 (x0.15), whereas
Fc displayed an increase from 0.91 (+0.06) to 0.91(4). At a high therapeutic dose
diclofenac displayed a more apparent reductiontdw@ehigher post surgical impact on
fa. Again the reduction was less apparent assumsmgadl intestinal transit time of 3.7

h (Figure 3.11).

Fluconazole displayed an AUC ratio of approximat@B85 (+0.05) over the dose range.
Ciprofloxacin displayed an AUC ratio of 0.80 (x0)@6llowing BPD-DS (SIT=2.2 h)

at a low therapeutic dose, reflected by a reductidn Following BPD-DS (SIT=3.7

h), Ciprofloxacin displayed no significant altecatj with an AUC ratio of 1.01 (+0.01)
at a low therapeutic dose ranging to 0.98(x0.0H) lsigh therapeutic dose (Figure
3.11).
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Figure 3.11.Simulated post/pre biliopancreatic diversion wittodenal switch (small
intestinal transit=2.2h) AUC ratio over a rangeselected drugs at a low (LOW),
medium (MED) and high (HIGH) therapeutic dose: Sastatin immediate release (IR;
10, 20 and 80 mg), omeprazole enteric coated (BC2@ and 40 mg), diclofenac EC
(25, 50 75 mg), fluconazole IR (50, 200, 400 mgj aiprofloxacin IR (250, 500 and
750 mg).
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Jejunoileal bypass:

Following JIB the whole range of studied drugs tigpd an extensive reduction in
AUC due to a more apparent reductionag compared to RYGB and BPD-DS where
fluconazole displayed the least apparent reductith, a post/pre surgery AUC ratio of
0.47 (£0.12) at a low therapeutic dose whereadadispy an AUC ratio 0.44 (+0.13) at
a high dose level due to a more extensive reduatiénfrom 0.97 (+0.07) to 0.45
(x0.13) (Figure 3.12 and Figure 3.13).
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Figure 3.12.Simulated fluconazole immediate release (IR) 4@0(high therapeutic
dose) in morbidly obese (n=100) and post jejunbllgpass (n=100; small intestinal
transit=0.4h)A: Mean, 95" and " percentile plasma concentration time profile c4r
hours,B: Mean and standard deviation of segmental fracifaose absorbed along the

small intestine . Duo=duodenum, Jej=jejunum.
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Figure 3.13.Simulated post/pre jejunoileal bypass (small imestransit=0.4h) AUC
ratio over a range of selected drugs at a low (LOWAdium (MED) and high (HIGH)
therapeutic dose: Simvastatin immediate releasel®R20 and 80 mg), omeprazole
enteric coated (EC; 10, 20 and 40 mg), diclofen@q®5, 50 75 mg), fluconazole IR

(50, 200, 400 mg) and ciprofloxacin IR (250, 50d @50 mg).
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Sleeve gastrectomy:
Simulated post sleeve gastrectomy applied to Miyliidese did not significantly alter
the pre to post surgery drug exposure for the rahgéudied drugs over low to high

therapeutic dose ranges (data not shown).

3.5 Discussion

3.5.1 Simulating oral drug exposure following bariatricuisgery:
Simulating oral drug bioavailability following batric surgery identified a number of
potential pharmacokinetic parameters suggestetflteence bioavailability following

bariatric surgery.

Simvastatin is characterised as a BCS class IVfatiger classified as a BDDCS
(Biopharmaceutics Drug Disposition Classificatigrst®m) class || compound
(Darwichet al, 2010; Benett al, 2011). The drug is considered a low soluble
compound at therapeutic dose, displaying an aqusaubility 0.03 mg/mL (Kasinet

al., 2004; BNF, 2011). The drug is administered inatdone form and undergoes pH
and temperature dependent interconversion to dsohryacid form at a pH below 6,
whereas the lactone form mainly is formed at pHerdhe equilibrium (Kearnegt al,
1993). Approximately 85% of the administered daselisorbed, being further exposed
to extensive metabolism by CYP3A4 in the smallstitee and liver, and CYP3A5 to
lesser extent (Lennernas and Fager, 1997; Prueksamiet al, 1997).

The simulated increase in drug exposure of simtiastathe post RYGB (SIT=3.0h)
population was due to an increase gpest surgery. These findings suggest intestinal
gut wall metabolism plays an important role in ¢eserved trend in drug

bioavailability pre to post surgery for compoundbject to a high small intestinal
metabolic extraction ratio, such as atorvastatshsimvastatin, where simulated
post/pre surgical AUC ratio following RYGB was siarito that observed of
atorvastatin, displaying a median AUC ratio of 1(Q(B-2.3) (Skottheinet al, 2009).
Simulated compound characteristics of simvastadmdt incorporate the pH
dependent interconversion of the lactone and acid,fbut treated this as a part of the

CYP3A4 clearance term through fitting to observathdthus not taking into account
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the increased gastric pH following RYGB surgery &admpact on the interconversion
(Kearneyet al, 1993).

Omeprazole (BCS class Il and BDDCS class | ampbppa=8.7, pKb=3.79), is a
sparingly soluble highly lipophilic compound wittability issues at a lower pH levels,
thus motivating enteric coated formulation (EC)tpoting the drug from degradation
caused by the gastric pH (Brandstretral, 1985; El-Badryet al, 2009; Darwiclet al,
2010; Benett al, 2011). The drug displays a highly variable abgonpand further
mainly undergoes hepatic metabolism and clearapcev?3A4 and 2C19 (Shimamoto
et al, 2000). Only a minor alteration irsRvas observed following simulations post
BPD-DS, where an increase was observed, overadl bidggest impact was observed on

fa, potentially due to the reduction in absorptiosear

Diclofenac (BCS class Il; BDDCS class 1) is mainigtabolised by CYP2C9
(Shimamoteet al, 2000; Darwiclet al, 2010; Beneét al, 2011). The drug undergoes
extensive first-pass metabolism, displaying an bi@dvailability of approximately

54% (Willis et al, 1979). Following RYGB and BPD-DS a minor increas€&s was
observed due to the bypass of intestinal regiona@dnt of CYP2C9, however this was

counteracted by a reduction in f

Fluconazole (BCS class |I; BDDCS class lll) is stdudit a therapeutic dose and
displays a bioavailability over 90% in healthy vateers, further being mainly renally
cleared (Brammeet al, 1990; Darwiclet al, 2010; Beneét al, 2011). Following
bariatric surgery simulated oral drug exposurdufdnazole only displayed minor
changes in AUC with the exception following JIB.€Be results are consistent with
observations in AIDS patients, frequently displaygastrointestinal disturbances, and a
case report in a patient subject to gastrointestasriction of the gastric antrum,
duodenum and ileum following peptic ulcer diseaésplaying no altered

bioavailability or a comparable bioavailability e@@mpared to healthy volunteers
(DeMuriaet al, 1993; Joest al, 1994).

Ciprofloxacin (BCS class IIl; BDDCS class V) isasngly soluble at the therapeutic
dose range, further having a reported oral bioakdity ranging from approximately 60

to 80% in healthy volunteers and is mainly renalBared (Hoffkeret al, 1985;
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Lettieri et al, 1992; Darwiclet al, 2010; Beneet al, 2011). The simulated reduction
in AUC following bariatric surgery is therefore nidikely an effect of a reduction in

absorption area and a product of post-operativgdiy issues.

The major issue following SG would be potentialsdlity issues due to a reduced
concomitant fluid volume with the administered dattbough this was not a major

issue for any of the studied drugs.

3.5.2 Post bariatric surgery ADAM model limitations:
Conclusions drawn from this study are limited byuanber of “known unknowns”
relating to gastrointestinal physiology post baitasurgery, where data relating to
gastrointestinal pH, small intestinal transit adtpsurgical gastrointestinal
physiological adaptation and whole body physiolafaterations, such as hepatic

activity and bile secretion and it's Gl levelssfgarse or nonexistent.

Following RYGB, gastric pH was estimated to inceebased on measuring acid
secretion in the gastric pouch (mEg/time). Albexamining the relationship between
pH and gastric acid output the relationship isst@ightforward. Pratha, and co-
workers (2006), examined the effect of proton punfybitors (PPI) on gastric acid
output and pH and concluded the relation betweeramdHgastric acid output to be
highly ambiguous. At a gastric acid outputdf mEQq/30 min a pH 0.9 to 7.7 was
observed, whereas a pH of 2.5 and upwards was neshdé minimal gastric acid
output, thus rendering a high degree of uncertamtiie implications of mEqg/time post
Roux-en-Y gastric bypass (Praté@al, 2006).

Small intestinal transit time estimation followibgriatric surgery was limited to one
study examining small intestinal transit time ofid®in 10 patients subject to total
gastrectomy with Roux-en-Y reconstruction (Pelleget al, 1986) or estimations
based on the extent of small intestinal bypasshAgprocedure differs in terms of the
extent of gastrectomy as compared to RYGB for tbatinent of obesity such an

assumption may not necessarily hold true.
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Following gastric restrictive surgerye. RYGB and SG, gastric emptying of liquid
displayed an overall significant reduction, whergastric emptying of solids displayed
an increase in variability following RYGB. The ingiaof RYGB surgery on gastric
emptying of solids may be due to post surgicakstéistasis due to a reduced nervous
stimulus (Horowitzt al, 1982; Woodwaret al, 1993).

The methodology of how the ADAM model was adaptecthimic post bariatric surgery
conditions is subject to a number of limitationgda the limited nature of how the
ADAM model could be adjusted through the Simeygimulator through the existing
interface. Rather than bypassing the proximal smadktinal compartments, the transit
time through these compartments were reduced tbosero. As a consequence the
modelling and simulations of drug concentratiothia bilio limb could not be
conducted, thus limiting the predictability of deugubject to biliary elimination. A
further concern was the fluid dynamics within theAM model which is governed by
secretion and reabsorption of Gl fluids taking plé#troughout the gastrointestinal tract
compartments (Valentin, 2002; Jare¢ial, 2009b). As a consequence of such
parameter alterations not being possible througtsiimcyp user-interface an
overestimation of Gl fluid volumes and consequéntimerestimation of potential drug

specific solubility issues following surgery arespible.

3.6 Conclusions
Trends in pre and post Roux-en-Y gastric bypasavaiitability seem to be highly
dependent on drug specific parameters such astafiinCYP3A4, solubility and
permeability issues based on simulated outcomeijtalbt to be confirmed with regards
to clinical data. A mechanistic modelling approaels the potential of examining the
impact of drug specific parameters on trend oftpneost surgery and to serve as a
useful tool in examining the impact of physiolodialierations on oral drug

bioavailability in the absence of clinical data.
Current limitations in estimating and simulating impact of oral drug bioavailability

following bariatric surgery include the sparsityciimical data for further model

validation and the lack of data on resultant pHggiical changes post surgery.
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4.1 Abstract
An increasing prevalence of morbid obesity hagdedramatic increases in the number
of bariatric surgeries performed. Altered gastmstinal physiology following surgery
can be associated with modified oral drug bioawslits (Fora). In the absence of
clinical data, an indication of changes tfvia systems pharmacology models would
be of value in adjusting dose levels after surglrgreviously developed virtual “post-
bariatric surgery” population was evaluated throoghicking clinical investigations
on cyclosporine and atorvastatin after bariatrigsry. Cyclosporine simulations
displayed a reduced fraction absorbed through @lit(fy) and K, after surgery,
consistent with reported observations. Simulatedvastatin &, post surgery was
broadly reflective of observed data with indicaiaf counteracting interplay between
reduced fand an increased fraction escaping gut wall mésbdqFs). Inability to
fully recover observed atorvastatin exposure dfi@ypancreatic diversion with
duodenal switch highlights the current gap regaydie knowledge of associated

biological changes.

4.2 Introduction
The prevalence of obesity has increased dramaticathe USA and Europe over the
last decade (Flegat al, 2010; OECD, 2011). Bariatric surgery has provehd
successful in treating morbid obesity with over 220 surgeries performed in the USA
and Canada in 2008 (Buchwald and Oien, 2009). &kbariatric surgical methods
coexist in healthcare, where Roux-en-Y gastric Bgd& YGB) is considered gold-
standard (Picogt al, 2009). RYGB results in a reduced gastric volucoeplete
bypass of the pylorus, partial bypass of the duodeand proximal jejunum and a

delay in bile inflow to the distal jejunum. The reanvasive biliopancreatic diversion
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with duodenal switch (BPD-DS) results in a pantedection of the stomach with the
pylorus retained, bypass of jejunum and proximelrh, and an approximate 250 cm
delay of the bile inlet. Jejunoileal bypass (JiBronsidered the most invasive
procedure, retaining only the stomach (with pyldrrsd distal ileum (Darwichkt al,
2012a; Darwictet al, 2012b).

As a consequence of bariatric surgery, a numbphy$iological parameters
influencing oral drug bioavailability ¢r) are altered, including: a reduced gastric
capacity and emptying time, altered gastrointek{i@8 pH, reduced absorption area,
altered bile flow and small intestinal transitea#td substrate exposure to drug
metabolising enzymes and active efflux transpoii@ameiet al, 2009b; Ghobadet

al., 2011; Darwictet al, 2012a). Patients undergoing bariatric surgeryiocoa to
receive various therapeutic drugs without dosestjants for altered bioavailability
which can potentially lead to no therapeutic effarchigher than required systemic
exposure. There are a very limited number of sithat have investigated oral drug

exposure post bariatric surgery (Malone and Algerydt, 2005; Darwiclet al, 2012a).

The direction and magnitude of impact qpFollowing surgery may depend on the
characteristics and invasiveness of the surgicadgature, where the extent of the small
intestinal bypass may influence the fraction ofedabsorbed through the gut wal) (f
(Skottheimet al, 2009; Skottheinet al, 2010). Bypassing regions highly abundant in
drug metabolising enzymes can affect the fractiombsorbed drug escaping gut wall
metabolism (E) (Darwichet al, 2012b). F, the fraction that escapes hepatic first-pass
metabolism, may be assumed to remain unalterecdafeoul.1) (Jamest al, 2009b;
Ghobadiet al, 2011; Darwiclet al, 2012a).

Foral = fa |:':G |:FH

Equation 1.1: Components of Foral.

A level of uncertainty remains regarding the srira#stinal transit (SIT) post surgery
where a reduction in motility has been observdakiaivell powered clinical studies of
small intestinal transit in man are lacking (Pelieiget al, 1986; Suzuket al, 2005;
Darwichet al, 2012b).
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The post surgical physiology is further complicalgthe possibility of small intestinal
trauma or adaptation, where an enhanced permegathilé to impairment of the mucosa
or long-term villi elongation has been observedinBPD-DS models (Gaggiott al,
1995; Mendieta-Zeromt al, 2011). Alterations in levels of gastric hormones
(including: peptide YY, ghrelin and Glucagon-Like®ide 1) may lead to
redistribution of intestinal blood flow to the subowsa, as observed in dog models.
Post surgical hormonal levels have been observedriodepending on the bariatric
surgical procedure (Savageéal, 1987; Buell and Harding, 1989; Suzekial, 2005;
Garcia-Fuentest al, 2008).

Due to these multi-factorial changes, physiolodyebbsed pharmacokinetic (PBPK)
modelling enables one to prediatsilico, the effects of various bariatric surgeries in a
morbidly obese population (Darwiet al, 2012b). The Advanced Dissolution
Absorption and Metabolism (ADAM) model describes tfariability inFq4 through a
physiologically-based seven segment model of thalsntestine, including:
duodenum, jejunum | and Il, and ileum I-IV. The rebdescribes drug release from
formulation, dissolution, precipitation, degradatiabsorption, active transport and
metabolism as the drug transits through the smadktine, allowing the incorporation
of saturation effects and population variabilitheTADAM model has been well
described and utilised in previous literature (Jaghal, 2009b).

In our previous work, a virtual ‘post bariatric gary’ population was created utilising
the ADAM model within a PBPK system containing @dweristics of a morbidly obese
population. Developed models for RYGB, BPD-DS ailidcluded specific
anatomical and physiological parameters that deeea following surgery, namely:
Gastric capacity and fluid dynamics, gastric emqyime, small intestinal bypass, Gl
pH, bile flow and alterations to regional abundaotdrug metabolising enzymes.(g.
CYP3A) and efflux transporter P-glycoprotein. Thedul further incorporated whole
body physiological changes, such as post surgécaivery of renal function as a

function of weight loss (Darwicét al, 2012b).
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Simulations predicted change in oral bioavailapitif various drugs pre to post
bariatric surgery revealing the magnitude and timacof the effect to be surgery
dependent, due to altered Gl system parametersnfinenced by a complex interplay
between drug characteristics, including: solubilggrmeability, dissolution, gut wall
metabolism and dose level. However, no comparisdarshas been made between the

results of these simulations and existing clindztia (Darwictet al, 2012b).

In the current study, we report on the evaluatibpreviously developed post bariatric
surgery models by comparing the observed versugbeel impact of bariatric surgery

on oral exposure of cyclosporine and atorvastatic asing virtual simulations.

4.3 Methods

4.3.1 Bariatric surgery model
Sex, age, height and weight matched simulationge warried out corresponding to
identified clinical studies (Marterret al, 1996; Chenhsat al, 2003; Skottheinet al,
2009; Skottheinet al, 2010) utilising the ADAM model coupled to a fRBPK
distribution model, incorporated into the Sim&®imulator (Simcyp Ltd., Sheffield,
UK) (Equation 4.1, Equation 4.2 and Equation 4J@)nfeiet al, 2009a; Jamest al,
2009b). Detailed specification for the demographied physiological parameters of the
morbidly obese population have been published ptesly. Similarly, surgical changes
to the anatomy and physiology of gastrointestiradttfollowing bariatric surgeries,
including: RYGB, BPD-DS and JIB, are defined ineailier publication. Study

population specific surgical alterations are sumseakin (Table 4.1).

Height= CO+Cl[Age+ C2[Ag€

Equation 4.1: Height equation.

Welg ht: e(CO+C1EIHeight)

Equation 4.2: Weight equation.
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BSA: Welg hWeighmxmnent |:|H elg hf—leightexponent

Equation 4.3: Body surface area equation.

Table 4.1. Summary of alterations to population template ideorto mimic and simulate post surgical

conditions.
Bariatric surgical procedures
Parameters JiB RYGB BPD-DS References
Gastric emptying: 24" 7 24" 1gggor|f|)W(ijt§ et T\
F— : . . . ; Hedbergt al,
Liquids (minutes) CV: 38% CV: 45% CV: 38% 2011a: Darwimt
al., 2012b)
Gastric capacity (mL) 250" 30 150 (Wittgrove and
Clark, 2000;
Darwichet al,
2012b)
QsecStomach (L/h 0.10¢ 0.05¢ 0.29¢
Initial volume of 50 9.9 32.6
stomach fluid (mL)
Gastric pt 1.5* 6.5 1.5° (Smithet al, 1993;
Behrnset al, 1994;
Hedberget al,
2011b; Darwichet
al., 2012b)
Small intestinal bypas  Retaining the 100 cm Retaining 2.5 cm ¢ (Wittgrove and
(centimeters and/or  duodenum, 20%  (duodenum  duodenum and 25¢ ~Clark, 2000;
. L. . Darwichet al,
segments) of jejunum and and jejunum cm of the distal 2012b)
23% of ileum e ileum®
Iv.2
Bile exclusion Not applicabl 110 cm 252 cm
(centimeters and (jej I — ileum (stomach — (stomach —ileum
segments) 1)) jejunum 1) 1)
CYP3A4 abundanc 32.2 48.3 12.6°
(nmol/total gut) CV: 60% CV: 60% CV: 38%
CYP3AS5 abundance 12.1 18.0 10.°°
(mmol/total gut) CV: 60% CV: 60% CV: 38%
Mean small intestine 04 3.C 1.2
transit time (hours) — a=0.5 a=2.6 a=13
Scenario 1 p=0.4 p=3.7 p=1.9
Mean small intestine 0.7 5.C 4.2 1ggzlleézriniet ?l-,l
transit time (hours) — 0=0.6 0=4.0 0=3.7 1087 33;3%; :I:
Scenario 2 p=04 p=53 p=5.0 2005; Darwichet al,
2012b)
Renal equatic MDRD MDRD MDRD {Chagnac, 2003

#78; Darwich, 2012
#521; Navarro-Diaz,
2006 #79; Saliba,
2010 #76; Serra,
2006 #80
(6, 37-40)

JiB=Jejunoileal bypass, RYGB=Roux-en-Y gastric lsgp@PD-DS=Biliopancreatic diversion with
duodenal switch. Q=Secretion flow.

AUnaltered parameter as compared to morbidly obeseals.

BSetting human effective permeability.gPof compounds close to zero in bypassed segments.
CAltering small intestinal parameters in the ADAM deb to conform to remaining segments.
PBased on intestinal biopsy in the study populagith).
EDerived based on a pre to post surgical peptiddex¥l of 413% utilising linear relation between
peptide YY and small intestinal transit time asorégd by Savage, and co-workers (16, 18).

a & B = Weibull scaling factors utilising assuming aisace of 1.8h.
MDRD=Modification of Diet Renal Disease equation.
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Cyclosporine
The cyclosporine compound file, available in the&jp® Simulator compound library,
was adapted to account for formulation propert@sesponding to Sandimmuhe
solution and SandimmufiNeoraf’ microemulsion (Novartis), using an aqueous
solubility of 0.01 mg/mL and particle sizes of 3;#8 and 0.03um respectively, further
allowing Neoraf to supersaturate freely without precipitationuasisig a linear dose-
concentration relationship (Muellet al, 1994). A full PBPK model was utilised to
describe the cyclosporine distribution, where #&stuplasma partition coefficients
(Kp’s) were obtained from tissue to plasma conegiuns at steady state following

intravenous infusion were obtained from rat (Beegar and Rowland, 1991).

Atorvastatin acid
Physicochemical parameters for atorvastatin acie waken from the publication by
Lennernas (Lennernas, 2003). Metabolic data wetaradad from then vitro study
reported by Jacobsen, and co-workers (Jacobisalh 2000); CYP3A4 was found to be
the main enzyme involved in the formation of the fwvimary metabolites ortho- and
para-hydroxyatorvastatin acid with a minor conttibn from CYP2C8. Intersystem
extrapolation factors (ISEFs), which correct fdfatiences in intrinsic activity per unit
CYP enzyme relative to its native environment wagrplied to the kinetic data for
recombinantly expressed CYP3A4 and CYP2C8, respygtiAcyl glucuronidation of
atorvastatin acid to the lactone and UDPGA-depenaetabolism of atorvastatin acid
mainly via UGT1AL1 to a minor ether glucuronide vedso considered (Prueksaritanont
et al, 2002; Goosert al, 2007). The resultant intrinsic clearance dateeveealed to
whole organ values according to Equation 4.4 angaEgn 4.5 (Howgatet al, 2006).
The uptake of atorvastatin acid has been demoedtmatan OATP1B1-transfected cell
system (HEK293 cells) (Laet al, 2007; Amundseet al, 2010). While thesm vitro
data support the involvement of OATP1BL1 in the liepgptake of atorvastatin acid, it
was found that when used in combination with théatmelic data, the clearance was
significantly under-predictedn order to recover the plasma concentration tinodilp
of atorvastatin acid prior to BPD-DSyal oatpisiandKpmuscieWere re-estimated to
532.4 pmol/min/million cells and 4.0, utilising whited least square Nelder-Mead
minimisation method in the parameter estimatiofbo within the Simcyf§ Simulator
(Skottheimet al, 2010).
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Sensitivity analysis was carried out with regapatential gastrointestinal
physiological parameters subject to potential attens following surgery due to
hormonal alterations, including: small intestimalnsit time, villous blood flow (),
gastric emptying, small intestinal bile concentmtithe enterocyte volume in the
remaining small intestine W), post-surgical abundance of gastrointestinal GXESI

CYP3A) and small intestinal effective permeabil(iB).

Analysis
Simulated data was visually inspected against obsgedata. In addition, the potential
mechanism of changes to oral drug absorption wased through the simulations in
terms of assessing the effects on plasma drug ntmatien time profile, maximum
plasma drug concentration £), time of maximum plasma drug concentratigRudt fa
and k.

4.4 Results
Changes in oral drug bioavailability post bariasicgery were demonstrated for
cyclosporine and atorvastatin acid following Rounx¥ gastric bypass (RYGB),
biliopancreatic diversion with duodenal switch (BBI3) and jejunoileal bypass (JIB)
(Marterreet al, 1996; Chenhsat al, 2003; Skottheinet al, 2009; Skottheinet al,
2010). Sex, age, height and weight matched sinaugtivere carried out based on

corresponding clinical studies utilising post baitasurgery models coupled to a full
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PBPK distribution model into the SimcySimulator. The results from the comparison

of observed versus simulation studies are as fstlow

4.4.1 Cyclosporine

Roux-en-Y gastric bypass
Following RYGB, Marterre and co-workers (Marteeteal, 1996) reported a 194%
increase in the daily dose per kg body weight ém&ly transplant patients (n=3) of
cyclosporine A (CsA) Sandimmufisolution. CsA trough blood levels were monitored
from 6 months prior to RYGB up to 12 months postagieely, using a TDx
immunoassay. The observed reduction in exposumgted an increase in the oral
dose from 1.8 (x0.5) to 3.5 (x1.1) mg/kg/day inertb maintain pre-RYGB CsA
trough levels (Figure 8.1 A-D) (Marteret al, 1996). Due to the reported over
prediction of the TDx immunoassay, observed andiited data were normalised for
trough levels immediately before RYGB surgery, aaded by the time of O months
(Figure 8.1 B and C) (Steimer, 1999).

In an age, sex, and weight matched virtual popaatral drug exposure of
Sandimmun® CsA solution was simulated in 10 randomised tréalssisting of 3
individuals in each trial (n=10-3). Cyclosporinsmayed a reduction in from 0.40 (5-
95% confidence interval [CI95]: 0.24-0.59) to 0(D910-0.32) following RYGB, at a
simulated small intestinal transit (SIT) time 0DI3, whereas &remained unaltered at
0.86 (0.74-0.87). A 194% increase in dose levslilted in a trough level ratio of 0.96
(0.58-1.44) as compared to the pre operative expaauD months. Assuming a post
surgical small intestinal transit time of 5.0h, logporine displayed reduction igtb
0.26 (0.14-0.41), Eremained unaltered. A 194% increase in the dos# fesulted in
an over prediction in post RYGB CsA trough levelgh a simulated post/pre surgical
ratio of 1.45 (0.85-2.19) as compared to pre opera&xposure at 0 months (Figure 8.1
A-D).
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Figure 4.1.Mean and standard deviation of observed cyclospdCsA) TDx trough
levels at steady state pre to post Roux-en-Y gasypass (RYGB) at -6, -3, 0, 3, 6, 9
and 12 months relative to RYGB surgical event (0ths). Time points from -6 to 12
months correspond to dose levels of: 1.7, 1.7,248,2.8, 3.2, 3.5 mg/kg/day
respectively (n patients=3) administered twiceyddlbserved data is compared to
simulated 50, 95 and 5% prediction interval, inthdaby grey area, of cyclosporine
Sandimmun@ trough levels (n patients=10-3), A: Simulated fo¥GB at a small
intestinal transit time (SIT) of 3.0h, B: Log norlisad simulated CsA trough ratio as
compared to 0 months (RYGB SIT=3.0h), C: Simuld@sd trough levels at RYGB
SIT of 5.0h, D: Log normalised simulated CsA trougho as compared to O months
(RYGB SIT=5.0h) (Marterret al, 1996).

Simulations of the theoretical impact of RYGB og #olubilisation enhanced
cyclosporine Neor&lmicroemulsion, at a post surgical SIT of 3.0hdoeed an AUC

ratio of 1.84 (1.26-2.37) at 12 months post surgesrgompared to levels at 0 months
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relative to RYGB surgery. The observed increasarah exposure of Neofawas due
to a 194% dose increase, wheydisplayed an increase from 0.72 (0.47-0.92) t@ 0.8
(0.57-0.94); whereascHncreased from 0.90 (0.81-0.96) to 0.94 (0.90-D.98
(Appendices 8.3).

Jejunoileal bypass
In a case study by Chenhsu, and co-workers (2@3X3),blood levels at 2 hours post
administration at steady state (C2) administeredesaf’ microemulsion in controls
(n=7) and post JIB (n=1), displayed a reduced exfgo&hen comparing the mean C2
concentration over the administered dose rangertiag a reduction in C2 levels of
approximately 59% (Chenhst al, 2003).

Simulating demographically matched morbidly obesatimls (n=10-7) and post JIB
patients (SIT=0.4h; n=10- 1), cyclosporine displagedduction in C2 levels from 452
(153-776) to 357 (103-650) ng/mL at a dose level ofg/kg/day and from 2,528 (388-
6089) to 1,632 (571-2,811) ng/mL, at a dose of f§Zagrday. Simulated levels
corresponded well with the linear regression ofeobsd data as compare to the 5-95%
prediction interval. The simulated reduction inlataig exposure in the post JIB
population as compared to controls was due to actexh in {, from 0.61 (0.35-0.86) to
0.12 (0.04-0.19); whereag Bisplayed a minor reduction from 0.90 (0.79-970 188
(0.75-0.96) at a therapeutic dose of 2 mg/kg/ddya Aose of 12 mg/kg/day a major
reduction in f was observed from 0.34 (0.16-0.53) to 0.08 (0.aABPwhereas &was
reduced from 0.91 (0.81-0.93) to 0.90 (0.80-0.F1)\fre 4.2).
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Figure 4.2.0bserved mean blood concentration of cyclosporiimeaamulsion
(Sandimmun@ Neoraf’, Novartis) at steady state 2 hours post dosiririrols (n =7)
and one patient (n=1) post jejunoileal bypass @@Rpmpared to simulated sex and age
matched controls (n=300) and post JIB (n patier@63@ a small intestinal transit time
of 0.4 hours over dose range of 300 to 1,000 mgravb, 50 and 95% prediction
intervals are indicated by grey areas (Cherdtsal, 2003).

Assuming a SIT of 0.7h post JIB, cyclosporine digpld a less apparent reduction in

C2 levels due to a less apparent reductidg o 0.19 (0.05-0.30) and 0.13 (0.02-0.26)
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at corresponding dose levels of 2 and 12 mg/kgrdagectively. Post JIB (SIT=0.7h),
Fc was altered to 0.89 (0.79-0.96) and 0.92 (0.88)a® a therapeutic dose level of 2
and 12 mg/kg/day respectively (Appendices 8.3).

4.4.2 Atorvastatin

Roux-en-Y gastric bypass
In a clinical trial carried out on 12 morbidly olegsatients, atorvastatin was
administered as an immediate release (IR) tabl20e80 mg in fasted state where
patients were allowed to eat two hours post aditnatien. Plasma concentration
profiles were obtained from 0-8 hours after drumauistration pre and three to six
weeks post RYGB. The pre to post surgical trenor&l exposure displayed a high
variability where the overall reported trend digeld a median post/pre surgery AUC
ratio of 1.12 (range: 0.34-2.33), albeit beingistatally insignificant (Skottheinet al,
2009).

Virtual simulations for oral drug exposure of atastatin acid pre to post RYGB were
conducted in 10 randomised trials, each consigtiri® age, sex and BMI matched
individuals (n=10-12). Assuming a reduction in dnmdestinal transit as function of the
small intestinal bypass (SIT=3.0h), resulted irogerall increase in AUC with a
simulated median post/pre surgical AUC ratio of31 dapturing 100% of observed data
within the simulated 95% prediction interval of D-2.80(Figure 4.3). Alternatively,

with an increase in small intestinal transit tints{pRYGB (SIT=5.0h), atorvastatin acid

displayed a median post/pre surgical AUC ratio.dP1(0.34-4.91) (Appendices 8.3).
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Figure 4.3.Simulated 50, 95 and 5% prediction interval (iadkcl by grey areas) of
oral drug exposure of atorvastatin acid in randenhisials of age, sex, dose and BMI
(Body Mass Index) matched patients pre to post RuX gastric bypass surgery
(small intestinal transit=3.0h) as compared to oletdata A-J: Ten randomised
simulated trials consisting of 10 individuals irckarial (n individuals=10-12), as
compared to observed (n=12; (Skottheimet al, 2009).

Simulated increase in exposure of atorvastatiofolg RYGB (SIT=3.0h) was due to
a reduction inffrom 0.58 (0.33-0.77) to 0.54 (0.29-0.74) courttzd by an increase

in Fg from 0.69 (0.48-0.86) to 0.73 (0.53-0.88) (Figdrd). Assuming a reduced small
intestinal motility (RYGB SIT=5.0h), the more appat increase in AUC was the result

of an extensive increase i f
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Figure 4.4.Simulated 50, 95% and 5% prediction intervalsheftatio of A: fraction of
dose absorbed in the intesting,(&nd B: fraction escaping gut wall metabolisrg)(F
atorvastatin acid pre to post Roux-en-Y gastricasgosurgery (small intestinal
transit=3.0h) in ten individually simulated randeeq trials (1-10) consisting of ten
individuals in each pre and post surgery (n indiaid=10- 10) (Skottheiret al, 2009).

Biliopancreatic diversion with duodenal switch
Atorvastatin IR tablet 20-80 mg administered in fh&ted state, allowing feeding at 2
hours, displayed a significant increase in orabdexposure following BPD-DS in 10
morbidly obese patients, with an observed mean A&i© of 2.0 (+1.0) and observed
increase in the G from 20.0 ng/mL (£24.9) to 28.0 (£22.5), whereas increased
from 1.2h (x0.8) to 2.3h (£1.0) post BPD-DS (Sketthet al, 2010).

Predicted plasma concentration-time profiles ofwatstatin acid were consistent with
observed data prior to surgery in a morbidly ohmsgulation (Appendices 8.3).
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However, simulated plasma concentration-time pesfibllowing BPD-DS (SIT=1.2h)
were unable to capture the observed increase ilarg exposure. The predicted AUC
ratio of 0.90 (0.16-2.24), was lower than expedcted to a reduction in, from 0.61
(0.34-0.79) to 0.39 (0.06-0.72) which was countex@dy an increase insFfrom 0.69
(0.59-0.79) to 0.72 (0.63-0.81)mé&x displayed a minor increase, with a post/pre BPD-
DS Gnax ratio of 1.32 (0.31-2.38), whereasg,tdisplayed a post/pre BPD-DS ratio of
0.62 (0.31-1.00). The simulated pre to post BPDal&ations in AUC, Gaxand tax

correspond to the central points of Figure 4.5An8 C respectively.

Sensitivity analysis was performed to assess tipaainof potential physiological
alterations post surgery on the plasma exposuaoo¥astatin acid, including the
impact of: SIT, gastric emptying time, bile congatibn in the terminal ileum, small
intestinal enterocyte volume £), gastrointestinal CYP3A content (GI CYP3A) and
small intestinal permeability {B). The AUC was insensitive to changes in the post
surgical bile concentration and,¥ Following BPD-DS (SIT=1.2h) a five-fold increase
in Pet led to a post/pre surgical AUC ratio of 1.93 (0%83), whereas G displayed a
post/pre surgical ratio of 4.36 (1.23-9.68). A fiedd increase in @ resulted in a
minor increase in AUC with a simulated post/pre ABED-DS ratio of 1.24 (0.22-
3.24) and a g ratio of 1.86 (0.47-4.19). A reduction in Gl CYP®&# 5-fold, gave a
post/pre BPD-DS AUC ratio of 1.13 (0.19-3.06) (Fe4.5).

Pre to post BPD-DS (SIT=4.2h) displayed an AUCorafi1.71 (0.74-5.79), fax ratio

of 1.56 (0.69-3.39) and a4 ratio of 0.87 (0.51-1.31). In the sensitivity aysaé a two-
fold increase in @ resulted in a post/pre surgery AUC ratio of 2.0B6-6.96) and a
Cmax ratio of 1.91 (0.84-4.22), whereag,tremained unaltered. A two-fold increase in
Pest displayed a post/pre BPD-DS AUC ratio of 2.11 (88291), a Gax ratio of 2.64
(1.17-5.66) and a minor reduction pxt A two-fold reduction in GI CYP3A gave a
post/pre surgery AUC ratio of 1.99 (0.83-6.76), véd@s G,ax Saw a minor increase,
displaying an AUC ratio of 1.80 (0.79-4.00). Gastmptying had the most apparent
impact on tax Where a five-fold increase resulted in a postBiP®-DS ratio of 1.78
(1.11-2.58) (Figure 4.5).
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Post BPD-DS (small intestinal transit: 1.2h)
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Figure 4.5. Spider plot of sensitivity analysis of simulateasfipre biliopancreatic
diversion with duodenal switch (BPD-DS) at a snratstinal transit time (SIT) of 1.2h
A: AUCo.g, B: Ghaxand C: tax ratio, BPD-DS (SI1T=4.2h) D: AU&s, E: Graxand F:
tmax ratio, examining the impact of the fold changglysiological parameters: gastric
emptying, ileal bile concentration (bile conc.)Jotis blood flow (Qii ), enterocytic
volume (MVeny in the remaining post surgical small intestinestBPD-DS
gastrointestinal CYP3A content, small intestinainpeability (Ry), as compared to

mean observed ratio pre to post BPD-DS.

4.5 Discussion

4.5.1 Cyclosporine
The immunosuppressant cyclosporine (molecular welig2.61 g/mol) displays poor
aqueous solubility and a relatively low permeaypititie to its lipophilic and bulky
character making the compound dependent on bileateedsolubility to facilitate
absorption (Venkataramananhal, 1985; Mehteet al, 1988). The drug is mainly
metabolised by CYP3A4 in the intestine and lived &nsubject to P-glycoprotein
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efflux (Lown et al, 1997; Wojcikowskiet al, 2003). The oral bioavailability displays a
high interindividual variability, ranging from 5-88for Sandimmurigformulation,
whereas Neor&ldisplays improved absorption properties and ahmeoavailability of
21-73% (Painet al, 2000).

The simulated underprediction of SandimmufA®x trough levels prior to RYGB
surgery was expected and is most likely due tauttspecificity of the immunoassay
displaying a high cross-reactivity between the pacempound and metabolites
resulting in a significantly higher variability the trough levels as compared to peak
concentrations (Marterret al, 1996; Steimer, 1999).

Normalising simulated cyclosporine trough levelpte RYGB levels produced a
reduction in exposure comparable to observed &atdher, a simulated 194% increase
in Sandimmun@ dose levels recovered pre surgical trough levelstated in the

publication (Marterreet al, 1996).

In the simulation study of cyclosporine NeGraticroemulsion pre to post JIB,
observed data of the control population was wedcdbed within the 95% prediction
interval of the simulated data; whereas the obskex@osure post JIB was well
described within the 95% prediction interval of alated data assuming a reduction in
small intestinal transit time equivalent to the agp (SIT=0.4h). An alternative ‘what-
if scenario simulating a longer transit time (SOC#h) over predicted the observed
mean blood concentration post JIB as reported l®n8$u, and co-workers (Figure
4.2). The overprediction could suggest small im@simotility to remain unaltered
following JIB or be a result of a small post suadistudy population (n=1), displaying a
low study power, albeit the simulated magnitudeealuction in C2 levels post JIB
(SIT=0.4h) closely matched the estimated redudaharyclosporine exposure following
JIB in another case study where a patient was sutgje surgical reversal of the
procedure. The reversed JIB produced an observ@&df@d increase in exposure in the
case study (Knighet al, 1988; Chenhsat al, 2003).

The simulated discrepancy in oral drug exposur@asfdimmun® and Neordl pre to
post RYGB, where bariatric surgery had the higkésict on the oral bioavailability of

Sandimmun&, highlights the importance of formulation charaistics and its impact
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on oral drug bioavailability pre to post bariatsiergery. The choice of a solubilised
biopharmaceutical formulation such as a self-memuilsifying drug delivery system,
solution or dispersible tablet may be considered fast hand choice for patients
undergoing bariatric surgery and are treated witlitéd solubility drugs with a narrow
therapeutic index. This suggestion supports easliservations in clinical practice,
where alterations in pharmacotherapy post bariatngery aim at switching to

formulations displaying improved dissolution prajes (Darwichet al, 2012a).

Atorvastatin
The HMG-CoA reductase inhibitor atorvastatin, whisladministered in the acid form,
displays a high solubility and permeability. Thermgmund is extensively metabolised in
the small intestine and liver, namely by CYP3A4 &isb via the UGT1A1l and
UGT1AS route. Atorvastatin acid and the lactongabelite are also subject to inter-
conversion by the UGTs and another minor chemiatiiyay. Atorvastatin acid is a
substrate of P-glycoprotein efflux and OATP1B1 nagelil active hepatic uptake
(Lennernas, 2003).

Trends in simulated oral drug exposure of atoriastae to post RYGB were
consistent with observed data, where simulatedisr@mt, and ks suggested that an
interplay between reduced absorption area and bygfaggions highly abundant in
CYP3A is of high importance when considering therall effect on oral
bioavailability. Simulated RYGB (SIT=3.0h) product closest agreement with
observed data of atorvastatin exposure following3BY again suggesting a reduction
in small intestinal transit time to be the moselikconsequence of surgery (Skottheim
et al, 2009).

The inability to recover the observed 2-fold inaean atorvastatin AUC pre to post
BPD-DS at a simulated SIT of 1.2h, may suggesttawidil post surgical physiological
parameters to be governing the trend in oral diaguailability post BPD-DS. The
exploratory sensitivity analysis identified a numbé&potential parameters leading to a
comparable increase in oral drug exposure presoBRBD-DS. An increase in small
intestinal transit following BPD-DS, corresponditagthe linear regression relationship
between mouth to caecum transit time and plasmedef peptide YY, resulted in an

AUC ratio of 1.71 (0.74-5.79). Further, a simulate®-fold increase in & and Qji, or
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a two-fold reduction in the gastrointestinal cont@inCYP3A post BPD-DS (SIT=4.2h)
recovered the observed AUC of atorvastatin. Theaewing under prediction ofx
following surgery may be explained by an alteredtpandial response causing a

delayed absorption.

These findings suggest that additional physioldgie@ameters, such as impairment in
permeability or redistribution of intestinal bloidw, may play an important role in
governing trends in oral drug exposure pre to imatety post BPD-DS. The results
highlight the surgery specific trends observed pasiatric surgery due to the intricate
interplay between fluid dynamics, absorption atemsporters, metabolism and

gastrointestinal physiology.

Current limitations in simulating the impact of bdaug bioavailability following
bariatric surgery include the lack of clinical gmust surgical physiological data.
Nonetheless, the models integrate all availablev@dge on changes known to occur
in the Gl tract following bariatric surgery and cassist with dosage recommendation

when there is an absence of clinical observations.

4.6 Conclusions
In this work we demonstrated the potential of agibipgically-based pharmacokinetic
modelling and simulation to predict oral drug bia#ability post bariatric surgery by
evaluating earlier developed models using obsedeta for cyclosporine and
atorvastatin. Trends in oral drug exposure of astatin and cyclosporine were
predicted well within the 95% prediction intervallbwing Roux-en-Y gastric bypass
utilising the previously developed model at a srma#stinal transit time of 3.0 hours.
The results suggest a reduction in small intestiaalsit time to be the most likely
scenario following RYGB. The observed increasetimeaastatin exposure following
biliopancreatic diversion with a duodenal switchilconot be captured utilising the

developed BPD-DS model incorporating all known pblggjical alterations.

A mechanistic PBPK modelling approach has the piateto serve as a tool in

examining the impact of physiological alteratiomsaral drug bioavailability in the
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absence of clinical data. The demonstrated appnoaghallow a framework for

optimisation of oral drug therapy post bariatricgaury.
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4.9 Study highlights

4.9.1 What is the current knowledge?
Patients undergoing bariatric surgery receive wariherapeutic drugs. A limited
number of studies have investigated oral drug exogostoperatively. Bariatric
surgery models were previously developed usinghAbAM model within the PBPK

simulator, Simcyp.

4.9.2 What question this study addressed?
We report on the evaluation of previously developadatric surgery PBPK models by
comparing observed vs. predicted impact of surgargral exposure of cyclosporine

and atorvastatin.

4.9.3 What this study adds to our knowledge

Trends in oral exposure of atorvastatin and cydadsp were well predicted following
RYGB. Observed increase in atorvastatin exposulewmg BPD-DS could not be

captured using the current model.
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4.9.4 How this might change clinical pharmacology and

therapeutics
The potential of a PBPK modelling approach was dstrated, allowing a framework
for optimizing oral drug therapy post-bariatric geny. Developed models integrated
available knowledge on physiological changes. Thdyshighlights areas of further
research, where models are not predictive dueettattk of information on systems

parameters.
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Chapter 5: Assessing the turnover of the intestinagpithelia in

pre-clinical species and humans
A.S. Darwich, U. Aslam, D.M. Ashcroft, A. RostamHjegan

In preparation

5.1 Abstract
Due to the rapid turnover of the small intestinatteelia, the rate at which enterocyte
renewal occurs plays an important role in detemgrihe level drug-metabolising
enzymes in the gut wall. Current physiologicallyséd pharmacokinetic (PBPK)
models consider enzyme and enterocyte recoveryuased first-order rate. An
assessment of the enterocyte turnover would allmyrae and enterocyte renewal to be
modelled more mechanistically. A comprehensiveditere search together with
statistical analysis was employed in order to disfalthe enterocyte turnover (or
lifespan) in human and pre-clinical species. Altoféb4 studies were identified
reporting enterocyte turnover in 98@bjects irsix species (mouse, rat, guinea pig,
hamster, pig and human). In the mouse, the weigtdethined geometric mean (WX)
enterocyte turnover was 2.78 (x1.06, n=113) dayshé rat, the weighted arithmetic
mean enterocyte turnover was determined to beda@4 (n=287). Combined human
enterocyte turnover data (n=265) exhibited a WXawer of 3.48 (+1.55) days for the
gastrointestinal epithelia, thus displaying compbaaurnover to that of Cytochrome
P450 enzymes as determiriaditro (0.96-4.33 days). Statistical analysis indicateat t
humans display a longer enterocyte turnover timeoagpared to pre-clinical species.
Human data was too sparse to support regionaldiftes in small intestinal enterocyte
turnover despite being indicated in mouse. Thésatibn of enterocyte turnover data,
together within vitro enzyme turnover, in PBPK modelling may be of daaise in
improving predictions of drug-drug interactions ayatrointestinal metabolism in

special populations where enterocyte turnover neagltered.
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5.2 Introduction
Physiologically-based pharmacokinetic (PBPK) moaélsral drug absorption and gut-
wall metabolism may be implemented at a varyingee@f complexity from simple
first-order rate of absorption into the enterocytemore sophisticated segmented
models of the intestinal tract, such as the adwdoenpartmental absorption and
transit (ACAT) model, advanced dissolution absamtnd metabolism (ADAM)
model and the segregated flow model (SFM); allowiregincorporation of segmentally
segregated blood flows and regional variationseimyeability, mucosal volumes and
metabolic capacity (Agoramt al, 2001; Pang, 2003; Darwiat al, 2010). PBPK
modelling of the oral component of drug bioavail&pallows the estimation of the
gut-wall extraction and further implementation tw@ammodate mechanistic prediction
of drug-drug interactions (DDIs) in the small irttas, including: Reversible inhibition,
mechanism-based inhibition (MBI) and enzyme induc{iFahmiet al, 2009; Rowland
Yeoet al, 2010).

Furthermore, the utilisation of PBPK modelling amchulation of oral drug absorption
processes enables the extrapolation of gastromasirug disposition to special
disease populations allowing the investigation elfiggase interactions where the
metabolic capacity may be altered, such as positharsurgery or untreated coeliac
disease (Johnsaet al, 2001; Darwichet al, 2012; Darwichet al, 2013).

Dynamic modelling of intestinal metabolism requike®wledge of the level of enzyme
in the gut-wall where the amount of active enzymsteady state is a product of rate of
synthesis and degradation, a process generallyedfto as turnover. Enzyme turnover
plays an important role in the pharmacokinetic oote and model-based prediction of
MBIs and enzyme induction in the small intestinbgve the reliance upon small
intestinal enzyme turnover becomes especially appdor drugs exhibiting high small
intestinal metabolism and for substrates of cytoote P450 (CYP) 3A, being the most
abundant enzyme in the gut (Yaegal, 2008).

Current PBPK models do not account for the nesiinrgnzyme turnover and enterocyte

turnover and instead utilises a lumped first-ol®yme turnover rate informed via

indirect measures, such as clinical MBI studiedmting for the nesting of enzyme

turnover within the enterocytes may provide a frevok for improved predictions of
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mechanism-based inhibition, enzyme induction, gretsl subpopulations where the
turnover may potentially be altered. The utilisataf enterocyte turnover does however
require the data to inform such parameters. Whaneeresearch has characterised the
indirect andn vitro enzyme turnover utilising meta-analysis no sim@fiorts have

been made to establish enterocyte turnover (édrad, 2008).

Physiologically, the enterocytes are produced tiinozell division of progenitor stem
cells in the crypt at the base of the villi in théestinal tissue. These progenitor cells are
subject to proliferation into enterocytes and oflnectional cells through cell division.
Mature enterocytes will migrate up the crypt-vikkoaxis where the turnover will be
governed by apoptosis and shedding into the guetuat the tip of the villi. The time
from enterocyte generation to shedding will occithin days after proliferation

(Wilson and Potten, 2004; Malagt al, 2011).

The aim of the current study was to assess theaayte turnover in pre-clinical species
and human and to identify the most commonly utilisgethods for determining

enterocyte turnover.

5.3 Methods
A comprehensive literature search was performextder to identify published data on
direct determination of full small intestinal (dweodim, jejunum and ileum) enterocyte
turnover, lifespan, cell cycle or migration ratenigalthy adults in preclinical species
(including: rat, mouse, pig, dog, guinea pig, ralid hamster) as well as methods
utilised to determine the turnover, using PubMe2b@2013). For human data the
literature was extended to include gastric, col@md rectal epithelial cells and patient
populations due to the sparsity of data. Additis@lrces were identified through

publication citations for all species.

Collated data was analysed using descriptive stajsalculating weighted arithmetic
means (WX) utilising reported means) @nd sample size jrof individual studies
(Equation 5.1). Studies reporting mean data onlgreim was not clearly stated were
penalised assuming a 1; whereas for studies where the mean and studaiation

were reported without clearly statingwere assigned; & 3. The combined standard
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deviation (overall SD) was obtained through caltotathe total sum of squares
(overall SS) (Equation 5.2 and Equation 5.3). Wtieta allowed, the geometric mean
(GM) and geometric standard deviation (GSD) ofdéhterocyte turnover were
calculated by calculating (INSD; Equation 5.4 and Equation 5.5), using tqorted
mean and variance and u (InGM; Equation 5.6 andfmu5.7). Statistical analysis
was carried out to test for regional and interspedifferences in enterocyte turnover
using Welch's t testR<0.05) with post-hoc Dunn-Sidak correction in Mafld&R2010a
(Mathworks, Natick, USA) using sample means (X2edin) and standard deviations

(s’) where data allowed (Equation 5.8).

_ Ximin X

n
i=1 T

wx

Equation 5.1.Weighted mean.

n
Overall SS = Z:[(.S'Di2 +X?) +n;] —N-Wx?
i=1

Equation 5.2.Overall sum of squares.

Overall SS
Overall SD = B

Equation 5.3.Overall standard deviation.

variance
o= fin(Zoiance )

Equation 5.4.logarithmic standard deviation.

GSD = e°

Equation 5.5. Geometric standard deviation.
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Equation 5.6.Logarithmic mean.

GM = e#

Equation 5.7. Geometric mean.

Xi—X
po Sz X
st_s3
Ny N,

Equation 5.8.Welch’s t test.

5.4 Results
Overall, a total of 54 studies where identifiedadimg enterocyte turnover in 954
subjects in Gpecies. In a majority of the studies determinatibanterocyte turnover
was carried out using isotope labelling utilisiktythymidine or BrdUrd (81%), the
remainder were carried out using techniques suchitasic arrest methods with
colchine and vincristine, and turnover determinatrobiopsy samples. Underneath
follows an account for some of the most common wgtor determining enterocyte

turnover.

5.4.1 Methods for determining the turnover of enterocytes
Variousin vivoandin vitro methods exist for determining the turnover of the
enterocytes where many of these remain consisteossdifferent tissues. The small
intestinal epithelia differ from other physiologicll lines in the sense that it is a
highly organised tissue allowing the study of ceigjration within the tissue (Wilson
and Potten, 2004).

Isotope labelling methods
The most commonly used method for measuring engegdarnover is the ‘pulse-
chase’ method, where the DNA of a population ofsdsllabelled with an isotopic
nucleoside, such &si-thymidine, or a synthetic isotopic analogue sash

bromodeoxyuridine (BrdUrd). Following administratiof the isotopic nucleotide the
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label will incorporate into the DNA during the shietic phase (S-phase). The cell line
can be monitored post labelling using autoradiolgyaas cells are progressing through
their life cycles, thus allowing quantitative detémation of the time span of these
different phases (Figure 5.1) (Quastler and Sheym@%9; Creamer, 1967; Scragg and
Johnson, 1980).

min

Figure 5.1. Schematic of the phases of the enterocyte celécgbaracterised by: The
time between mitosis and DNA synthesig:($4-140 h), DNA synthesis (S: 7-8 h),
time between DNA synthesis and mitosis:(&-90 min) and mitosis (M: 45-74 min).
Adapted from Scragg and Johnson, 1980 (Scragga@mtsadn, 1980).

With knowledge of the duration of the S-phasg) @nd the labelling index of the cell
population (LI), the turnover of a cell line candeterminedn vitro orin vivo, where
the turnover time (J;) is equal to the ratio (reported as a percentafyéhje Ts and LI
(Equation 5.9 and Figure 5.2) (Scragg and Johrikes).

T
To =77+ 100

Equation 5.9. Determination of turnover time.

Due to the high organisation of the intestinaluesshe turnover of the enterocytes can

be determined by estimating the migration timeedfscfrom the villous-crypt junction
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to the tip of the villous if the height of the wlis is determined. The migration time will
be equal to the enterocyte lifespan and thus tmater of the small intestinal epithelia
(Leblond and Stevens, 1948).

0.75

0.5~

Fraction of labelled mitoses

025

0 5 10 15 20 25
Time (h)
Figure 5.2.Conceptual figure of the fraction of labelled nsi#és against time following
the isotope labelling, indicating the length of theand S-phase ¢k and Ts), thus
allowing the determination of cell turnover timeddpted from Scragg and Johnson
1980 (Scragg and Johnson, 1980).

Mitotic arrest methods
The mitotic arrest methods involve stathmokinegeras (such as: colchine, colcemid,
vinblastine or vincristine) arresting cells in tnetaphase entering mitosis. This will
result in an accumulation of the mitotic figurepwing the determination of the
number of cells in metaphases by histological eration. The mitotic arrest technique
can be useih vitro, orin vivo by administering the blocking agent via intravesiou

intraperitoneal injection (Scragg and Johnson, 1980

Cell production rate can be determined from thati@h between the number of cells in
metaphase against time. The relation can be usestitoate the cell cycle times as the

inverse relation of the rate of cells entering wigq Equation 5.10) (Mf).
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_— 1
T Mg/t
Equation 5.10.Cell production rate.

Additionally, the villous transit time can be detened as a ratio between the villous
population and the cell influx per villous (Equati6.11) (Al-Nafussi and Wright,
1982).

Villous population
Cell influx/villous

Equation 5.11.Enterocyte transit time.

Transit time =

Cytophotometric methods
Cytophotometric methods involve the staining of ¢ké line DNA using dyes, such as
ethidium bromide, which bind specifically to DNAdfluoresce with intensity
proportional to the amount of bound DNA. This alithe distinguishment between
cell cycle states and the proliferative index giopulation, percentage in D G2 and M

phase (Scragg and Johnson, 1980).

5.5 Results
Overall, a total of 53 studies where identifiedagimg enterocyte turnover in 929
subjects in 6 species. In a majority of the studetermination of enterocyte turnover
was carried out with isotope labelling utilisifig-thymidine or BrdUrd (83%), where
other techniques included mitotic arrest methodk wolchine and vincristine, and
turnover determination using biopsy samples. Thearue of the data analysis of

enterocyte turnover follows below.

5.5.1 Enterocyte turnover in pre-clinical species
The literature search of enterocyte turnover inthgadult subjects of pre-clinical
species identified a total of 36 studies, consijstihapproximately 664ubjects based

on sample size assumptions given in the Methodfosed¢n the rat, 14 studies
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consisting of 262 subjects were identified, whéeeweighted arithmetic mean full
small intestinal enterocyte turnovese( lifespan) was determined to be 2.01 days.
Values for segmental turnover of the small intedtapithelia were within close
proximity of each other with weighted averages.8912.11 and 1.91 days, in the
duodenum, jejunum and ileum respectively. Estimatesriability were limited to two
radiographic studies of the duodenum and jejunyortang standard deviations of the
mean turnover. The weighted geometric mean andiaterdeviation of these reports
resulted in an enterocyte turnover correspondir®)16(+1.68) days (n rats=14). Due
to the limited reported variance statistical veation of regional differences was
restricted, albeit reported turnover in the duoderfl.20+0.20 days, n=4) and jejunum
(3.95£0.54 days, n=10) displayed a statisticaliysicant difference (P<0.05) (Figure
5.3) (Leblond and Stevens, 1948; Bertalanffy, 19&0an and Althausen, 1960;
Bertalanffy and Lau, 1962; Koldovslegt al, 1966; Altmann and Enesco, 1967;
Shambaugtet al, 1967; Mengeet al, 1982; Holtet al, 1983; Kinget al, 1983;
Cheeseman, 1986; Nsi-Emetval, 1994; Thomsomet al, 1994; Gomes and Alvares,
1998; Macallaret al, 1998; Qiet al, 2009).
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Figure 5.3.Reported means and standard deviations (SD; ald&tand mean only
data (n=248) of small intestinal enterocyte turmameat and the combined weighted
geometric mean and SD (GSD) based on dataset of ar&hSD.

In the mouse, a total of Kiudies consisting of 373 healthy adult mice wdemiified
reporting the enterocyte turnover in the smallstitel epithelia. The weighted
combined geometric mean full enterocyte turnovethe whole small intestine was
2.78 (£1.06 n=113 mice) days. The duodenum, jejunacdhileum displayed an
enterocyte turnover of 2.83 (x1.06, n=40), 2.97.¢51 n=35) and 2.56 (+1.05, n=35)
days respectively. All intestinal segments diffeat@ statistically significant level
using post-hoc analysi®<€0.05) (Figure 5.4) (Leblond and Messier, 1958; k#abnd
Leblond, 1958; Quastler and Sherman, 1959;eft3l, 1961; Lesheet al, 1961; Fryet
al., 1962; Grey, 1968; Merzel and Leblond, 1969; Chemgj Leblond, 1974;
Tsubouchi, 1981; Cheng and Bjerknes, 1983; Setithl, 1984; Thompsoet al, 1990;
Ferrariset al, 1992).
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Figure 5.4.Reported means and standard deviations (SD; n=1de3 and mean only
data (n=260) of small intestinal enterocyte turmramehe mouse and the combined

weighted geometric mean and SD (GSD) based onetatbmean and SD.

5.5.2 Enterocyte turnover in human
The literature search of human enterocyte turndeaéa identified 17 studies, with a
total sample size of n=265, reporting the turnafdriuman gastrointestinal epithelial
cells in the form of mean and standard deviaticr8@), mean only (n=153) and ranges
(n=26). The majority of turnover values were froatanic, rectal (n=157), duodenal
(n=60) and gastric epithelial cells (h=36), wheregsnum and ileum was limited to a
sample size of n=3 and n=9 respectively. A weiglgeadmetric mean turnover of 3.48
(£1.55) days was obtained for the gastrointesepihelia, limiting analysis to data
reporting the mean and standard deviation. Analyfsisdividual gastrointestinal
segments identified a weighted mean turnover d {#2.90, n=3) days for the
duodenum, 2.83 (x1.60, n=30) days for the stomachdal2 (+1.32, n=53) days for the

colorectal region, where the stomach displaye@tsstally faster turnover as
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compared to the colorectal region utilising post-test P<0.05) (Figure 5.5)
(Bertalanffy and Nagy, 1961; Cole and Mc, 1961; deeret al, 1963; Lipkinet al,
1963a; Lipkinet al, 1963b; Macdonaldt al, 1964; Shorteet al, 1964; Shorteet al,
1966; Bellet al, 1967; Lipkin, 1969; Bleibergt al, 1970; Weinstein, 1974, Bleiberg
and Galand, 1976; Wriglet al, 1977; Potteret al, 1992; Pateét al, 1993; Bullenet
al., 2006).
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Figure 5.5.Reported means and standard deviations (SD; nithdils=86), mean only
data (n=153), and ranges (n=26) of human gastsiintd epithelial turnover and the

combined weighted geometric mean and geometricG&ED{ n=86) based on dataset of
mean and SD.
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5.5.3 Summary results on enterocyte turnover
In addition to human, rat and mouse, data on smigitinal enterocyte turnover was
identified for healthy adult rabbits, guinea pigsldamsters, albeit being sparse. The
arithmetic mean enterocyte turnover in rabbit, gaipig and hamster corresponded to
3.40 (n=20 rabbits), 3.38 (n=Not clear) and 1.678jrdays respectively. Statistical
analysis of enterocyte turnover in human, mouseraniientified human and mouse
enterocyte turnover to differ statistically signéntly <0.05) (Figure 5.6) (Cremaschi
et al, 1982; Cremasctlat al, 1984; Smitret al, 1984).
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Figure 5.6.Reported enterocyte turnover in days across spaeieked approximately
according to body weight, in: Human (n individua@§¥, rabbit (n =20), guinea pig
(n=Not clear), rat (n=262), hamster (n=8) and mqusd.31).
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5.6 Discussion and conclusions
Turnover of the gastrointestinal epithelia wasldghed based on large sample size in
rats, mice and human and based on sparse sampédsbits, guinea pig and hamster.
Statistical analysis indicated a shorter enterotyt@over in preclinical species as
compared to human, where the mouse displayed disagrily shorter turnover, albeit
the limitation of data did not allow a conclusiveadysis for the remaining species. It
should further be noted that human data includstrigeand colorectal epithelial

turnover data due to the sparse dataset from th# srestinal region.

Statistical analysis of regional differences inegatyte turnover indicated the ileum to
display the fastest turnover, followed by the duade and ileum in mouse. A similar
trend was indicated in rat although a majorityhef tata lacked variance and could
therefore not be determined statistically. Humaia @@ gastrointestinal epithelial
turnover identified the colorectal cell renewab®slower as compared to the stomach,
whereas data from the small intestinal regions wavesparse in order to observe any
regional differences. Additional indications of i@ggal differences in enterocyte
turnover include observations from neonatal pigerelithe distal small intestine
displayed a slower turnover (10.2+1.5 days, n=85)ampared to the proximal region
(4.7£0.4 days, n=16) (Feet al, 2001). In summary, evidence for regional diffeen

in enterocyte turnover in man is inconclusive whiatuld favour the utilisation of a

single parameter value of 3.48 (+1.55) days foritiestine.

Several factors have been identified to alter tineaver of the enterocytes, and may
therefore account for variability seen in the dadf these factors include the age of the
subjects, where several reports have reported slemterocyte turnover in neonatal or
infant pigs, guinea pigs, rats, mice and hamsteresgmeret al, 1961; Koldovskyet al,
1966; Grey, 1968; Rundell and Lecce, 1972; Al-Nsifand Wright, 1982; Hokt al,
1983; Cremasclet al, 1986; Faret al, 2001; Leapharet al, 2008). In addition, an
altered enterocyte turnover has been reportedsrsubject to numerous environmental
changes and disease states, including: Smalliimasesection, dietary changes,
diabetes and irradiation (Mengéeal, 1982; Mengeet al, 1983; Cheeseman, 1986;
Thomsoret al, 1994). It can therefore be concluded that thereoyte turnover is

highly sensitive to numerous environmental factors.
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The quality of data posed the perhaps most sigmifiimitation in this study, with a
large number of studies only reporting mean datamges of enterocyte turnover, this
was especially true for the human data where lagesitudies tend to be performed in
colorectal cancer patients, this may further infleeethe turnover. A majority of human
data therefore originated from the colorectal aastic region, which should be taken
into consideration when interpreting interspeciégitnces in enterocyte turnover as

reported in this study.

The enterocyte turnover, as determined in thisyarsa(approximately 3.48 days),
suggests the gastrointestinal epithelia to displagmparable rate of renewal to that of
the CYP enzymes as determiniaditro, where Yang, and co-workers, found reported
CYP turnover vary between 0.96 and 4.33 days. mtwidual impact of these two
hierarchically dependent processes on enzyme rectoléowing DDIs is however not
completely straightforward to compare as the ratermover of the enzymes will
follow a first-order rate following mechanism-basetibition whereas the enterocytes
can be assumed to be renewed at a zero-ordersratealy-state levels of the
enterocyte population remain undisrupted followimgibition. Exploring the impact of
nesting enzyme and enterocyte turnover for theigiied of DDIs and MBI may be
considered particularly suitable using a PBPK miaaeind simulation approach (Bell
et al, 1967; Yanget al, 2008; van Leeuweet al, 2009).

This is the most extensive analysis of enteroaytiedver in multiple species, including
human, to the authors’ knowledge. The incorporatibenterocyte turnover data in
PBPK modelling and simulation may be of assistanamproving the predictions of
DDIs where substrates are subject to small intelstiretabolism through the
incorporation of independent enterocyte and enzymrever in the gut wall, thus
allowing a more mechanistic description of the v@ry of enzyme following MBI or
induction or disease states where enzyme or eyterturnover are altered

independently.
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Chapter 6: Development and assessment of a nestetzgme-
within-enterocyte turnover model for mechanism-base

inhibition in the small intestine
A.S. Darwich, D.M. Ashcroft, A. Rostami-Hodjegan

6.1 Abstract

The extent of mechanism-based inhibition (MBI) af wall metabolism depends upon
the degradation and synthesis of drug metabolisimaymes (kgq.en) as well as the
turnover rate of the enterocytegédken). Current models do not consider the hybrid
function determining g en,and instead utilise surrogate markers. Considehag
complexity of the hybrid function would potentiaityprove the prediction of MBIs in
the gut wall.

A 'nested enzyme-within-enterocyte' (NEWE) modeladiding Cytochrome P450
(CYP) 3A4 dynamics in the gut wall was developehgdatia® R2010a

(Mathworks, Natick, USA). A sensitivity analysis svearried out, exploring the impact
of realistic ranges of MBI parameters on the extémtteraction, including: The
maximal rate of enzyme inactivationnfk), unbound inhibitor concentration producing
half of the maximal rate of inactivation (i, the turnover rate of the enterocytes
(Kdeg,en) @and CYP3A4 (Keg.cyp3a-

The conventional modelling approachdje=0 %) led to a higher level of inhibition
of small intestinal CYP3A4 activity following MBlsacompared to the NEWE model.
The lower range of K's or a higher kac: were more likely to be associated with a
higher predicted interaction following MBI when ogithe conventional model as
compared to the NEWE model after single dose abitdr. Following multiple dose, a
low kinact and medium K, produced the highest discrepancy between the todefs.
The NEWE model may partly explain the commonly réga overpredictions of small
intestinal inhibition seen for MBI when utilisinge conventional modelling approach
and may further improve the prediction of modetathigh MBIs. Parameter
estimations of k4 cvyrsabased on clinical studies involving CYP3A4 MBI mag

inaccurate without considering thg.&ent
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6.2 Introduction
Intestinal metabolism plays an important role i tinst-pass of orally administered
drugs. The small intestine has been shown to extiibnparable metabolic capability to
the liver, where cytochrome P450 3A4 (CYP3A4) is thost abundant drug

metabolising enzyme (Thelen and Dressman, 2009).

In physiologically-based pharmacokinetic (PBPK) mitidg of intestinal first-pass,
metabolism is treated as the net intrinsic unbatedrance (Clintc) often occurring
inside a "well-stirred" gut model or thgdmodel, where the flow from the enterocyte
is treated as a hybrid term of permeability antbug blood flow (Yanget al, 2007).
More mechanistic models describing oral drug bidatkdity generally include a series
of intestinal gut wall compartments to accommodiageregional variation in enzyme
abundances and segmental segregated villous Himwd, fexamples of these models
include: The advanced compartmental absorptiortramdit (ACAT) and advanced
dissolution absorption and metabolism (ADAM) mod@goramet al, 2001; Yanget
al., 2007; Jameet al, 2009; Gert2t al, 2011).

Prediction of drug-drug interactions (DDIs), sushn@echanism-based inhibition

(MBI), through the utilisatiomn vitro-in vivo extrapolation (IVIVE) is an essential
application of PBPK modelling and simulation. Imder to predict MBI, PBPK models
rely on a set of inhibitor and systems specifiapagters, where the level of active
enzyme over time in the small intesting={As) will depend upon the unbound inhibitor
concentration in the enterocytesgftieny), its maximal rate of enzyme inactivation
(kinacy @nd the inhibitor concentration that produce$ dithe maximal rate of
inactivation (K ). The level of interaction will further be detemad by the level of
active enzyme at steady state:{Asi,s9 and the effective enzyme degradation rate
(Kdeg,en) (Equation 6.1) (Rowland Yeet al, 2010).

dAcvpg
dt

K. oo (FUE, O
- k _ k D inact Ent Ent
degEnz |]‘Enz— GISS AEnz—GI degEnz K + qum D -

lu

Equation 6.1.Mechanistic model of mechanism-based inhibition.
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The systems parameteffen; a surrogate parameter of the combined turnoverafa
the enterocyte and enzyme, is crucial in determitie timeframe and extent at which
the MBI will occur (Equation 6.2) (Yanet al, 2008).

Rsyn = A:YP— GISS |:kdeg—CYP

Equation 6.2.Enzyme turnover.

Due to the rapid turnover of the gastrointestinddhelium compared to other tissues
the enzyme turnover in the intestine will highlypdad on the enterocyte lifespan
(between 1-7 days in man), as opposed other sellés with metabolic capabilities,
such as the hepatocytes (approximately 200-400idays and mouse) (Malagt al,
2011).

In vivo methods for determiningidg-en,through measuring the recovery time of enzyme
activity following enzyme the MBI are confounded ttne turnover of the enterocytes;

whereasn vitro data of enzyme degradation are sparse (‘¢ard, 2008).

Techniqgues for measuring cell turnover often relytle incorporation of a label into
the intracellular DNA. Non-radioactive labeling tedques where label compounds,
such as bromodeoxyuridine and iododeoxyuridineadrainistered as a single pulse
label together with flow cytometry have enabledeixamination of cell kinetics to a

wider extent bottin vivoandin vitro (Rew and Wilson, 2000).

A reoccurring problem exists in the predictionod imagnitude of mechanism-based
inhibition (MBI) where overestimations of DDIs hakeen reported repeatedly, in
particular for drugs exhibiting high intestinal eadtion. Despite the improved
predictions of DDIs using more mechanistic appreackeveral examples of over-
predictions exist, including fluoxetine and mibefitdObachet al, 2007; Galetiret al,
2008; Fahmet al, 2009; Burtet al, 2012).

A systems pharmacology modelling approach to ng&iizyme-within-enterocyte
turnover would provide a more mechanistic framewforkmodelling the physiological

factors involved in the recovery of enzyme actiatyer time following MBI by taking
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enzyme and enterocyte turnover into account arnsltihg the potential to improve the

predictions of MBI in the gut wall.

The aim was to theoretically examine the nestirgjtdararchy of enterocyte and
CYP3A4 enzyme turnover and its impact on MBIs i@ #imall intestine using a systems
pharmacology approach. This would be carried owtudh the development and
assessment of a nested enzyme-within-enterocytgV@Enodel.

6.3 Materials and Methods
A nested enzyme-within-enterocyte (NEWE) turnovexded describing CYP3A4
activity in the gastrointestinal tract was develbpsing Matlal R2010a combined

with the C programming language.

Realistic parameter estimates and ranges«fk the degradation rate of small
intestinal CYP3A4 (Keg-cvrza, Kinactand Ky, where explored through a simulation
based exploratory sensitivity analysis utilising tteveloped NEWE model. The range
of the explored parameter space @fkyrsawas based on CYP3A4 turnover data
extracted from the review by Yang, and co-work2®7 (Yanget al, 2007). Ranges
of explored Kyact and K values were extracted from the review of MBIs Inoid, and
co-workers, 2005 (Zhoat al, 2005). K, was estimated from the fraction of unbound
drug in the inhibitory assay (fi), this was estimated from drug dependent chemical
descriptors (logP and logD) and microsomal assatepr concentrations ()

obtained from relevant studies. If no informatiegarding G, was given a value of

0.1 mg/mL was assumed (Equation 6.3) (Austial, 2002).

1

fue = C__ [1QUE0aP/D-141 g

Equation 6.3. Estimation of fic.

An additional set of simulations were carried artitlentified geometric mean values
of Kqeg,ent Dased on literature search carried out by Darvdod co-workers, and
Kdeg,cyp3a based omm vitro data, using the NEWE model as compared to thegate

Kdeg.cypaa(Kdeg en=0 HY) (Yanget al, 2008).
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The dose level was determined based on the aveoesgeof the 177 World Health
Organisation (WHO) Model List of Essential Medicn@ drugs=135). Absorption rate
(ka) was based on the average of readily availablerteg k values from published
population pharmacokinetic studies in human fogdrincluded in the f7WHO

model list of Essential Medicines (n drugs=74) (seeplementary material) (WHO,
2011).

The simulated outcome of the sensitivity analysas wxamined by comparing the ratio
of relative activity of CYP3A4 following MBI usinthe NEWE model as compared to
corresponding deg,cyrsausing the conventional modeliken=0 h') up to 240 hours
(Aentn/o,04[%]; Equation 6.4).

_ A\::YP3A4,O—t I(deg Ent-n

AEnt—n /0,0-t —

ACYP3A4,O—t kdegEnt—O

Equation 6.4.Ratio of relative enzyme activity.

6.4 Results
A nested enzyme-within-enterocyte model was deesland utilised to explore the
impact of kieg-entand kieg.cyrsaOn mechanism-based inhibitor specific parametgss k

and K, through sensitivity analysis. The results follogldw.

6.4.1 Model specification
The time dependent amount of active CYP3A4 in thalkintestine (Avpsa-c) as a
consequence of MBI was described in accordancegtation 6.1 where the level of
active enzyme (Avpsa-c)) Will depend on the unbound inhibitor concentratio the
enterocytes (feheleny), its maximal rate of enzyme inactivation{k-cvpza and the
inhibitor concentration that produces half of theximal rate of inactivation (K-
cvyp3a). The level of interaction is further dependentlos level of active enzyme at
steady state (Ap-ci,s9, the effective CYP degradation rat@egkva, which in the

proposed model is a product of enzyme degradatmregEquation 6.5).
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N
Acvea
dAbYP&A—GI — k Z el I:Ek Ekinact—CYPSA |:n:uEnt D Ent}
N deg-CYP

_ =1
— Ndeg-cYP DBbY% A GISS
dt KIu—CYF’GA + qunt D Ent

Equation 6.5.NEWE model (1): Level of active enzyme.

The progression of the enterocyte lifecycle wasdesd utilising a zero order growth
rate (kiegen) €qual to the rate of enterocyte turnoveg:eh) where a lifespan of one was

assumed (Equation 6.6).

1

kdeg,ent = T
tot,ent

Equation 6.6. Definition of enterocyte zero-rate turnover.

The initial starting point of the enterocyte lifaspat time zero was determined by a
pseudorandom generation between zero and one froriicam distribution at the

initially simulated time point (A(@htLitespay (Equation 6.7).

dAEnt Lifespan — A(O)E
nt—

Lifespan
dt P

+k

deg-Ent

Equation 6.7.NEWE model (2): Enterocyte lifespan.

The time dependent turnover of enterocytes was Heoblesing an event algorithm,
where the amount of active CYP3A4 one enterocytg#é.cij) was dependent on its
enterocyte life progression €A Lirespan) INCreasing at a zero order rate equalgtg

An AgneLifespanjequal to one equated cell apoptosis or shedding.efiterocyte was
replaced by a new enterocyte starting at a lifg@ssion of zero and an amount of
CYP3A4 equal to its steady state abundance. Thusrgimg the lifespan of the total
population of enterocytes (h.itespan,y @and consequently the total amount of CYP3A4
in the small intestine (ALifespan,y- It was assumed that the level of CYP3A4 was
immediately restored to steady state levels atwahé he system allowed a scaling of
the resolution of the enterocyte compartment, whesenumber of enterocytes could be

altered based omg.computational time (Equation 6.8 and Figure 6.1).
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Acri-titespant = 0 Acvmsacii = Aeves a aiss if Acni-Litespani =1
AEnt—Lifespani ), Acvmsa-ci i ®) else

Equation 6.8.NEWE model (3): Time to event function.

f(t, AEnt—LifespanN Acvmaain) = {

The developed NEWE model was further coupled taramal PBPK absorption
model, describing the amount of inhibitor as it wadsinistered into the gut lumen
(Arumen), the rate of absorption into the enterocyte¥ ¢kd the rate of elimination via
small intestinal transit ¢k), where the cumulative elimination was equal tdl(the
fraction of administered drug that is absorbedufhothe gut wall) (Equation 6.9 and
Figure 6.1).

dl

% = _AI,Iumen E(ka + ksit)

Equation 6.9.NEWE model (4): Inhibitor concentration in gut lam

The inhibitory concentration in the enterocytgy)was dependent on the volume of the
enterocyte tissue @4, rate of absorption from the small intesting Akiumer) and

further clearance through the villous blood flow;{Qand an unbound inhibitory
clearance (CL qu) dependent on the fraction of unbound inhibitothie enterocytes
(fuguy) (Equation 6.10).

Ien
V Bd_t = AI Jumen |:ka - Ient |leiIIi + CL"%nt,gut |:n:ugut)

ent dt

Equation 6.10.NEWE model (5): Inhibitor concentration in the emfcytes.
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Figure 6.1.Model schematics of the nested enzyme-within-ente¢eomodel, Amount
of inhibitor in the gut lumen (Amer) @nd concentration of inhibitor in the enterocytes
(leny. Indicated rates and blood flows include: absorptate constant kand small
intestinal transit rate ¢, villous blood flow (Qui), portal vein blood flow (Q),
hepatic artery blood flow (), and hepatic blood flow (). Rsyn,entand kieg eniire the
production and degradation rate of the enteroag@ssectively. Rn cypsa kdeg,cyrsa
indicate the synthesis and degradation rate of @¥HRB the small intestine.
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Figure 6.2.Conceptual simulation of an enterocyte (n=1) utitithe proposed model,
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displayingA: Inhibitor concentration in the enterocyte tisdBeRelative activity of
CYP3A4 in the small intestine pza-c) over time following mechanism-based
inhibition, C: Enterocyte life progression and regeneration tivez. Conceptual
simulations of n=1000 enterocytBs Inhibitor concentration in the enterocyte tissue,
E: Acypsa-c following mechanism-based inhibitioR; Distribution of initial starting

points of the enterocyte population life progresgiA(t=0)ent-Litespan-

6.4.2 Exploratory sensitivity analysis - study design
Parameter ranges utilised for the simulation-ba&sgdbratory sensitivity analysis were
based on observed data, where the inhibitor spguafiameters were based on 37
compounds, displaying a geometric meap & 5.15 and a 95% confidence interval
(CI95) of 0.14-119.50 uM, ranging from 0.06 to 16449. Ki,.; displayed a geometric
mean of 7.18 h (CI95: 1.61-34.26, range: 1.02-120). Gastrointestiyeg ent-cyrsaavas
based on data from 13 studies (n samples=121)ingfipm 0.005-0.069 h(Figure
6.3) (Zhouet al, 2005; Yancet al, 2008). Static parametergd&nd dose were set to 1.5
h™ and 200 pmol respectively based on th& WHO model list of Essential Medicines
(n drugs=74; see Appendix 8.5) (WHO, 2011).

193



15 15 15

A B c
. _
= 10 10 10
4]
=
L
3
g s 5 ’
) - Hj T
0 0 |_| 9
2 1 0 1 2 3 4 4 o 1 2 3 =25 2 1.5 -1
Log K. (uM X !
g K,, (M) Logk. (") Lod kogentcvpaas )

Figure 6.3.Observed distribution of the frequency of the rgga inhibitor specific
parameters, including: The concentration that pcedihalf the maximal rate of
inactivation (K. [LM]) maximal rate of inactivation (i [h™]) and turnover rate of
small intestinal CYP3A4 (kg ent.cypaadh™]).

The sensitivity analysis study design includedvsikies of Keq ent(0.083, 0.042, 0.014,
0.007 0.006 and 0.003") six values of jq,cvp3a(0.001, 0.003, 0.007, 0.01, 0.03 and
0.07 hl), five values of K, (0.01, 0.1, 5, 100 and 2000 uM) and three valtigg0: (1,
10 and 150 ) resulting in a total of 630 simulations (Figurd)6
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Figure 6.4.Study design of exploratory simulation assessmeahrally administered
single dose of a mechanism-based inhibitor (po.)Jmntroducing systematic variation
to four parameter levels, including: Life progressrate of enterocytes g ent-1-7),
degradation rate of enterocytic CYP3A4ebcyraa-1-6), (Kiu (1) and (Kact(1-3)
resulting in a total of 630 simulations using aotegon of n=1,000 enterocytes.

6.4.3 Exploratory sensitivity analysis - results
Examining the simulated relative activity of CYP3#the gastrointestinal tract over
24h following MBI relative to the standard modeésario only taking changes to
Kdeg,cyp3ainto account (Rntn/o,0-24n[%0]; Kdeg,enc0 h1), the CYP3A4 activity was either
increased or unaltered using the NEWE model imiarity simulated scenarios.
Considering Antnio,0-2anas a function of deg enrand kieg cypsasthe most extensive
increase in Bvpzaa0-2anWas observed at a maximurgdenand keg.cypzasof 0.08 and
0.07 h' respectively, displaying agfk.n/o,0-24n ranging from 100.0 to 7,295% dependent
on the inhibitor specific parameters, (kand k.ac; Figure 6.5).

Increasing inhibitor specific | generally resulted in a reduction iR 0-24n Where

the increase in relative CYP3A4 activity followiBl varied from 100 to 156.4% at a
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midrange K, (5 pM) and a low kact (1 HY). A reduction in K, to 0.1 pM led to an
increase in relative CYP3A4 activity, wherepfno,0-2anvaried between 100 and
1,063.6%. Discrepancies in CYP3A4 activity betwdentwo models were less

sensitive to alterations inydg eniand kieg cyrsaat a K, of 2000 pM, displaying Auno,o-
24n between 100-100.3% (Figure 6.5).
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Figure 6.5.Simulated relative activity of CYP3A4 in the gagttestinal tract over 24h
following mechanism-based inhibition relative te ttandard model scenario only
taking changes to CYP3A4 degradation ratgy(kvrz4 into account (enterocyte
degradation rate [kq en]=0 h, Acvp3aaa,0-24nKdeg Ent-nio[%0]) in relation to 'ﬂeg,CYP3A(h_1)
and keg ento(h™), varying the maximal rate of enzyme inactivatiligac: [h™]) and the
inhibitor concentration that produces half of theximal rate of inactivation (K [LM])
A: K;,=0.01 pM and kac=1 h*, B: K;,=0.01 uM and k=150 h', C: K, ,=5 uM and
kinac=1 b, D: K; =5 pM and kac=150 R, E: K;,=2000 pM and ka.=1h*, andF:
K1,,=2000 pM and Ka=150 K.
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An increase in kac: generally lead to an increase fno,o0-2an At @ high kact (150 hl)
the increase in Awno,0-24nbE€CAME More apparent, resulting in an increadeirelative
CYP3A4 activity from 100.0 to 7,295% at a low,K0.1 pM), whereas é\i-n/o,0-24n
ranged between 100 and 169% at a high(R000 uM) (Figure 6.5).

Examining the simulated relative activity of CYP3#the gastrointestinal tract over
240 h following MBI as compared to impact of MBI 8@yp3as USing the conventional
model predictions, An-nio,0-24n resulted in a less pronounced sensitivity toratiens in
Kdeg,entand kieg cypzas@s compared to the activity up to 24h, displaynmaximum
simulated Auni-no,0-24n0f 903% following MBI up to 240h at a;Kof 0.01 uM, kact 150
™%, Kaeg,entOf 0.003 R and kieg.cvpaaof 0.001 H- (Figure 6.6).

Considering the activity of small intestinal CYP3#following MBI, relative to activity
at a kieg entof zero, as a function of land keg.cyrzaand varying leg ent@nd Knac, Aent-
ni0.0-24ndisplayed an apparent non-linear relationshipélower range of K/'s and a
low to medium kact (1-10 KY). Further, the An.nioo-24nin general displayed lower
sensitivity to K, at a high keg.cvpsa Aentnio,0-2anvaried from 100 to 1,064% at a high
Kdeg ent(0.083 '), whereas a lowdsg £nt(0.006 i), resulted in a lower sensitivity to
Ky With a Agninio 0-24nranging from 101 to 7295% (Figure 6.7 A, B, DGand H).

At a high Knact (150 HY) Agnenioo-24ndisplayed a more linear relation to Kvith a less
apparent sensitivity to 5 at a high keg.cvraa Aentnio,o-2andisplayed less sensitivity to
Kdeg,cypzaand K, at a high keg ent(0.083 ﬁl) ranging from 103 to 903% at a loWel{ent
(0.006 K") and 100 to 382% at a highekent(0.083 ") (Figure 6.7 C, F and I).
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Figure 6.6. Simulated activity of CYP3A4 in the gastrointesatitract over 240h
following mechanism-based inhibition relative te ttandard model scenario only
taking changes to CYP3A4 degradation ratgy(kvrz4 into account (enterocyte
degradation rate [y ed=0 h™; Agnt.ni0,0-24n[%]) in relation to keg.cvpaa(h™) and kg ent
(h™), varying the maximal rate of enzyme inactivat{gna.:[h™]) and the inhibitor
concentration that produces half of the maximad ddtinactivation (K, [LM]) A:
K;,=0.01 uM and ka=1 h*, B: K;,=0.01 pM and ka.=150 K*, C: K;,=5 uM and
kinac=1 HY, D: K; =5 UM and kac=150 K, E: K;,=2000 pM and ka.=1h*, andF:
K1,,=2000 pM and k=150 H".
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Figure 6.7.Simulated activity of CYP3A4 in the gastrointeatitract over 24h
following mechanism-based inhibition relative te tandard model scenario only
taking changes to CYP3A4 degradation ratgy(kvrz4 into account (enterocyte
degradation rate [kg eq]=0 b Agntnio,0-240%]) in relation to K (the inhibitor
concentration that produces half of the maximad citinactivation [LM]) and dgg.cyraa
(h'l), varying kieg entand kact (maximal rate of enzyme inactivatioft) Kyeg,ent=0.083
h' and k=1 hY, B: Kaeg,ent=0.007 " and knac=10 h', C: Kgeq ent=0.006 I and
Kinac=150 H', D: Kgeg,ent=0.083 " and knac=1 h, E: Kgeg nt=0.007 i and kac=10 H
1, F: Kdeg,ent=0.006 1 and khac=50 N, G: Keg,eni=0.083 H and knac=1 ', H: Kaeg ent
=0.007 ' and knac=10 1, andl: Kgeqen=0.006 [ and knac=150 K"

Considering Antnio,0-2anas a function of i, and knacy varying kieg entand kieg.cyrza
AEentn/o,0-240ndisplayed an apparent low sensitivity tQ, lNnd Kace At @ 10w kieg,.cyprsa
(0.001 K, with @ Agnenio,0-24nvarying from 135.5 to 999% at @k entvarying from
0.014 to 0.003 h At a high kieg cypsa(0.07 i) Agntnioo-2arndisplayed a low sensitivity

varying from 101.46 to 113.43 % at @denvarying from 0.014 to 0.003™(Figure
6.8).
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Figure 6.8.Simulated relative activity of CYP3A4 in the gastitestinal tract over
240h following mechanism-based inhibition relativehe standard model scenario
only taking changes to CYP3A4 degradation rajg,dpza into account (enterocyte
degradation rate fKqen]=0 h: Agntnio,0-240%]) in relation to K (the inhibitor
concentration that produces half of the maxima ddtinactivation [uM]) and ik (the
maximal rate of enzyme inactivation']ﬂl)n, varying Kieg ent@nd keg,cypaaA:
Kdegen=0.0139 H and kieg cvpai=0.001 H, B: Kyeq £n=0.0139 H and kieg cvpai=0.01 h
!, C: Kaeg,en=0.0139 A and keg cvpai=0.07 K, D: Kyeg £n=0.007 K and
Kdeg,cvpai=0.001 ', E: Kgeg en=0.007 i and kieg cyp3a=0.01 ', F: Kyeq en=0.007 I
and keg cvpai0.07 H', G: Kgeg en=0.003 i and kieg cvpai=0.001 H, H: Kgeq £r=0.003
h™* and keg cvp3a0.01 K, I: Kgeq,en=0.003 H and kieg cypai0.07 K

Simulations utilising the NEWE model ajeken0f 0.013 H, based on current study,
and keg,cvrsaof 0.027 A (t/4=26 h) baseih vitro data estimated by Yang, and co-
workers (2008), was compared to the conventionaleh(kieg,en=0 1) using a
Kdeg,cyp3aOf 0.03 h' based on the recovery time of intestinal CYP3Atiheted by
Yang, and co-workers (Yarg al, 2008).
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In agreement with the sensitivity analysis, a higietivity of CYP3A was displayed
utilising the NEWE model for inhibitors exhibitiryhigh k,actand a low K, with a
AEgntnio,0-240rvarying from 100.04% at a, K of 2,000 uM and kst of 1 ', to 647.26%
at K, of 0.01 M and ajlc of 150 K (Figure 6.9).
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Figure 6.9.Simulated relative activity of CYP3A4 in the gastitestinal tract over 24h
following single dose mechanism-based inhibitiomgshe nested enzyme-within-
enterocyte (NEWE) model relative to the conventionadel scenario (Ai-no,0-24n[%0])
in relation to K, (the inhibitor concentration that produces halftef maximal rate of
inactivation [LM]) and Kact (the maximal rate of enzyme inactivatioiTh
FLX=fluoxetine, TMX=tamoxifen, CTM=clarithromycirRTV=ritonavir,
ERM=erythromycin, INZ=isoniazid, VPM=verapamil, D¥diltiazem,
TLM=troleandomycin, NFV=nelfinavir, DCF=diclofenaBGM=bergamottin,
MBF=mibefradil and NCD=nicardipine.

Comparing simulations of multiple dose inhibiti@mce daily for three days, using the

NEWE model and conventional modelling approachNE®VE model displayed higher

CYP3A activity as compared to the conventional nladgapproach, albeit to a lesser

extent as compared to single dose simulatiopg.nf 4s-72rvaried from 100%, at a |k
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of 2000 pM and ajlec of 1 H', to 209% at a K, of 0.1 uM and ajk of 1 h* (Figure
6.10).
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Figure 6.10.Simulated relative activity of CYP3A4 in the gasttestinal tract over
24h following multiple dosing mechanism-based iitioh using the nested enzyme-
within-enterocyte (NEWE) model relative to the centional model scenario &
ni0,48-72n[%0]) in relation to K, (the inhibitor concentration that produces halfhef
maximal rate of inactivation [uM]) and.k: (the maximal rate of enzyme inactivation
[h'l]). FLX=fluoxetine, TMX=tamoxifen, CTM=clarithromymr, RTV=ritonavir,
ERM=erythromycin, INZ=isoniazid, VPM=verapamil, D¥diltiazem,
TLM=troleandomycin, NFV=nelfinavir, DCF=diclofenaBGM=bergamoittin,
MBF=mibefradil and NCD=nicardipine.
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6.5 Discussion
Overall, the developed NEWE model produced a highaall intestinal CYP3A4
activity following mechanism-based inhibition asmggared to the conventional PBPK
modelling approach (kg enc0 h'). The NEWE model displayed a higher level of
CYP3A4 activity following MBI as a consequence afiacrease in de¢g eniand
Kdeg,cyp3a INhibitors displaying a low [ or high kaac: were more likely to give rise to a
lower level of inhibition, where a combination ofcav K, , and a high k.. led to the
lowest level of inhibition, using the NEWE model@snpared to the conventional
model (Figure 6.5-6.10).

Comparing the outcome of the NEWE model on intast@YP3A4 activity using
observed data ofjky entand kieg,cvrza@s compared to the hybrid parametgg Kypsain
the conventional model, indicated the NEWE modealisplay a lower degree of
inhibition for a number of mechanism-based inhitsitd’he increase in intestinal
CYP3A4 activity was further apparent for inhibitavbere over-predictions have been
observed utilising a conventional modelling apphpaccludingfluoxetine (K ,=5.19
UM, Knac=1.02 h') and mibefradil (K,=2.23 pM, kac=24 HY), displaying
approximately 13% and 31% higher activity of ititeesl CYP3A4 respectively
following MBI (Figure 6.9).

The data utilised for observed values @fgknand kegcyrsaand the surrogate
parameter of deq cvrzawere however suffering from a high degree of utadety where
lack of variance in reported data limited the siation to the use of arithmetic mean
values. The enzyme turnover data was based on humvitro hepatocyte assays,
where it is questionable how this translates imalsintestinal CYP3A4 turnoven

vivo (Yanget al, 2008). The surrogate parameter @fknand kg cyrsawas based on
the rate of recovery of grapefruit juice studiesnan, known to display a high
variability in the level of inhibition depending dine volume grapefruit juice consumed
and its concentration of inhibitory constituentspthying a large variability between
batches. It has further been obserivedivo that the inhibitory constituents are both
mechanism-based and reversible inhibitors, thudingeto a potential overestimation in
Kdeg,cyp3abased on grapefruit juice data (Pa@tal, 2004; Uesawat al, 2011).

Further, the estimate ofidg eniwas subject to limitations in sample size, whetieea
majority of the data was based on colorectal astrigeepithelium turnover data.
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Method limitations for measuringidg en:also limited the human data to mainly consist

of cancer patients where discrepancies may exisb@pared to a healthy population.

In conventional PBPK approaches to modelling MEB &#mzyme turnover rate is
modelled as a first-order rate (Rowland Yaet@l, 2010); whereas the gastrointestinal
epithelial cell population conforms to a unifornstiibution where the turnover is most
likely to follow a zero-order rate or be of a seqfigdd nature, where for example the
distribution of DNA synthesising cells in the smialiestine has been indicated to
conform to a random or asynchronous distributioall(Bt al, 1967; van Leeuweet

al., 2009). As a consequence the NEWE model may ingptio® prediction of not only
the extent and timeframe of MBI but also descriliimg time profile at which recovery

of active enzyme occurs in the small intestine.

A more physiological modelling approach may furtabow the prediction of DDIs in
special subpopulations where small intestinal malssucture, enzyme or enterocyte
turnover are altered. Alteration to the renewahef small intestinal epithelium has been
observed for a number of disease conditions in mmafyding: Coeliac disease patients,
patients subject to small intestinal resectionigpdé$ subject to radiation therapy and
untreated patients with pernicious anaemia or vitaBa, and folate deficiency
(Winaweret al, 1965; Trier and Browning, 1966; Foroozan andTii®67; Weinstein
et al, 1969). Certain drugs may also affect the turn@fehe enterocytes, where
altered small intestinal epithelial cell renewat lieen observed following treatment
with antibiotics, cancer chemotherapy, colchicind enethotrexate (Trier, 1962; Race
et al, 1970; Weinstein, 1974).

In addition to alterations of the enterocyte rendwaisease populations, pre-clinical
data imply alterations in the turnover as a consege of age e.g., in lambs and piglets,
an increase in epithelial cell turnover time waseaskied as a consequence of postnatal

adaptation of the small intestine following birtitaix and Meslin, 1991).

Contrasting evidence exist regarding the regioifedrénce in enterocyte turnover
along the small intestine. In neonatal pig theadlismall intestine displayed a slower
turnover as compared to the proximal small intestising bromodeoxyuridine labeling

assay; whereas regional differences in enteroayt®ver between the small intestine
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and colon have been observed in rat, althoughrdiffees between duodenum, jejunum
and ileum were minimal (Bertalanffy and Lau, 196anet al, 2001). In the previous
study, analysis of human data on gastrointestipithelial turnover identified the
colorectal cell renewal to be slower as compardtie¢sstomach, whereas data from the
small intestinal regions were too sparse in ordexapture any regional differences
(Figure 5.5).

The development of the NEWE model was subjectriaraber of assumptions where
the modelling approach did not consider the maitumaif enterocytes, metabolic and
absorptive capability or any regional differenagesurnover, albeit the collated
information of kieg,entdid not support this. The sensitivity analysis \Wasted to
altering a restricted number of drug specific pagtars, where kdose and the
clearance of the inhibitor was kept at a constwellwhich only satisfies hypothetical
scenarios of MBI. The developed model thereforelireg validation against clinical
MBI data in order to determine if improvements ex&de in the prediction of DDIs.
Due to the sparse data on enzyme and enterocyiaverrthe level at which the small
intestinal activity of CYP3A4 differs may differ iality due to the uncertainty in the
estimates of g entand kieg cypza although the discrepancy between the two models
should remain as indicated by the sensitivity asialwhere the overall trend was that
the NEWE model produced equal or higher level tdstinal CYP3A4 activity.

The developed NEWE model is, to our knowledge fitlse PBPK model to consider

the nesting and hierarchy of the enzyme and entgrdarnover in the small intestine.
The model has the potential to improve on predistiof mechanism-based inhibition
where overpredictions have been observed. Theatiin of a more physiological
description of small intestinal enzyme and cellaiyics following DDIs has the

potential for further application on a number dbgopulations and disease states where

the enzyme or enterocyte turnover may be altered.
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Chapter 7: Discussion and conclusions

In this thesis, a systems pharmacology approatkingj physiologically-based
pharmacokinetic modelling and simulation couplethteitro-in vivo extrapolation was
utilised to model oral drug bioavailability withparticular interest in the
gastrointestinal component. Two cases were invastibwere fFg plays a potentially
important role in the prediction of systemic expesthus allowing the exploration of
the interplay between oral drug absorption and bwism in the gut-wall. Examined
cases were PBPK M&S of trends in oral drug exposueemorbidly obese patient
population subject to bariatric surgery and theettgwment and assessment of a nested
enzyme-within-enterocyte model in order to imprtive mechanistic description of

mechanism-based inhibition of gut wall metaboliswilitated by CYP3A.

7.1 PBPK M&S of oral drug bioavailability post bariatr ic surgery
Post bariatric surgery PBPK models were developszligh a systematic approach
including the identification of population depentlentrinsic factors, characterisation of
systems parameters, model development and implat@mbased on the mechanistic
model for oral drug bioavailability, the ADAM modeélssessment of the perturbed

model was carried out using sensitivity analysis ealidation against clinical data.

The outcome of the validation exercise of postdidd surgery PBPK models was to
some extent reflective how well characterised trstesns parameters of intrinsic factors
were, where the most well-characterised post baristirgery model, post Roux-en-Y
gastric bypass, was highly predictive of clinicatames of oral drug exposure of
atorvastatin acid and cyclosporine, whereas orgj dxposure of atorvastatin acid
following BPD-DS was underpredicted using the ssaddnodel including all known
physiological changes. Additional validation ocewriprospectively through generation
of clinical data of omeprazole and midazolam prpdst RYGB by Tandra, and co-
workers. The study found omeprazole to display mimml discrepancy post RYGB as
compared to controls, whereas midazolam displayaéhar increase in exposure post
RYGB as compared to controls. This was consistétfit simulations carried out during
the model assessment and application (Figure &8ré-7.1 and Figure 8.6) (Darwich
et al, 2012b; Tandrat al, 2013).
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Figure 7.1.Mean predicted (Pred) versus observed (Obs) pest(pgery AUC ratios
for cyclosporine (CYS), atorvastatin acid (ATV), eprazole (OMZ) and midazolam
(MDZ) following Roux-en-Y gastric bypass (RYGB)asmall intestinal transit (SIT)
time of 3.0 h, jejunoileal bypass (JIB SIT=0.4 hyldiliopancreatic diversion with
duodenal switch (BPD-DS* SIT=4.2 h) in relationtbe line of unity and two-fold
within observed data (Chenhstial, 2003; Skottheinet al, 2009; Skottheinet al,
2010; Darwichet al, 2012b; Tandrat al, 2013; Darwichet al, 2013).

The discrepancy between observed and simulatedsaxpof atorvastatin acid pre to
post BPD-DS could be anticipated as the BPD-DS inwode populated with relatively
uninformative systems parameters of small intektiaasit and biliary excretion, it was
further speculated that the surgical procedure pnagiuce unanticipated physiological
outcomes due to its relative invasiveness as cadparRYGB and SG. The PBPK
M&S approach did however have the advantage oivalip exploratory sensitivity
analysis, where a prediction of small intestinahgit based on peptide YY-mouth-to-
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caecum transit recovered the observed exposuri alimerpredicting observed &

and tax the same was true for altering villous blood flow

Hendriks highlighted that for the publication ofgad¢ive results in M&S to be justified
necessary considerations have to be made regadimagel’s credibility where
evaluation of a model’s credibility becomes incregly difficult as PBPK models
become more complex. This holds true for both pas@nd negative prediction
outcomes. Hendriks further argued that necessapg sthould be taken to articulate
how the negative finding may inform scientific amgpotheses generation (Hendriks,
2013).

The utilised ADAM model and its predecessors haenbapplied extensively in the
past (Jameet al, 2009). In the publication by Darwich, and co-wen¥ it was however
made clear that physiological data was lacking:facial systems parameters following
BPD-DS (Darwichet al, 2013). The sensitivity analysis of atorvastatidaxposure
following BPD-DS provided a potential scientifidianale for the observed increase in
oral drug exposure following surgery and highlighpotentially important intrinsic
factors that require further research in ordermdeanstand the post-surgical physiology.
This would not have been made apparent had thésdmen published utilising only
optimised systems parameters. It can thereforedueed that the aim of PBPK M&S
within a systems pharmacology framework shouldamby be limited to the ability of
predicting retrospective clinical data but it isegfual importance as a scientific

framework for hypothesis generation.

An emerging body of evidence has been publishedatipg the impact of
gastrointestinal hormones on physiological functibins can become crucial in fully
unravelling the impact of bariatric surgery on drat-pass effects as several hormones
have been confirmed to affect intestinal physiatagparameters whereas the
guantitative data concerning the relationship betwgastric hormone levels and
systems parameters are at its best limited (Sastgke 1987; Sanger and Lee, 2008).
The Medical Research Council (MRC) has identifiaddtric surgery as a research tool
for understanding the mechanisms of obesity aradeeldiseases and the neuroscience

of obesity. The developed PBPK models for bariaturgery that are presented in this
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thesis may provide a framework for linking physmitzal and hormonal data to oral

drug delivery to potentially assist future reseagtforts (MRC, 2013).

Developed post bariatric surgery PBPK models pmadramework for theoretical
exploration of physiological mechanisms associatitd altered oral drug exposure pre
to post surgery, which could be assigned to trerphay between dissolution,
absorption and gut-wall metabolism, where dissotutind formulation properties
emerged as the perhaps most important parametpredicting the exposure following

surgery.

At its full potential, post bariatric surgery moslelan be utilised for optimisation of
pharmacotherapy, facilitating clinical decision nmak and drug regulation. It may be
postulated that this would be an area of particbavance for the prediction of oral
exposure of antidepressants as emerging cliniédérue suggest this drug class to
display a reduced oral drug exposure following RY@iBereas they remain clinically
relevant following surgery (Malone and Alger-May2605; Darwichet al, 2012a;
Roeriget al, 2012; Roeriget al, 2013).

The utilisation of bariatric surgery PBPK modelimical pharmacotherapy could
partly be made possible due to user interface ingiments in population-based PBPK
software such as the Sim&Bimulator, albeit usage may be restricted dubeo t
required expertise to carry out M&S of novel compast The systems pharmacology
approach does however provide complimentary adgasta addition to population
pharmacokinetic approaches that have been usetlrimal dose optimisation, such as
the RightDose ™ software developed at the Univeitgouthern California
Laboratory of Applied Pharmacokinetics, by allowmgchanistic-based extrapolation
along with estimates of population variability (Hogt al, 2013).

In conclusion developed post bariatric surgery nogeovide a framework for studying
mechanisms involved in the alteration of oral dexgosure and potentially provides a
framework for pharmacotherapeutic drug optimisatifime relative success in
modelling of oral drug exposure in post bariatticgery patient populations further

serves as a validation of the utilised template ehofIDAM, incorporated into the
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Simcyd® Simulator, through the successful prediction @il drug exposure in a
perturbed model system (Janetial, 2009; Tsamandouras al, 2013).

7.2 Development of a nested enzyme-within-enterocyteadel for
predicting MBIs

A mechanistic model was developed to describe irtthical interdependency
between enterocyte and enzyme turnover in the sntaitine and its impact on the
prediction of enzyme recovery following mechanisasé&d inhibition as compared to
the conventional PBPK approach to modelling MBleréhenzyme and enterocyte
turnover are lumped into a single rate of renewaletermined via indirect data in the

form of clinical MBI studies.

The developed nested enzyme-within-enterocyte (NEMv&del is to the authors’
knowledge the first model to differentiate betwdles first-order renewal of CYP
enzyme activity and the zero-order turnover ofghterocytes in the small intestine
following mechanism-based inhibition, thus avoidthg misspecification resulting

from the lumping of these two physiological pro@ssmto a first-order rate.

Utilising the developed NEWE model, a lower leveirhibition of CYP3A following
MBI was predicted during simulations as had beestyated. The predicted enzyme
recovery using the NEWE model may potentially actdar reported overpredictions
in the level of mechanism-based inhibition as sg#ising static and dynamic
modelling approaches coupled to IVIVE (Obaattal, 2007; Fahmet al, 2009; Obach,
2013).

Uncertainties emerged regarding the parameter atgf enzyme turnover as these
were limited tain vitro data from cultured hepatocytes and human liveras@mmes. It
was further unclear what the consequences of enayhitdtion would be on the
substrate specific metabolic extraction in thewgall where nonlinearity between
enzyme activity andd-may exist. This may be addressed through furthatah
assessment and application, exploring the impalstEd/E model predictions subject to

substrate specific metabolism.
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Regardless, the model provides a more mechanissicrigtion of enzyme recovery
following mechanism-based enzyme inhibition in sieall intestine where systems
parameters are derived utilising a systems pharnogg@pproach rather than parameter
estimation informed via indirect clinical data. Time@del can be utilised to predict the
extent of gut wall metabolism and DDIs for oralynainistered drugs in special disease

populations where enzyme or enterocyte turnover bpesgltered.

7.3 Principles and concepts of physiologically-based

pharmacokinetic modelling and simulation
In this thesis, it was demonstrated that the systeimarmacology approach provides a
potentially useful tool in the extrapolation andamanistic exploration of the
gastrointestinal component ofrin special subpopulations and theoretical modgllin

scenarios, such as the NEWE model development.

More mechanistic and highly specialised PBPK motaige emerged in recent years to
address scientific queries regarding special sulblptipns and disease modelling. This
has been made possible due to interdisciplinartsfin the areas of systems biology,
pharmacology and PBPK modelling, with the resulPBPK models with increasing
levels of complexitye.g.type Il diabetes, cardiac safety, hormonal respsnsnterocyte
maturation and more (Gadker al, 2007; Shodat al, 2010; Machavararat al, 2013;
Polak, 2013; Cheat al, 2014). Implemented modelling approaches througtiosi
thesis clearly conform to this trend and motivadkesdiscussion of some of the
underlying principles that make up PBPK M&S andtsgss pharmacology, and where
PBPK will be heading in future.

‘Top-down’ versus ‘bottom-up’ and meeting in theldie
The utilisation of PBPK M&S under the principlessyfstems pharmacology is often
referred to as a ‘bottom-up’ approach, where megetification and parameterisation
is based on physiological data, IVIVE and IVIVC.eltbhottom-up’ approach may,
philosophically and in principle, be considered fligeside of the empirical

compartmental modelling approach, referred to asttp-down’ approach.
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These two approaches do however serve distincopagin PK M&S, where ‘bottom-
up’ has the inherent advantages of allowing medh@rinterpretation and facilitating
extrapolation, including: IVIVE, interspecies anetlveen population extrapolation,
such as the case of bariatric surgery and DDIsamplified in this thesis where
clinical data may be sparse. The ‘bottom-up’ appinda however extremely ‘data
hungry’, requiring data from interdisciplinary seges in order to populate and give
confidence to systems parameters, there has howeeeran easement over the last
decades due to the development and refinementl¥BMVIVC andin silico methods

for parameter predictions based on PhysChem data.

Utilising a ‘top-down’ approach an empirical modah be derived solely based on
clinical data, producing estimates of populatiorap@eters and their variability. The
success of the approach is however highly deperatetite clinical data and does not
enable extrapolation to other study populationg Tbp-down’ approach is highly
advantageous in clinical research where it maytitisad for optimal design of late-

stage clinical trials and covariate analysis.

The perhaps more pragmatic and viable approachuslise a data driven modelling
approach where the angle from which the probletadkled may be chosen based on
available data and the aim of the modelling exerdiepending on available data,
model parameters may be derived using a physiatigibased approach or parameter
estimation methods inferred from clinical datasthpproach is often referred to as the
‘middle-out’ approach. One of the main challengestiising such a ‘middle-out’
approach is the issue of structural identifiabjlishere a complex PBPK model
structure may not enable the unique identificatiba single ‘true’ parameter value, or
global optima. Further, complex PBPK models mayhb®sensitive to specific
parameter estimates due to the intrinsic sensitofithe structural model or design of
associated clinical data. An important consideratibhen estimating parameters in a
PBPK model is the correlation between parametensrafor example a substrate’s
affinity to a particular enzyme should not diffardifferent tissues. These issues may be
overcome to a varying extent by altering the stmadtmodel or through
reparameterisation, designing experiments to inftrenmodel or the usage of prior
knowledge to inform model parameters thus restigcfiarameters within plausible
ranges (Yates, 2006; Tsamandowrtal, 2013).
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To examining the PBPK M&S cases in this thesisasprerequisite to utilise a
‘bottom-up’ approach as the modelling tasks wergceoned with the extrapolation of
drug disposition between populations and exployatd&S albeit some elements of
‘middle-out’ approach were implemented due to ttigsation of parameter estimation
concerning transporter activity. Due to the comityeaf the model concerns regarding
the structural identifiability of estimated paraemstmay be justified as is the general
concern when estimating parameters of a full PBRideh Estimated parameters
concerning transporter activity were not possibledale using IVIVE due to the lack of
absolute transporter abundance data in man. Egtimsatould however be considered

to lie within plausible ranges.

External versus internal tools
The research carried out in this thesis furthenslase the utilisation and respective
benefits of external and internal tools in PBPK M&Xternal tools can in short be
described as externally developed M&S platformssegiimg of a set of predefined
models that may be utilised and perturbed to vgryzixtent,e.g.Simcyﬁ@ Simulator
and GastroPlus™. Internal tools provide a more ggmaodelling environment for
custom model development and usually involve thlesation of a high-level
programming language, such as Matlab and R, butaisayprovide model
development through a graphical user interfaceh sisdhe case for SAAM 2. This is
not to be confused with commercial versus openesosioftware platforms as toolsets

may exist in both forms (Vicinet al, 2013).

External and internal PBPK M&S tools have theitidist advantages and
disadvantages. External tools provide several adgas, including the provision of a
general framework for PBPK M&S consisting of widegcognised modelling
approaches and procedures. In general, externalmatk also populated with
parameters from rich datasets, thus providing meliable estimates of systems
parameters and their variability. This enables miedg reviewers and regulatory
bodies with ease of interpretation of model develept and outcomes, and reproducing
results. As external tools generally provide usiemnflly interfaces the toolset are more

readily available for non-modellers, this is ofmarar importance in PBPK where the
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discipline relies on the generation of paramet¢a éf@m interdisciplinary sciences
(Vicini et al, 2013).

One of the main disadvantages with the utilisingxternal tools is that these in general
provide highly specific frameworks for modelling iwh may be considered a ‘black
box’ if the user is not adequately trained in siflg provided models and tools (Vicini
et al, 2013).

The use of an external toolset was of particulaeliein the development of post
bariatric surgery PBPK models as these were akldped through the perturbation of a
highly complex absorption model, it was therefaseamntial for the models to be
populated by well-characterised systems parametensler to estimate population
variability. The user-friendly interface may furthee an advantage if the models are to
be implemented by non-modellers in a clinical sgttiThe main limitation was the lack
of flexibility that the external tool provided wleecertain aspects of alterations in fluid

dynamics (altered luminal secretion and reabsamptiould not be tested.

The most apparent advantage of utilising an intd?PBPK M&S toolset is the inherent
flexibility in model development and customisatidiis may be particularly suitable
for testing novel modelling concepts and ideashathe case of the NEWE model
described above, or performing modelling tasksidatthe general framework of
PBPK. Providing that a published model is adeqyatekcribed reproduction may be
considered a non-issue, this does however reqdégquate expertise in utilising the
programming language of an internal toolset and thasefore make interpretation and
reviewing more difficult. An additional disadvan&gf internal tools is the lack of the
volume of data and analysis that has gone into lptipg the parameters of an external
tool. As external M&S tools are developing into mdlexible working environments
the distinction between the two toolsets is becgnhiiss apparent where both toolsets
may for example facilitate a ‘middle-out’ model @éapment approach, as exemplified
in this thesis where parameters for the tissueodiipn of atorvastatin acid could be

estimated in order to infer missing data (Viahial, 2013).
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General framework and the regulatory view on PBP&SVI
In recent years there has been a significant isereathe usage of PBPK models by
regulatory bodies and pharmaceutical industry fipett regulatory submissions and
prescribing information for dose optimisation, Dedictions and extrapolation to
special populations. PBPK M&S has now for the finste been utilised in drug
labelling to singlehandedly inform outcomes follogiDDIs. Due to cost and practical
issues with recruitment not all physiological cdiutis where several physiological
factors vary from the norm can be investigatedughoclinical studies to inform drug
labelling. This extends to post bariatric surgeayignt populations where patient
numbers are increasing rapidly whereas patientiteoent can be cumbersome. FDA
highlighted some of the issues that need to becowee in order for PBPK M&S to
reach its full potential, this includes: a bettaderstanding of off target effects and drug
disposition, integration of ‘bottom-up’ and ‘topan’ modelling approaches, education
and training, sharing of data between academissingland government, better
procedures for model evaluation, and the developiaech utilisation of general
frameworks and best practices in PBPK M&S (Huahgl, 2013; Pharmacyclics,
2013).

In 2011 FDA published a general scheme for PBPKehddvelopment based on
lessons learned from earlier reviewed submissiéngw drug applications and
investigational new drugs. The general frameworkPBPK subsequent fashion
included: identification and quantification of ctaace pathways, incorporation of drug
dependent parameters into a PBPK model, compaoisooncentration-time profiles to
clinical data and finally the utilisation of refidé>’BPK model to predict drug
disposition (Zhaeet al, 2011).

FDA also highlighted the increasing availabilityRBPK models for special population
due progress made in systems biology and pharnm@acdidodel development of
special population models requires the identifaratf population specific extrinsic and
intrinsic factors in order identify and charactersystems parameters, this will be
followed by a general model development framewm&orporating systems and drug-
specific parameters into a PBPK model followed tagess of predictions, learning and

confirmation (Zhacet al, 2011).
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A similar framework was drawn up by the WHO in dempt to harmonise the
development of PBPK models for risk assessment.pbstulated workflow put
particular emphasis on problem evaluation and deslrior purpose specific validation
and evaluation (WHO, 2011).

The development of post bariatric surgery PBPK n®tieok on a very similar
approach, where the identification of the modelkmg was followed by problem
evaluation in the form of a literature review amatistical meta-analysis, the
identification of relevant intrinsic factors ancthcharacterisation, model development,
assessment and validation. In the case of bargirery it is of particular interest to
note its potential usage in identifying ‘known upkm’ intrinsic factors. As more data
emerges further model refinements will be madeiptessThe systems pharmacology
approach should be subject to constant review evidion of both models and

parameter values in order to remain current asldao exploration and extrapolation.

Further, it should be emphasised that the modedldpment for special populations
should not be considered a problem constrainedpalption specific systems
parameters. It is also critical to identify and rettaerise relevant drug and formulation-
specific parameters that may interact with therattesystems parameters in order to
answer the purpose specific questions, e.g. Irrdodgraw well-founded conclusions
regarding changes ingFollowing bariatric surgery necessary metabol&agin vitro

data is required.

7.4 Final conclusions
A systems pharmacology approach was used in avdetptlore the GI component
making up oral drug delivery. The impact gihd ks on R,5 was explored through the
successful implementation of PBPK models for a nabylobese patient population
subject to bariatric surgery and a mechanistic rhdelecribing the recovery of enzyme
activity following mechanism-based inhibition usiagnested enzyme-within-enterocyte
turnover model of the small intestine. Developediais showcase the advantage of
PBPK M&S in the extrapolation of oral drug expostoepecial population and
potential of the approach in understanding undeglyhe underlying mechanism

governing oral drug delivery.
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7.5 Future work
During the development and application of postdied surgery PBPK models a
number of potential areas of further research ptesethemselves, these included: The
guantitative modelling of gastric hormones andrtbéfect on gastrointestinal systems
parameters relevant to drug disposition and mogplgi@ation on the predicted oral
exposure of antidepressants. Further, it wouldflggemt interest to explore the
potential of implementing a PBPK M&S framework itlical setting to optimise

clinical pharmacotherapy.

Although assessment of the NEWE model suggestguabiential for improving the
prediction of enzyme recovery in the gut wall fellag mechanism-based inhibition
further work is required to determine the predidtagact on substrate specific
extraction in the gut wall and its ability to reduze clinical outcomes. This should be
done through model further model assessment explsubstrate specificcFand

validation against clinical MBI data.

In addition, the exploratory assessment of develdgi@PK models identified areas of
where our current understanding is lacking that thayefore require further research.
Data is currently very limited with regards to thechanistic and quantitative relation
between gastric hormones, gastrointestinal phygjoémd how altered hormonal levels
will affect the post bariatric surgery physiolodyost and long-term. Areas of interest
for further research would also include: intestitnahsit and fluid dynamics following
bariatric surgery, the long-term adaptation ofghstrointestinal tract following
bariatric surgery, and the characterisation of ereyurnover in the small intestine

independent from enterocyte turnover.
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To identify the most commonly prescribed drugs in a bariatric surgery
population and to assess existing evidence regarding trends in oral drug
bioavailability post bariatric surgery.

A retrospective audit was undertaken to document commonly prescribed drugs
amongst patients undergoing bariatric surgery in an NHS hospital in the UK and
to assess practice for drug administration following bariatric surgery.The
available literature was examined for trends relating to drug permeability and

WHAT THIS STUDY ADDS solubility with regards to the Biopharmaceutics Classification System (BCS) and

main route of elimination.

RESULTS

CONCLUSION

No significant difference in the ‘post/pre surgery oral drug exposure ratio’ (ppR)
was apparent between BCS class | to IV drugs, with regards to dose number (Do)
or main route of elimination. Drugs classified as ‘solubility limited’ displayed an
overall reduction as compared with ‘freely soluble’ compounds, as well as an
unaltered and increased ppR.

Clinical studies establishing guidelines for commonly prescribed drugs, and the
monitoring of drugs exhibiting a narrow therapeutic window or without a
readily assessed clinical endpoint, are warranted. Using mechanistically based
pharmacokinetic modelling for simulating the multivariate nature of changes in
drug exposure may serve as a useful tool in the further understanding of
postoperative trends in oral drug exposure and in developing practical clinical

guidance.
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Introduction

Obesity is generally defined by the body mass index (BMI
= body weight (kg)/height (m)?). The classification is
somewhat arbitrary such that ‘overweight’ means a BMI =
25 but <30kgm™, ‘obesity’ refers to BMI = 30 but
<40 kg m~ and ‘morbid obesity’is a BMI = 40 kg m™2 (this
may also refer to being obese and suffering from related
co-morbid conditions) [1, 2]. Over the last decade the
prevalence of obesity has increased dramatically in the
USA and Europe. In the USA 32.2% of the male and 35.5%
of the female population over the age of 20 years
were characterized as obese in 2007-2008 [3]. The United
Kingdom has the highest reported obesity rate in Europe
[4]. In England, 24.1% of the male and 24.9% of the
female population over the age of 16 years were classi-
fied as obese in 2008 [5]. Bariatric surgery has proven
to be successful in treating morbid obesity. In the USA
and Canada approximately 200000 bariatric surgeries
were performed in 2008 [6]. In England 4221 surgeries
were performed in 2008/09, an increase of over 100%
since 2006/07 [1, 7]. Several bariatric surgical methods
currently coexist in healthcare. These include the adjust-
able gastric band (AGBD), sleeve gastrectomy (SG), bilio-
pancreatic diversion (BPD), biliopancreatic diversion with
duodenal switch (BPD-DS) and Roux-en-Y gastric bypass
(RYGB) [8]. Other procedures, such as jejunoileal bypass
(JIB), have been gradually phased out due to a higher
likelihood of adverse events [9-11].

Bariatric surgical procedures have been well described
in the literature [11, 12], where they are generally charac-
terized as being restrictive, in terms of physiologically
reducing dietary intake, malabsorptive, through reducing
the ability of the gastrointestinal (Gl) tract to absorb nutri-
ents or a combination of both.

Restrictive procedures such as AGBD and SG result in a
reduced gastric capacity to 15-20 ml and 60-80 ml respec-
tively [12, 13]. The JIB, considered a malabsorptive proce-
dure, results in a 90-95% bypass of the small intestine,
retaining the duodenum, proximal jejunum and terminal
ileum [9-11].The BPD-DS, primarily a malabsorptive proce-
dure, results in a reduced gastric volume (100-175 ml) and
bypass of larger parts of the small intestine, forming a
biliopancreatic canal transporting the bile juices to the
distal ileum [14, 15]. The RYGB, combining restriction and
malabsorption, results in the restriction of the stomach
to 15-30 ml and bypass of the proximal small intestine
[15-17].

Bariatric surgery imposes a number of physiological
alterations known to affect the bioavailability of orally
administered drugs (Fora), dependent on the fraction of
drug that is absorbed in the intestinal gut wall (f,), the
fraction that escapes gut wall metabolism (fs),and the frac-
tion that escapes hepatic metabolism (fy) (Equation 1).

Foml=fa'fG'fH (1)

f, and f are highly influenced by drug specific properties,
such as permeability and solubility, and the Gl physiology
such as gastric emptying time, Gl pH profiles, small intesti-
nal transit time, Gl drug metabolizing enzymes and Gl
efflux transporters [18, 19]. Gastric emptying time can
serve as the rate limiting step for highly permeable and
highly soluble drugs as the absorption from the stomach is
low [20]. The gastrointestinal pH may affect drug dissolu-
tion of permeability-limited drugs displaying a pKa within
the range of the Gl pH fluctuations. Small intestinal transit
time can influence the drug absorption of poorly soluble
or extended release drug formulations [18].

Metabolism in the gut acts to regulate oral bioavailabil-
ity of drugs and other xenobiotics, and is an important
determinant in the metabolism of substrate drugs [21].
CYP3A4 is the most abundant drug metabolizing enzyme
in the GI tract, preceding CYP2C9/19 amongst others in
order of appearance [22-25].CYP3A4 and CYP3A5 are both
present along the Gl tract, where CYP3A4 expression rises
towards the jejunum to decrease towards the ileum [21,
26]. Gl transporters may influence the absorption of orally
administered drugs and potentially also the extent of
metabolism in the gut through active substrate efflux
[27]. Numerous transporters are present in the gut, where
P-glycoprotein (P-gp) is perhaps the most extensively
studied of the Gl transporters. The relative expression
pattern of P-gp in the small intestine increases from the
proximal to the distal parts of the small intestine [28].

The Biopharmaceutics Classification System (BCS)
classifies drugs in accordance with their solubility and per-
meability. Solubility takes on the form of a dose number
(Do), given by dividing highest dose strength in mg (Mo) by
a volume of 250 ml (Vo) divided by the aqueous solubility
of the drug (mg ml™") over a pH range of 1.0-7.5 at 37°C (Cs)
[29]. Defining Do = 1 as highly soluble and an f, = 90% as
a highly permeable drug, drugs are classified as Class |
(high solubility-high permeability), class Il (poor solubility-
high permeability), class Ill (high solubility-poor perme-
ability) and class IV (poor solubility-poor permeability)
[30].

The aims of this study were to identify the most com-
monly prescribed drugs in a bariatric surgery population
and to assess existing evidence with respect to altered oral
drug bioavailability post bariatric surgery. This would
be carried out through methodologically reviewing the
current literature, evaluating drug specific pharmacoki-
netic characteristics relating to solubility, permeability and
main route of elimination.

Methods

Evaluation of drug utilization following

gastric bypass

A retrospective audit of drug utilization by bariatric
surgery patients was performed at Salford Royal NHS
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Foundation Trust, Salford, UK. Data collection was per-
formed using the hospitals electronic patient record (EPR)
system, iSOFT clinical manager 1.4, which incorporates the
medication prescription and administration records. A
search of the EPR system was carried out for all patients
under the care of a consultant bariatric surgeon.The search
consisted of patients who had undergone surgery in the
previous 5 months, from the 21 March 2011. The medical
history of patients was initially searched to identify those
having undergone laparoscopic RYGB. Patients who had a
colostomy, gastric banding and reversal of gastric banding
were excluded.

Data extraction was performed utilizsing an anony-
mous data collection form, maintaining patient confiden-
tiality. Information extracted consisted of type of bariatric
surgical procedure, pre surgery prescribed drug therapy
and associated co-morbidities, post surgery medication
including formulation changes and documented reasons
behind alterations. Pre surgery medications were com-
pared with the patients’ medical charts on discharge,
generally 2-3 days post surgery. Statistical analysis of
trends in prescribed drugs observed during the retro-
spective audit was conducted using McNemar’'s non-
parametric test (P = 0.05) in Rv 2.12 (the R Foundation for
Statistical Computing).

Review and analysis of oral drug bioavailability
following gastric bypass

Embase (1980-2010) and PubMed (1977-2010) were
searched using the following combinations of keywords:
‘oral administration or bioavailability; ‘absorption; 'bio-
availability, ‘gastric bypass, ‘jejunoileal bypass, ‘bariatric
surgery" In addition, references of related articles were sys-
tematically investigated for relevant publications.

Initial screening of titles and abstracts was carried
out to identify those compliant with pre specified criteria
of reporting observational trends in bioavailability/oral
drug exposure of pharmaceutical agents following bariat-
ric surgery or the identification of adverse events related to
oral drug exposure following surgery. Studies excluded
consisted of gastric surgical procedures not related to
obesity, reports on nutrients or supplementation post bari-
atric surgery and publications written in a language other
than English.Screening was carried out to determine inclu-
sion or exclusion criteria. Information extracted included
study characteristics (surgical procedure, study design,
number of participants, year of publication, country of
origin and time since procedure) and study population
characteristics (gender, average age, average body mass
index (BMI) and co-morbidities). The principle measure-
ment of bioavailability in the analysis was area under the
curve (AUC), bioavailability and steady-state plasma or
serum concentration.

Observed trends in oral drug exposure were assumed
to follow a log normal distribution. Quantitative analysis
was carried out through estimating the mean effect size of

776 | 74:5 | Br) Clin Pharmacol

response ratios and their variance following a random-
effect model. Statistical analysis was carried out with a two-
tailed t-test of the standard normal cumulative distribution
[31]. Statistical analysis between subgroups were carried
out utilizing Welch’s t-test (P = 0.05) of log-transformed
weighted means and SDs with post hoc Dunn-Sidak correc-
tion (P = 0.05) using Microsoft® Excel 2003 and Matlab
2010 (the Mathworks Inc).

Results

Evaluation of clinical drug utilization following
gastric bypass

The search of iSOFT identified 63 patients under the care of
the bariatric surgeon and 38 patients (26 female) with a
mean age of 45 (range 23-64) years were eligible for data
extraction after fulfilling the pre-specified criteria. The sur-
gical procedures performed included laparoscopic RYGB (n
= 34),laparoscopic RYGB with abdominal wall hernia repair
(n=3) and conversion of AGBD to RYGB (n = 1). Commonly
treated comorbidities amongst the study population
included hypertension (n = 12), type 2 diabetes (n = 15),
depression/anxiety (n = 11), hypothyroidism (n = 5),
osteoarthritis (n = 11), hypercholesterolaemia (n = 10) and
asthma (n=9).

The most commonly prescribed drugs prior to surgery
included statins (n = 13), ACE inhibitors (n = 10), proton
pump inhibitors (PPIs)/histamine H,-receptor antagonists
(n = 10) and metformin (n = 10). Comparing pre to post
surgery, a significant increase in the prescription of parac-
etamol, opioids, PPIs/histamine H,-receptor antagonists,
heparin and antimicrobials was observed (P <0.05) as well
as an overall reduction in the number of patients treated
for type 2 diabetes (P < 0.05). The most common drugs
prescribed following surgery included heparin (n = 38),
PPIs/histamine H,-receptor antagonists (n = 38) and para-
cetamol (n = 34). The number of patients prescribed
cardiovascular agents remained constant postoperatively,
whereas prescriptions of statins displayed a non-significant
reduction of 31% (P > 0.05).The postoperative formulation
of choice for diuretics was liquid (n = 4), whereas the
remaining cardiovascular agents were tablets that were
being crushed postoperatively (n = 28) (Figure 1).

All patients receiving antidepressants remained on
the same antidepressant post surgery, with all but one
receiving a different formulation. Of the 11 patients pre-
scribed antidepressants, 50%were switched on to liquid
formulations, whereas the remaining 50% were advised
to crush their tablets post surgery (Figure 1). All patients
with a prior diagnosis of diabetes underwent a diabetic
review during their stay in hospital. The review resulted in
a significant reduction in post-surgical prescriptions of
anti-diabetic medications by 67% (P < 0.05). Patients who
no longer required diabetic medication were alternatively
switched to manual monitoring of blood glucose concen-
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Figure 1

Pharmacotherapeutic alterations in formulation properties (Solid = solid
tablets, Liquid = liquid formulation, S/C = subcutaneous, Crushed =
patients instructed to crush tablets, Inhaled = inhalation formulation)
post bariatric surgery of prescribed cardiovascular drugs, antidepressants
and antidiabetics as compared with prior to surgery observed in 38 evalu-
ated patients. Solid (M); Liquid (@); Crushed (m); S/C ([); Inhaled (7))

trations. Metformin was the only agent continued postop-
eratively and in 60% of cases continued at a reduced dose
of up to a third of the pre-surgical dose level. All but one
patient were converted to liquid preparations (Figure 1).
Standard postoperative treatment consisted of 1-2 weeks
low molecular weight heparin injection, PPIs (lansoprazole
FasTab) and liquid formulation pain-killers (codeine and
paracetamol) being prescribed for all patients. This patient
group also displayed a significant increase in the prescrip-
tion of PPIs/histamine H, receptor antagonists, opioids,
paracetamol and heparin (P < 0.05). One patient with a
history of deep vein thrombosis remained on tinzaparin
for 4 weeks.

Lansoprazole was given at a dose of 30 mg twice daily
as a orodispersible formulation. The prophylactic therapy
was to continue for at least 6 months postoperatively,
before reducing the dose to once daily for a further 18
months. Approximately 2 weeks after surgery the sublin-
gual formulation was switched to the solid tablet or
capsule formulation.

Antimicrobials were given to seven patients post-
operatively for the eradication of Helicobacter pylori (n = 5)
that was detected from an intra-operative gastric mucosal
biopsy, development of hospital-acquired pneumonia
(n = 1) and anastomotic leakage (n = 1). All patients were
given liquid preparations.

In total 17 patients were taking analgesics on a regular
basis prior to surgery, increasing to 38 patients postopera-
tively. Analgesic products included paracetamol (n = 2,
P <0.05), aspirin (n = 5), opioids (n =9, P < 0.05) and non-
steroidal anti-inflammatory drugs (NSAIDs) (n = 3).Patients
taking NSAIDs prior to surgery (n = 3) were advised to stop
taking these postoperatively due to an increased risk of
developing gastro-jejunal anastomotic ulceration.

As stated in the patients ‘plan’ for postoperative
care, a review of the nutritional progress usually occurred
approximately 2 weeks post surgery. Patients were there-
fore advised to cease taking any non-essential vitamins
and minerals immediately after surgery until the nutri-
tional review has been completed. On discharge patients
were informed that they would require taking lifelong
dietary supplementation.

Oral drug bioavailability following

bariatric surgery

The initial search of Embase and PubMed identified 311
potentially relevant publications based on search terms.
After screening of abstracts, 66 articles were identified of
which 22 matched the pre-specified criteria following full
text screening. Overall, the literature search included 41
articles (20 controlled trials, 18 case reports and three case
series) published between 1974 and 2011 that were suit-
able for further evaluation and data extraction.

Articles relating to JIB mainly appeared between 1974
and 1985.An increase of published data on RYGB was iden-
tified between 2000 and 2011, following the trend of RYGB
being the most widely used bariatric surgical procedure at
the present time [1].

Surgical techniques identified included RYGB (n = 14),
JIB (n = 19), reversal of jejunoileal bypass (JIB R) (n = 4),
BPD-DS (n = 2) BPD (n=3),GBP (n = 1) and AGB (n = 1)
(Table 1). The 41 identified publications originated from
the USA (58%), followed by the UK (10%), Italy (5%), Norway
(5%) and Canada (5%).

A total of 230 participants were studied in the identi-
fied publications.The time point for post surgical examina-
tion of oral drug exposure ranged from 0.1 to 88.9 months
[32, 33]. In total 38 drugs were identified. These were
categorically divided based on therapeutic indication.The
studied drugs consisted of antimicrobials (n = 12 drugs),
cardiovascular drugs (n = 2), immunosuppressants (n = 4),
antiepileptics (n = 3), analgesics (n = 2), oral contraceptives
(n = 4), anti-ulcer drugs (n = 1), statins (n = 1), thyroid hor-
mones (n = 1), antidepressants (n = 2), anti-cancer drugs
(n = 2), anti-diabetics (n = 1) and HIV medication (n = 1).
Postoperative trends in drug bioavailability based on
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Table 1

Controlled trials examining the trend in oral drug exposure following bariatric surgery.

Pre to post surgery oral drug

DI Surgery exposure ratio (X, 95% Cl)) Patients (n) References

A Phenoxymethy! penicillin 1000 mg JIB 10.43 (0.10, 1058)* 3 [34]
Atorvastatin acid 20-80 mg BPD-DS 1.85 (0.81, 4.27)t 10 [36]

—_ Ranitidine 300 mg BPD 1.43 (1.12, 1.81)* 11 [40]
Metformin 1000 mg RYGB 1.20 (0.91, 1.58)t 16 [55]
Propylthiouracil 400 mg JIB 1.09 (0.84, 1.42)t 6 [90]
Phenazone 15 mg kg™’ JIB 1.06 (0.81, 1.38)+ 17 [91]
Atorvastatin acid 20-80 mg RYGB 1.00 (0.29, 3.46)t 12 [37]
Paracetamol 1500 mg JIB 1.00 (0.647, 1.54)* 3 [34]
Digoxin 0.5 mg daily (First day: 1 mg) JIB 0.89 (0.70, 1.14)t 7 [39]
Erythromycin 250 mg GBP 0.61 (0.38, 0.99)t 7 [92]

v Sulfisoxazole 1000 mg JIB 0.84 (0.74, 0.94)* 3 [93]
Norethisterone 3 mg JIB 0.80 (0.39, 1.63)+ 6 [94]
Digoxin 0.5 mg JIB 0.76 (0.59, 0.97)t 9 [38]
MMEF 2:1000 mg RYGB 0.66 (0.21, 2.06)* 2 [33, 95]
Levonorgestrel 0.25 mg JIB 0.55 (0.34, 0.90)+ 6 [94]
Sirolimus 8 mg RYGB 0.54 (0.25, 1.17)* 4 [33, 96, 97]
Hydrochlorothiazide 75 mg JIB 0.46 (0.33, 0.65)* 4 [98, 99]
Sertraline 100 mg RYGB 0.40 (0.19, 0.84)t 5 [100]
Ampicillin (pivampicillin 750 mg) JIB 0.37 (0.16, 0.89)t 5 [90]
Phenytoin 200 mg JIB 0.32 (0.17, 0.58)t 7 [101]

A = Indicating a significant increase in oral drug exposure (AUC, Fora OF steady-state concentration) following surgery. — = No statistical significant change in oral drug exposure.

V = Significant reduction in oral drug exposure. X = mean ratio change based on geometric mean, GBP, Gastric bypass (gastroplasty and Roux-en-Y gastric bypass); JIB, Jejunoileal
bypass; BPD, Biliopancreatic diversion; BPDDS, Biliopancreatic dDiversion with a duodenal switch; RYGB, Roux-en-Y gastric bypass; MMF, mycophenolate mofetil. *t-test performed
at 5% significance level. tStatistical outcome as reported in publication. ¥Welch’s t-test at a 5% significance level.

geometric mean drug exposure ranged from a 10.43 fold
increase with a 95% confidence interval (Cl) ranging from
0.10to 1058 (n=32) [34] to a 5.88 fold reduction (n=1) [35]
(Table 1) [36-41]. The overall post/pre surgical oral drug
exposure ratio (ppR) obtained from meta-analysis signifi-
cantly diverged from pre surgery with a mean ppR of 0.80
with a 95% Cl of 0.67,0.94 (z value =-2.65,P <0.01), when
analyzing quantitative data providing mean and variance
of exposure pre and post bariatric surgery.

Analysis in accordance to the Biopharmaceutics Classifi-
cation System Classifying drugs into BCS classification,
class | (high solubility, high permeability), class Il (low solu-
bility, high permeability), class Ill (high solubility, low per-
meability) and class IV (low solubility, low permeability),
identified eight drugs as BCS class | (n = 66 patients), three
drugs as BCS class Il (n = 7), eleven drugs as BCS class Il (n
=53) and three drugs as BCS class IV (n = 8). A total of eight
drugs were found to be inconclusive (n = 40). Information
was lacking in the literature with regards to the BCS
classification of pivampicillin, para-aminosalicylic acid and
lopinavir/ritonavir.

Of the eight drugs identified as BCS class |, four drugs
displayed a reduction in exposure following surgery, four
drugs remained unaltered and one drug displayed an
increase in drug exposure.Out of eleven mapped BCS class
Il drugs, five displayed a reduction in drug exposure
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following surgery. An additional five drugs displayed unal-
tered drug exposure, whereas one drug displayed an
increase. All BCS class Il and IV drugs (total of six) displayed
a reduction in drug exposure following surgery (Figure 2).

Analyzing BCS classified drugs where studies pro-
vided quantifiable measurements of drug exposure (i.e.
AUC, Fora and plasma or serum concentrations), combining
weighted means and variance of pre/post drug exposure
ratio, BCS class | (n =5 drugs, n =108 population) displayed
a weighted mean ppR of 0.94 (95% Cl 0.66, 1.34). BCS class
Il (n =2 drugs, n = 5 population) displayed a weighted
mean ppR of 0.80 (95% Cl 0.48, 1.36), BCS class Il (n =8
drugs, n =111 population) showed a weighted mean ppR
of 0.86 (95% C10.68,1.10), whereas BCS class IV (n=2 drugs,
n =17 population) displayed a weighted mean ppR of 0.51
(95% Cl 0.22, 1.17). Statistical analysis did not reveal any
significant differences from pre surgical ratio of 1 between
BCS subgroups (P > 0.05) (Figure 3).

Drugs where studies provided quantifiable measure-
ments of drug exposure were further statistically analyzed
with regards to Do = 1,BCS class | and lll (n =16 drugs,n =
262 population) vs. BCS class Il and IV (n = 4 drugs, n =48
patients). Do = 1 drugs displayed a weighted mean ppR
of 0.83 (0.69-1.00), whereas Do > 1 drugs displayed a ratio
of 0.70 (95% Cl 0.45, 1.10). Statistical analysis revealed
no statistical significance from a pre surgical ratio of 1 or
between subgroups (P > 0.05) (Figure 4).
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Do (dose number) in accordance with the BCS dividing drugs into BCS
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Analysis in accordance to main route of elimination
Examining drugs in accordance with the main route of
elimination produced a weighted mean ppR in oral drug
exposure of 0.83 (95% Cl 0.59, 1.17) for CYP3A4/5 sub-
strates (n =7 drugs,n =99 patients), 0.32 (95% Cl 0.14,0.72)
for CYP2C substrates (n = 1 drug, n = 16 population), 0.90
(95% Cl 0.68, 1.18) for mainly renally-cleared drugs (n =5
drugs, n = 103 population) and 0.76 (95% Cl 0.57, 1.01) for
the remaining drugs (n = 8 drugs, n = 92 population). Sta-
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Figure 4

Mean post/pre surgery drug exposure ratio and standard deviation in
relation to quantitative Do (dose number)

tistical analysis revealed no difference in ppR between the
subgroups (P> 0.05), whereas the CYP2C subgroup signifi-
cantly differed from the pre-surgical ratio of 1, displaying a
z-value of —2.72 and P <0.001.

Discussion

Evaluation of drug utilization following
gastric bypass
The observed practice of altering formulation properties
to liquid preparations is considered necessary in health-
care due to the postoperative condition of the patient
rather than as a proactive measure against altered phar-
macokinetics due to changes in Gl physiology. Patients are
advised to remain on liquid formulations for approxi-
mately 2-3 weeks, varying nationally to 3 months to life-
long, post bariatric surgery to prevent any unnecessary
strain on the gastric and jejunal transection lines and
the gastrojejunal anastomosis and therefore to allow time
for healing. As an unintentional consequence changing
to liquid preparations may result in an increase in oral bio-
availability for solubility limited drugs.
Pharmacotherapeutic treatment of type 2 diabetes was
ceased in 67% of patients following surgery. The prescrip-
tion of metformin remained unaltered following surgery,
albeit being observed to be significantly reduced 12
months postoperatively, by Malone & Alger-Mayer, follow-
ing 114 patients up to 24 months post surgery [42].
Antidepressants, TCAs and SSRIs were continued imme-
diately postoperatively in all cases.This was consistent with

Br | Clin Pharmacol / 745 | 779



BJCP A.S.Darwich et al.

the report by Malone & Alger-Mayer, indicating prescrip-
tions of TCAs and SSRIs remained statistically unaltered 12
months post surgery.Vitamin and mineral deficiencies are
likely to occur indefinitely in the bariatric patient, resulting
in the need for lifelong supplementation [43]. Deficiencies
are most likely to occur with fat soluble vitamins (A, D, E
and K), calcium and iron. Calcium and iron absorption is
highly influenced by the reduction of hydrochloric acid
production within the stomach after bariatric surgery [43].

Medication reviews have been performed observing
modifications to patient dosing and formulation after bari-
atric surgery. Currently no consensus guidelines are avail-
able regarding considerations of pharmacotherapy post
bariatric surgery. Evidence based national guidelines are
warranted as bariatric surgery is becoming a more popular
method for the treatment of obesity [44].

Oral drug exposure following bariatric surgery
Reviewing current data on changes in drug exposure prior
to and post bariatric surgery reveals many uncertainties
regarding the prediction of post bariatric surgery drug bio-
availability and the mechanisms behind these changes.
BCS did not prove to be enough to explain the observed
trend.

Post bariatric surgery imposed restrictions on gastric
volume (e.g. SG and RYGB) has been observed to reduce
the gastric emptying time of liquids [45, 46] and may
further lead to an increase in gastric pH [47, 48]. This
together with a reduced fluid intake may impact on the
solubility of orally administered drugs.

Statistical analysis did not present any significant
trends when examining BCS class I-IV, Do or elimination
subgroups. None of the Do > 1 classified drugs displayed
an increase in bioavailability postoperatively, whereas
the Do = 1 group exhibited a larger variability in pre/post
surgery drug exposure outcome. This may be due to solu-
bility issues of the Do > 1 group, resulting in an overall
reduction in oral drug exposure following surgery. The
impact is however unclear due to a low number of drugs
falling into the Do > 1 category, where further clinical data
are necessary to establish the case.

Due to the restriction of the gastric volume following
certain types of bariatric surgery (e.g. RYGB and BPD-DS)
the default concomitant fluid intake of 250 ml in the BCS
may no longer be valid. This will have implications for
shifting the boundaries between BCS class I/lll and II/1V,
such that some freely soluble drugs may become solubility
limited dependent on the administered dose. This is
further complicated by a potentially altered gastric pH [11,
12,29,47,48].

A small intestinal bypass will reduce the absorption
area and may also alter the regional distribution and abun-
dance of drug metabolizing enzymes and transporters
thus altering exposure of substrate drugs.When examining
drugs with respect to the main route of elimination,
no significant difference was observed between CYP3A,
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CYP2C, renal and other drugs.These results were also asso-
ciated with a high degree of uncertainty due to scarcity of
data, albeit a higher ppR of CYP3A may be expected due to
the Gl abundance of CYP enzymes where CYP3A4 is the
most highly abundant. The bypass of highly abundant
regions of CYP3A4 may lead to an increase in oral bioavail-
ability while such an effect may become less relevant
for substrates due to decreasingly abundant CYP2C9/19
and CYP2D6. Such a hypothesis may be supported by
the observed trend in AUC of atorvastatin acid, mainly
metabolized by CYP3A4 [49], thus potentially displaying an
increase in bioavailability post malabsorptive bariatric
surgery due to the bypass of significant segments of
Gl regions highly abundant in CYP3A4 [26], whereas this
effect may be counteracted by a reduced absorption area.
Following BPD-DS a significant increase in AUC of atorvas-
tatin acid (two-fold) was observed, whereas no significant
change was observed following RYGB, thus potentially
increasing the risk of adverse effects, such as myopathy,
following BPD-DS [36, 37, 50].

The lack of quantifiable drug exposure data means
that drugs displaying a low f; or limited absorption prior to
surgery are likely to be wrongly classified when trying to
generalize over a wide variety of drugs, such as metformin
and phenoxymethylpenicillin.

Metformin, a highly soluble and permeability
limited basic compound [51,52], has been suggested to be
subject to saturable transporter uptake to some extent by
organic cation transporters in the intestine although this is
not fully understood, thus resulting in a dose-dependent
absorption that is mainly renally-cleared [53, 54]. The
observed increase in postoperative bioavailability [55]
might be due to altered small intestinal transit; reductions
in gastric emptying time and small intestinal motility
would in theory lead to a longer exposure time to entero-
cytic influx transporters. A further reason could be a post
surgical alteration in transporter distribution patterns.

Phenoxymethylpenicillin, considered a highly soluble
and permeable compound [52], displayed a significant
increase in AUC post JIB, possibly due to a reduced intesti-
nal degradation by bacterial 3-lactamase due to a major
small intestinal restriction [56].

The different surgical implications on Gl physiology
may result in variable trends in post surgery drug exposure
across the range of bariatric procedures, as is the case with
atorvastatin acid displaying a significant increase in AUC
following the BPD-DS procedure as compared with no sig-
nificant change following the less malabsorptive RYGB
procedure [36, 37]. Also ciclosporin, there was a reduction
in drug exposure following JIB, an exclusively malabsorp-
tive procedure [57, 58], as compared with remaining unal-
tered following the restrictive AGB [59].

The outcomes of oral drug exposure of many com-
monly prescribed drugs in bariatric surgery populations
are still unknown, such as many antidepressants and anal-
gesics. Current available clinical data are very valuable.
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Going forward it is important that further clinical studies
are designed taking into consideration the potential
alterations in concentration—time profiles, relating to
pharmacokinetic parameters such as tmax. Drugs exhibiting
a narrow therapeutic range or displaying less readily
measurable clinical endpoints will require more stringent
monitoring after bariatric surgery, such as immunosup-
pressant agents and CNS active drugs.

Due to the multiple physiological factors altered in
bariatric surgery (i.e. gastric volume, absorption area, CYP-
abundance and regional distribution) [11, 12], and the fact
that various drugs might be affected to different degrees
by each of these changes, physiologically-based pharma-
cokinetic (PBPK) modelling may help in elucidating the
impact of various bariatric surgeries on different drugs
given at different doses. Such an investigation was outside
the scope of the current research. However initial attempts
on this approach are addressed in another report (Darwich
etal. submitted and under review) where the complex
nature of interplays were manifested.

In conclusion, based on current findings, analysis of
general pharmacokinetic parameters alone (i.e. solubility,
permeability and main route of elimination) is not enough
to explain observed trends in oral drug bioavailability fol-
lowing bariatric surgery,although the findings of this study
suggest solubility to potentially play an important role.

These implications support the hypothesis that there
are several physiologic and drug-specific parameters
which govern the observed changes in drug exposure,
thus calling for a more mechanistic approach, integrating
all known parameters.

To the authors’ knowledge this is the first publication
quantitatively examining oral drug bioavailability in rela-
tion to a set of pharmacokinetic, biopharmaceutic and
other drug-specific parameters and also in the context of
pharmacotherapeutic practice following bariatric surgery.
Along with further clinical studies, PBPK modelling
may provide essential insights into the significance of
individual pharmacokinetic parameters and generate
important clinical guidance for a constantly growing post
bariatric surgery population. Currently, there seems to be
no simple algorithm or decision tree that predicts the vari-
able changes to drug bioavailability following bariatric
surgery.
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Appendix

Table A1

Controlled trials examining oral drug bioavailability following bariatric surgery

Surgical Post/pre surgery drug exposure
procedure ratio (mean (95% Cl)) Additional information References
Antimicrobials
Erythromycin 250 mg GBP AUC: 0.61 (0.38, 0.99) (P> 0.05)* Controlled prospective study (n patients = 7) [92]
Ampicillin (pivampicillin 750 mg) JIB Foral0.37 (0.16, 0.89) (P < 0.05)* Controlled prospective study (n patients = 6) [90]
Sulfisoxazole 1000 mg JIB Forai: 0.84 (0.74, 0.94) (P < 0.05)t Controlled prospective study (n patients = 3) [93]
Phenoxymethyl penicillin 1000 mg JIB AUC: 10.43 (0.10, 1058) (P < 0.05)t Controlled prospective study (n patients = 3) [34]
Cardiovascular drugs
Digoxin 0.5 mg JIB AUC: 0.76 (0.59, 0.97) (P < 0.05)* Controlled study (n patients = 9, n controls = 16) [38]
Digoxin 0.5 mg daily (First day 1 mg) JIB AUC: 0.89 (0.70, 1.14) (P > 0.05)* Controlled prospective study (n pre patients =5, n post  [39]
patients = 6)
Hydrochlorothiazide 75 mg JIB AUC: 0.46 (0.33, 0.65) (P < 0.05)% Controlled study as compared to literature data (n [98, 99]
patients = 4, n healthy volunteers = 7)
Immunosuppressants
Mycophenolic acid (MPA) 2:1000 mg RYGB# AUC: 0.66 (0.21, 2.06)* Pilot study as compared to literature data (n patients =  [33, 102]
Sirolimus 6 mg AUC: 0.54 (0.25, 1.17)* 2,4, 1, n controls =)
Tacrolimus 2-4 mg AUC: 'Reduced’
Antiepileptics
Phenytoin 200 mg JIB AUC: 0.32 (0.17, 0.58) (P < 0.05)* Controlled study (n patients = 7, n controls = 9) [101]
Analgesics
Paracetamol 1500 mg JIB AUC: 1.00 (0.647, 1.54) (P> 0.05)t Controlled prospective study (n patients = 3 at 2.7-3.9  [34]
months, 5 at 6.4-34 months)
Phenazone 15 mg kg™’ JIB AUCS: 1.06 (0.81, 1.38) (P> 0.05)1 Controlled study (n patients = 17, n controls = 11) [91]
Oral contraceptives
Norethisterone 3 mg Levonorgestrel  JIB AUCS: 0.80 (0.39, 1.63) (P < 0.05)1 Controlled study (n patients = 6, n controls = 5) [94]
0.25 mg AUCS: 0.55 (0.34, 0.90) (P < 0.05)1
Estradiol 4 mg Levonorgestrel JIB ‘Unaltered’ Controlled study (n patients = 12) [103]
0.125 mg ‘Unaltered’
‘Contraceptives’ BPD ‘Reduced’ Observed increase in levels of sex-hormone-binding [104]
globulin and reduced levels of
dehydroepiandrosterone sulphate.
Controlled prospective study (n patients = 40)
Anti-ulceratives
Ranitidine 300 mg BPD AUC: 1.43 (1.12, 1.81) (P < 0.05)t Controlled study (n patients = 11, n controls = 10) [40]
Ranitidine 150 and 300 mg BPD ‘Unaltered’ Controlled study as compared to literature data (n [41]
patients = 7)
Statins
Atorvastatin acid 20-80 mg BPD-DS AUC: 1.85 (0.81, 4.27) (P < 0.05)* Controlled prospective study [36]
Cax ratio: 2.2 £ 1.7,
tmax ratio: 2.3 = 1.3 (n patients = 10)
Atorvastatin acid 20-80 mg RYGB AUC: 1.43 (1.12, 1.81) (P> 0.05)* Controlled prospective study [37]
Crax ratio: 1.1,
tmax ratio: 0.5 (n patients = 12)
Anti-diabetics
Metformin 1000 mg RYGB AUC: 1.20 (0.91, 1.58) (P > 0.05)* Controlled study (n patients = 16, n controls = 16) [55]
Antidepressants
Sertraline 100 mg RYGB AUC: 0.40 (0.19, 0.84) (P < 0.05)* Controlled study (n patients = 5, n controls = 5) [100]
Thyroid blockers
Propylthiouracil 400 mg JIB Forai: 1.09 (0.84, 1.42) Controlled prospective study (n patients = 9) Kampmann 1984
(P> 0.05)*

SD, Standard deviation; GBP, Gastric bypass (gastroplasty and Roux-en-Y gastric bypass); JIB, Jejunoileal bypass; BPD, Biliopancreatic diversion; BPD-DS, Biliopancreatic diversion with
a duodenal switch; RYGB, Roux-en-Y gastric bypass; AUC, area under curve; F, bioavailability; SS, mean concentration at steady-state; Cmax, maximum concentration; tmax, time at
maximum concentration. *Statistical outcome as reported in publication. Tt-test performed at 5% significance level. $Pre (sirolimus) and post (tacrolimus and MPA) renal transplant
patients. §Welch's t-test at a 5% significance level. fICalculated estimate of AUC from report.
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Table A2

Case reports (n patients = 1) on oral drug bioavailability following bariatric surgery

Surgical Post/pre surgery

procedure drug exposure ratio Additional information References

Antimicrobials

Rifampicin JIB Reduced Following JIB, the rifampicin dose was increased from 600 to 1200 mg in order to reach [105]
Isoniazid Unaltered necessary serum concentrations.

Ethambutol Unaltered

Rifampicin JIB Reduced Patient 1: Isoniazid 300 mg — Serum concentration of 3.6 ug ml~" at 2 h as compared with [106]

reference value of 4-6 ug ml=".

Isoniazid Inconclusive Patient 2: Isoniazid 300 mg — Serum concentration of 8.4 ug mi~' at 2 h. Ethambutol
Ethambutol Unaltered 2400 mg - Serum concentration under 1 ug ml".. Rifampicin 600 mg — Serum
concentration of 4 pg mi~" at 4 h as compared with reference value of 8 ug mi-'.
Rifampicin JIB Reduced Four female patients out of one hundred patients undergoing JIB developed tuberculosis. [107]
P Unitered Blood concentrations were obtained from two patients, displaying a reduced concentration
of rifampicin, whereas isoniazid and ethambutol remained within therapeutic range (n
Ethambutol Unaltere patients = 4).
Isoniazid JIB Unaltered Isoniazid and ethambutol blood concentration reported to be within the normal range. [108]
Ethambutol Unaltered
Isoniazid JIB Reduced Drugs excreted in faeces as unaltered tablets after oral administration. [109]
Ethambutol Reduced
Para-aminosalicylic acid Reduced
Isoniazid JIB Unaltered Serum concentrations equivalent to that observed in healthy volunteers. [110]
Ethambutol Unaltered
Nitrofurantoin RYGB Reduced Intravenous antibiotics administered due to failure of oral drug therapy failed. [111]
Amoxicillin Reduced
Immunosuppressants
Tacrolimus JBR AUC: 0.53 After JIB R a 1.90-fold increase in AUC was observed. [112]
Ciclosporin JIB SS concentration: n patients = 1, as compared with n controls = 6 [57]
0.41
Ciclosporin JBR Forai: 0.36 2.78-fold Increase in drug exposure following JIB R. [58]
Ciclosporin LAGBD Unaltered Standard cyclosporine therapy was successful in the treatment of a post LAGB surgery patient  [59]

subject to heart transplant.
Anticonvulsants

Phenytoin RYGB Reduced Dose strength up to 500 mg did not achieve therapeutic effect (<3 mg I-" as compared with ~ [113]
a normal range of 10-20 mg I-).
Phenobarbitone RYGB Reduced At a dose of 60 mg bid, serum levels were reduced (9.9 mg I-') as compared with normal
range (15-41 mg I").
Phenytoin JIB Reduced Dose increased from 300 to 500 mg in order to achieve therapeutic effect. [114]
Ethosuximide JIB Reduced Dose doubled in order to achieve therapeutic effect.
Phenytoin JBR SS concentration: JIB R resulted in an increase in SS concentration. [115]
0.48

Antipsychotics
Haloperidol RYGB Unaltered Dose doubled immediate post surgery to thereafter be lower to pre surgery dose with [32]
effective treatment.

Anti-cancer drugs

Imatinib mesylate BPD-DS SS concentration: Plasma concentration of imatinib 400 mg at steady-state reduced from 965 to 166 ng mI~". [35]
0.17

Tamoxifen RYGB Reduced 3 case reports (n patients = 3). [116]

Temozolomide RYGB AUC: 1.02 Unaltered drug exposure following surgery at a dose of 190 mg as compared with literature. ~ [117]
Anti-HIV drugs

Lopinavir/ritonavir RYGB* Increased An observed increase in plasma concentration in comparison with control patients. [118]
Thyroid hormones

Thyroxine JIB Reduced Dose increase required from 0.2 mg to 0.8 mg daily to produce sufficient response. [119]

Thyroxine JIB Reduced Crmax ratio: 0.31. JIB R restored to pre surgery drug exposure. [120]

Thyroxine JBR Reduced Dose increase required from 0.3 mg to 0.6 mg daily to reach SS sufficient concentration. [121]

JIB, Jejunoileal bypass; JIB R, Jejunoileal bypass reversal; BPD, Biliopancreatic diversion; BPD-DS, Biliopancreatic diversion with a duodenal switch; RYGB, Roux-en-Y gastric bypass;
LAGBD, Laporoscopic adjustable gastric banding; AUC, area under curve; F, bioavailability; SS concentration, mean concentration at steady-state; Cmnax, maximum concentration; tmax,
time at maximum concentration. *Total gastrectomy followed by an oesophagojejunostomy with a Roux-en-Y reconstruction.
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8.1.2 Investigating changesin pharmacotherapy post bariatric

surgery: Study protocol and data collection form

Introduction:

The prevalence of obesity has dramatically incré@ser the last decade. In the USA,
where the highest reported obesity rate in thedvoals been observed, approximately
32.2% of the male and 35.5% of the female populaiged 20 years or older were
characterised as obese in 2007-2008 (Fletgl, 2010).

Obesity corresponds with an increased risk for abwddies, such as cardiovascular
diseases and diabetes; subsequently new clinezthtent methods of obesity have
therefore emerged during the last decades as ¢valpnce of obesity has increased.
Bariatric surgery, resulting in the removing oftgaof the Gl tract, has proven to be a
clinically and cost effective method of reducingesity (Picotet al., 2009). These new
surgical methods impose new challenges in ternestifnating the pharmacokinetics of
orally administered drugs (WHO, 2006; OHE, 2010).

Aim:

This study aims to perform a service evaluationlioical pharmaceutical practice
regarding gastric bypass patient pharmacotherapwmpd post bariatric surgery in an
attempt to identify drugs that impose formulatiowl @ose adjustment challenges in
post bariatric surgery patients, and additionalbnitify the required
pharmacotherapeutic interventions to meet the iplagi@up’s specific treatment needs.
This service evaluation is a continuation of aeysitic review examining trends in
drug absorption after bariatric surgery. In theglderm these findings will serve as a
substratum for research into predicting and extrgatlinical guidance for drug therapy

of post bariatric surgery patients.

Personnel:
Personnel that are going to carry out researchugfirthe NHS’ electronic chart system
are undertaking the Master of Science programnpdammacy at University of

Manchester. Additionally personnel have undertakeh passed a Criminal Records
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Bureau (CRB) check in accordance with NHS polioyhbspital training will be
provided at the IT department at the Royal Salfdodpital in order to be able to utilise

and search through the electronic clinical chasteay.

Data collection procedure:
The data will be collected through observing tharpfaceutical interventions carried
out by clinical pharmacists in practice at a daigis. The extraction and

documentation of information will be done in accamde to the data collection form.

Data analysis:

Acquired data will be analysed through the comparidrug therapy post surgery as
compared to pre surgery to identify the most comignprescribed drugs in bariatric
surgery patient groups and to identify systemdianges in. Observed changes will be
analysed statistically. The implications of thebanges in terms of relations to
physiological changes and the impact of changeestrient would further be

evaluated.
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Data collection form
(Page 1 of 2)

Salford Royal Hospital, Salford, UK.

Date of data extraction (DD/MM/YYYY): / /

Study subject number: | ‘ | |

Type of surgery:

Pre surgery drug therapy
Date (DD/MM/YYYY):
Days pre bariatric surgery:

Table 1. Pre surgery drug therapy.

Drug Administration form Dosing (mg-times daily)

Comments regarding pharmacotherapy:(underlying comorbidities)
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Post surgery (Page 2 of 2)
Date (DD/MM/YYYY): / /
Days since bariatric surgery:

Table 1. Post surgery drug therapy.

Drug Administration form Dosing (mg-times daily)

Reasoning behind drug therapy interventions(changes in dose, administration
form, eventual time period until drug is changedKkd original administration form,
reason for changes in pharmacotherapy)
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8.1.3 Supplementary data on oral drug exposure post bariatric

surgery

Table 8.1. Controlled trials examining oral drug exposuredwaling bariatric surgery.

Post/pre surgery
Surgical  drug exposure ratio

Drug procedure (mean (CI)) Additional information References
Antimicrobial drugs
Erythromycin 250 mg GBP AUC: 0.61 (0.38- Controlled prospective study  (Princeet
0.99) (P>0.05)" (n patients=7) al., 1984)
Ampicillin JiB Fora0.37 (0.16-0.89) Controlled prospective study (Kampmann
(pivampicillin 750 mg) (P<0.05}* (n patients=6) etal., 1984)
Sulfisoxazole 1,000 n JIB Forai: 0.84 (0.74-0.94) Controlled prospective stuc (Garret et
(P<0.05f (n patients=3) al., 1981)
Phenoxymethyl JiB AUC: 10.43 Controlled prospective stuc  (Terryetal.,
penicillin 1,000 mg (0.10-1058) (n patients=3) 1982)
(P<0.05f
Cardiovascular drugs
Digoxin 0.5 m¢ JiB AUC: 0.76 (0.59- Controlled stud (Gersol et
0.97) (n patients=9, n controls=16) al., 1980)
(P<0.05}%"
Digoxin 0.5 mg dail JIB AUC: 0.89 (0.70-  Controlled prospective stuc (Marcus et
(First day: 1 mg) 1.14)(P>0.05}" (n pre patients=5, n post al., 1977)
patients=6)
Hydrochlorothiazide JIB AUC: 0.46 (0.33- Controlled study as compar  (Beermanr
75 mg 0.65) (P<0.05f to literature data and
(n patients=4, Groschinsky
n healthy volunteers=7) -Grind,
1977,
Backmanet
al., 1979)
Immunosuppressants
Mycophencic acic RYGB® AUC: 0.66 (0.21- Pilot study as compared (Dowell et
(MPA) 2-1,000 mg 2.06)* literature data al., 2007;
(n patients=2, 4, 1, Rogerset
Sirolimus 6 mg AUC: 0.54 (0.25- ncontrols=) al., 2008)
1170
Tacrolimus 2-4 mg AUC: ‘Reduced’
Antiepileptic drugs
Phenytoin 200 JiB AUC: 0.32 (0.17-  Controlled stud (Kennedy
0.58)(P<0.05)" (n patients=7, n controls=9) and Wade,
1979)

SD=Standard deviation, GBP=Gastric Bypass (gasistpland Roux-en-Y gastric bypass), JIB=Jejunoileal
Bypass, BPD=Biliopancreatic Diversion, BPD-DS=Bilamcreatic Diversion with a Duodenal Switch,
RYGB=Roux-en-Y Gastric Bypass, AUC=Area Under CuiiveBioavailability, SS=Mean concentration at
steady state, G =Maximum concentration,,t,=Time at maximum concentratiotStatistical outcome as
reported in publicatiorft-test performed at 5% significance levid®re (sirolimus) and post (tacrolimus and
MPA) renal transplant patienf&Calculated estimate of AUC from repditVelch'’s t-test at a 5% significance
level.
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Table 8.1. (Continued) Controlled trials examining oral drug exposuredaling bariatric surgery.

Post/pre surgery

Surgical  drug exposure ratio Reference
Drug procedure (mean (CI)) Additional information s
Analgesics

Paracetamol 1,500 mg JiB AUC: 1.00 (0.647- Controlled prospective study (Terryet

1.54)(P>0.05f (n patients=3 at 2.7-3.9 al., 1982)
months, 5 at 6.4-34 months)

Phenazone 15 mg/kg JiB AUCE: 1.06 (0.81- Controlled study (Andrease

1.38)(P>0.05f (n patients=17, n controls=11 netal.,

1977)

Oral contraceptives
Norethisterone 3 mg JiB AUCFE: 0.80 (0.39- Controlled study (Victor et
1.63)(P<0.05f (n patients=6, n controls=5)  al., 1987)

Levonorgestrel 0.25 mg AUCE: 0.55 (0.34-
0.90)(P<0.05§
Estradiol 4 mg JiB ‘Unaltered’ Controlled study (Andersen
(n patients=12) etal.,
Levonorgestrel ‘Unaltered’ 1982)
0.125 mg
‘Contraceptives’ BPD ‘Reduced’ Observed increase in levels of (Gerritset

sex-hormone-binding globulin al., 2003)
and reduced levels of
dehydroepiandrosterone

sulphate.

Controlled prospective study
(n patients=40)
Anti-ulcerative drugs

Ranitidine 300 m BPD AUC: 1.43 (1.12- Contrdled study (Cossi et

1.81)(P<0.05f (n patients=11, n controls=10 al., 1999)
Ranitidine BPD ‘Unaltered’ Controlled study as compared (Adamiet
150 and 300 mg to literature data al., 1991)

(n patients=7)
HMG-CoA reductase inhibitors

Atorvastatin acid BPD-DS AUC: 1.85 (0.81- Controlled prospective study (Skottheim

20-80 mg 4.27)(P<0.05)" Crax Fatio: 2.241.7, etal.,
tmax ratio: 2.3£1.3 (n 2010)
patients=10)

Atorvastatin acid RYGB AUC: 1.43 (1.12- Controlled prospective study (Skottheim

20-80 mg 1.81)(P>0.05}" Crax atio: 1.1, etal.,

tmax ratio: 0.5 (n patients=12) 2009)
Anti-diabetic drugs
Metformin 1,000 mg RYGB AUC: 1.20 (0.91- Controlled study (Padwalet
1.58)(P>0.05}" (n patients=16, n controls=16 al., 2011)
Antidepressants
Sertraline 100 mg RYGB AUC: 0.40 (0.19- Controlled study (Roeriget
0.84)(P<0.05)" (n patients=5, n controls=5)  al., 2012)
Thyroid blockers
Propylthiouracil 400 m JiB Forai: 1.09 (0.84-1.42) Controlled prospective stuc  (Kampmal
(P>0.05}" (n patients=9) netal.,
1984)

SD=Standard deviation, GBP=Gastric Bypass (gasistpland Roux-en-Y gastric bypass), JIB=Jejunoileal
Bypass, BPD=Biliopancreatic Diversion, BPD-DS=Bilamcreatic Diversion with a Duodenal Switch,
RYGB=Roux-en-Y Gastric Bypass, AUC=Area Under CutiveBioavailability, SS=Mean concentration at
steady state, f,=Maximum concentration,,L,=Time at maximum concentratiofStatistical outcome as
reported in publicatiorft-test performed at 5% significance levid®re (sirolimus) and post (tacrolimus and
MPA) renal transplant patienf&Calculated estimate of AUC from repditVelch'’s t-test at a 5% significance
level.
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Table 8.2. Case reports (n patients=1) on oral drug exposli@xfing bariatric surgery.

Surgical Post/pre surgery
Drug procedure drug exposure ratio Additional information References
Antimicrobial drugs
Rifampicin JiB ‘Reduced’ Following JIB, the rifampicin (Griffiths et
Isoniazid ‘Unaltered’ dose was increased from 600 to  al., 1982)
Ethambutol ‘Unaltered’ 1,200 mg in order to reach
necessary serum levels.
Rifampicir JiB ‘Reduced’ Patient 1: Isoniazid 300 n— (Harris anc
Isoniazid ‘Inconclusive’ Serum concentration of 3.6 Wasson,
Ethambutol ‘Unaltered’ pg/mL at 2 hours as compared 1977)
reference value of 4-6 pg/mL.
Patient 2: Isoniazid 300 mg —
Serum concentration of 8.4
pa/mL at 2 hours. Ethambutol
2,400 mg - Serum concentratiol
under 1 pg/mL. Rifampicin 600
mg — Serum concentration of 4
pa/mL at 4 hours as compared
reference value of 8 pg/mL.
Rifampicir JiB ‘Reduced’ Four female patients out of o (Bruce anc
Isoniazid ‘Unaltered’ hundred patients undergoing JIB Wise, 1977)
Ethambutol ‘Unaltered’ developed tuberculosis. Blood
levels were obtained from two
patients, displaying a reduced
level of rifampicin, whereas
isoniazid and ethambutol
remained within therapeutic
range (n patients=4).
Isoniazid JiB ‘Unaltered’ Isoniazid and ethambutol blood (Picklemaret
Ethambutol ‘Unaltered’ levels reported to be within al., 1975)
normal range.
Isoniazic JiB ‘Reduced’ Drugs excreted in faeces (Werbin,
Ethambutol ‘Reduced’ unaltered tablets after oral 1981)
Para-aminosalicylic ‘Reduced’ administration.
acid
Isoniazic JiB ‘Unaltered’ Serum levels equivalent to tt (Polket al.,
Ethambutol ‘Unaltered’ observed in healthy volunteers. 1978)
Nitrofurantoin RYGB ‘Reduced’ Intravenous antibiotics (Mageeset al.,
Amoxicillin ‘Reduced’ administered due to failure of 2007)
oral drug therapy failed.
Immunosuppressants
Tacrolimus JIBR AUC: 0.53 After JIB R a 1.90-fold increase (Kelleyetal.,
in AUC was observed. 2005)
Cyclosporin JiB SS conc0.41 n patient=1, as compared to (Chenhs et
controls=6 al., 2003)
Cyclosporine JBR Fora: 0.36 2.78-fold Increase in drug (Knightet al.,
exposure following JIB R. 1988)
Cyclosporin LAGBD ‘Unaltered’ Standard cyclosporine thera (Ablassmaie
was successful in the treatment et al., 2002)

of a post LAGB surgery patient
subject to heart transplant.

JiB=Jejunoileal Bypass, JIB R=Jejunoileal Bypassdrgal, BPD=Biliopancreatic Diversion, BPD-DS=Bpi&ncreatic Diversion with a
Duodenal Switch, RYGB=Roux-en-Y Gastric Bypass, |B{B-Laparoscopic Adjustable Gastric Banding, AUC=Akénder Curve,
F=Bioavailability, SS Conc=Mean concentration atsly state, G,=Maximum concentration,t=Time at maximum concentratichTotal
gastrectomy followed by an oesophagojejunostomly iRoux-en-y reconstruction.
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Table 8.2. (Continued) Case reports (n patients=1) on oral drug exposill@Afing bariatric surgery.

Surgical Post/pre surgery
Drug procedure drug exposure ratio Additional information References
Anticonvulsants

Phenytoin RYGB ‘Reduced’ Dose strength up to 500 mg did (Pournarast
not achieve therapeutic effect al.)
(<3 mg/l as compared to a
normal range of 10-20 mgl/l).

Phenobarbitor RYGB ‘Reduced’ At a dose of 60 mg bid, seru
levels were reduced (9.9 mg/l) as
compared to normal range (15-

41 mgll).

Phenytoil JiB ‘Reduced’ Dose increased from 300to 5  (Peterson an
mg in order to achieve Zweig, 1974)
therapeutic effect.

Ethosuximid: JIB ‘Reduced’ Dose doubled in order to achie
therapeutic effect.

Phenytoi JIBR SS conc 0.4¢ JIB R reslited in an increase i (Peterson
SS conc. 1983)

Antipsychotic drugs

Haloperidol RYGB ‘Unaltered’ Dose doubled immediate post  (Fulleret al.,
surgery to thereafter be lower tc 1986)
pre-surgery dose with effective
treatment.

Anti-cancer drugs
Imatinib mesylate BPD-DS SS conc0.17 Plasma concentration of imatir (Liu and Artz,
400 mg at steady state reduced
from 965 to 166 ng/mL.

Tamoxifen RYGB ‘Reduced’ 3 case reports (n patients=3). (Wills et al.)

Temozolomide RYGB AUC: 1.02 Unaltered drug exposure (Parket al.,
following surgery at a dose of 2009)
190 mg as compared to
literature.

Anti-HIV drugs

Lopinavir/ritonavir RYGB" ‘Increased’ An observed increase in plasm: (Boffito et al.,

concentration in comparison to 2003)

control patients.
Thyroid hormones

Thyroxin JiB ‘Reduced’ Dose increase required from 0.2 (Toplisset al.,
mg to 0.8 mg daily to produce 1980)
sufficient response.

Thyroxin JIB ‘Reduced’ Chaxratio: 0.31. JIB R restored  (Azizi et al.,
to pre surgery drug exposure. 1979)

Thyroxin JIBR ‘Reduced’ Dose increase required from 0.3 (Bevan and

mg to 0.6 mg daily to reach SS Munro, 1986)
sufficient concentration.

JiB=Jejunoileal Bypass, JIB R=Jejunoileal Bypassdrgal, BPD=Biliopancreatic Diversion, BPD-DS=Bji&ncreatic Diversion with a
Duodenal Switch, RYGB=Roux-en-Y Gastric Bypass, |B{G-Laparoscopic Adjustable Gastric Banding, AUC=Akénder Curve,
F=Bioavailability, SS Conc=Mean concentration atsly state, z=Maximum concentration,f{,=Time at maximum concentratiochTotal
gastrectomy followed by an oesophagojejunostomiy @iRoux-en-y reconstruction.
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8.1.4 Statistical data analysis
The combined standard deviationdseg was computed utilising Equation 8.1, where

S, denotes the sample standard deviation and n egeethe sample size.

pooled

S _\/(nl—l) 5) +(n, 1) 5]

n+n,-2

Equation 8.1: Pooled variance.

The natural logarithmic ratio (InR) was computezhirsample means (XEquation
8.2):

INR=In(X,) -In(X,)

Equation 8.2: logarithmic ratio.
The variance of the log response ratig,§/was obtained through Equation 8.3:
1 1

V. r =S —_+ —
InR pooled(nl |lxl)z n2 []xz)zJ

Equation 8.3: Variance of ratio.

The standard error of the log response ratig,RSEquation 8.4) was calculated from

the variance:

SEInR = InR

Equation 8.4: Standard error of ratio.

The log ratio was converted to the geometric masin (R), upper and lower 95
Percentiles (Uk and LLg respectively) utilising the exponent (e) utilisiBguation 8.5,

Equation 8.6 and Equation 8.7:

R = elnR

Equation 8.5: Geometric mean ratio.
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LLR = eLLlnR

Equation 8.6: Lower percentile of geometric mean ratio.

ULR = eULlnR

Equation 8.7: Upper percentile of geometric mean ratio.

The weighted mean (WX) was calculated based oragesr(xj) and sample sizes (nj)

from literature data (Equation 8.8) (Ghobatal., 2011):

n

nj 0¥
=1

WX =

n

2N

=1

Equation 8.8: Weighted mean.

Overall sum of squares (SS) was obtained basethodard deviations (SPfrom

literature data, xj, nj, overall sample size (NYaX (Equation 8.9):
ss= Y [fso? + 2 mi]- N twx 2

Equation 8.9: Overall sum of squares.

Overall SD was obtained from SS and N (Equatio®)8.1

o= [=
N

Equation 8.10:Overall standard deviation.

The coefficient of variance (CV) was obtained base®&D and WX (Equation 8.11):
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CV:E
WX

Equation 8.11:Coefficient of variation.

Overallc was obtained from the log-transformed CV (Equa8diR):

o =+/In(L+CV?)

Equation 8.12:Log-transformed coefficient of variation.

The overall p was obtained from WX asdEquation 8.13):

4 =In(WX) - (05?)

Equation 8.13:Log-transformed mean ratio.

The overall geometrical mean (GM) was obtained ftboenexponent of p (Equation
8.14):

GM =¢¥

Equation 8.14:Geometric mean.

The overall geometrical standard deviation (GSD3 wlatained from the exponent®f
(Equation 8.15):

GD =€

Equation 8.15:Geometric standard deviation.
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Objectives Due to the multi-factorial physiological implications of bariatric
surgery, attempts to explain trends in oral bioavailability following bariatric surgery
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using singular attributes of drugs or simplified categorisations such as the biophar-
maceutics classification system have been unsuccessful. So we have attempted to use
mechanistic models to assess changes to bioavailability of model drugs.

Methods Pharmacokinetic post bariatric surgery models were created for Roux-
en-Y gastric bypass, biliopancreatic diversion with duodenal switch, sleeve gastrec-
tomy and jejunoileal bypass, through altering the ‘Advanced Dissolution Absorption
and Metabolism’ (ADAM) model incorporated into the Simcyp® Simulator. Post to

Received December 16, 2011 pre surgical simulations were carried out for five drugs with varying characteristics

Accepted April 19, 2012 regarding their gut wall metabolism, dissolution and permeability (simvastatin,

omeprazole, diclofenac, fluconazole and ciprofloxacin).

Key findings The trends in oral bioavailability pre to post surgery were found to be
dependent on a combination of drug parameters, including solubility, permeability
and gastrointestinal metabolism as well as the surgical procedure carried out.
Conclusions In the absence of clinical studies, the ability to project the direction
and the magnitude of changes in bioavailability of drug therapy, using evidence-
based mechanistic pharmacokinetic in silico models would be of significant value in
guiding prescribers to make the necessary adjustments to dosage regimens for an

doi: 10.1111/1.2042-7158.2012.01538.x

increasing population of patients who are undergoing bariatric surgery.

Introduction

The prevalence of obesity has increased dramatically in the
USA and Europe over the last decade.!*! Bariatric surgery has
proven to be successful in treating morbid obesity. In 2008,
approximately 220 000 bariatric surgeries were performed in
the USA and Canada, and over 66 000 operations were carried
out in Europe.®™

Several bariatric surgical procedures currently coexist in
healthcare, being characterised as either restrictive, in terms
of reducing gastric capacity, malabsorptive, with regard to
restricting the small intestine and/or delaying the bile inlet, or
a combination of both.® These procedures include: adjust-
able gastric band, sleeve gastrectomy, biliopancreatic diver-
sion (BPD), biliopancreatic diversion with a duodenal switch
(BPD-DS) and Roux-en-Y gastric bypass (RYGB).”! Other
procedures, such as jejunoileal bypass, have been gradually

phased out due to a higher likelihood of adverse events
(Figure 1).[+1011

Different types of bariatric surgery will impose a
number of physiological changes varying in extent depend-
ing on the invasiveness of the procedure. Many of these
alterations are known to affect the bioavailability of orally
administered drugs, although studies investigating alter-
ations in oral drug exposure pre- to postoperatively have
been limited."?

Oral bioavailability (F,.) is dependent on the fraction of
drug that is absorbed in the intestinal gut wall (f,), the fraction
that escapes gut wall metabolism (Fg) and the fraction that
escapes hepatic metabolism (Fy) (Equation 1).

Fomlzﬁ'FG'FH (1)
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Figure 1 Schematic illustrations of selected bariatric surgical procedures imposing restrictions to the gastrointestinal tract. (a) Roux-en-Y gastric
bypass. (b) Biliopancreatic diversion with duodenal switch. (c) Jejunoileal bypass.! (d) Sleeve gastrectomy.”!
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Mechanistic pharmacokinetics in obesity

Both f, and F; are highly influenced by drug and formula-
tion properties, such as disintegration, dissolution, perme-
ability, solubility, and the susceptibility to being metabolised
by certain enzymes (e.g. certain cytochrome P450 families
(CYP3A) or UDP-glucuronsyltransferases). Gastrointestinal
(GI) physiology such as gastric emptying time, pH profile,
small intestinal transit time, abundance and genotype of gut
wall drug metabolising enzymes and transporters can also
affect f, and Fg.!"*'

Gastric emptying time can serve as the rate limiting step for
highly permeable and highly soluble drugs as the absorption
from the stomach is inevitably low."*! The gastrointestinal pH
may affect drug dissolution for drugs displaying a pKa within
the range of GI pH fluctuations."®'"”! Furthermore, small
intestinal transit time may influence the drug absorption
of poorly soluble or extended release drug formulations as
it is the main site of absorption."*! Metabolism in the gut
acts to regulate the oral bioavailability of drugs and other
xenobiotics, an important determinant in the metabo-
lism of substrate drugs."” Cytochrome P450 (CYP), UDP-
glucuronsyltransferases, sulfotransferases and glutathione
S-transferases drug metabolising enzymes are present in
the enterocytes along the GI tract. CYP3A4 is the most
abundant drug metabolising enzyme in the GI tract, preced-
ing CYP2C9, CYP2C19, CYP2J2 and CYP2D6 in order of
abundance.”™ ! CYP3A4 and CYP3A5 are both present
along the whole GI tract, where CYP3A4 is expressed at lower
levels in the duodenum, rising in the jejunum and decreasing
towards the ileum.!">?!!

GI transporters may influence the absorption of orally
administered drugs and potentially also the extent of
metabolism in the gut through active substrate efflux.!>*!
Numerous transporters are present in the gut, such as
the multidrug resistance transporter 1, also referred to as
P-glycoprotein (P-gp), multidrug resistance associated
protein 2 and breast cancer related protein.”*! P-gp is the
most extensively studied of the GI transporters and the rela-
tive expression pattern of P-gp in the small intestine increases
from the proximal to the distal parts of the small intestine.?”!

The advanced dissolution absorption and metabolism
(ADAM) model is a mechanistic representation of the GI
tract which is implemented into the Simcyp Simulator.”" It is
a successive development of the advanced compartmental
absorption and transit model,”"*?! and includes distinct
parameters that better reflect the physiology with regards
to handling of fluid dynamics (no constant volume in each
segment), anatomical mirroring of the GI anatomy and
biology for different segments (unequal segments with
relative abundance of enzymes), and dissolution models
(avoiding assumptions of a flat surface in Noyes-Whitney).
The model defines the amount of drug in ‘formulation),
‘released but undissolved’, ‘dissolved’ and ‘enterocytes’ as
separate compartment structures and further adds hepa-
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tobiliary circulation and bile mediated solubility (Figure 2).
The model also incorporates fluid dynamics along the GI
tract flowing at the rate of gastric emptying and small intesti-
nal transit time, and rates of fluid absorption, secretion and
reabsorption along the GI tract as opposed to a static volume
in each segment."*!

Furthermore, the ADAM model incorporates the abun-
dance and distribution of GI enzymes and inter-individual
variability as well as the distribution of the GI transporter
P-gp." The model attributes can be modified to reflect
changes following bariatric surgery in a morbidly obese
patient population® and to investigate the validity of
predicting the influence of surgery on oral bioavailability
of drugs.

Due to the multifactorial physiological implications of
bariatric surgery, attempts to explain trends in changes to
oral bioavailability following bariatric surgery using single
attributes of drugs or simplified categorisations such as the
biopharmaceutics classification system (BCS) have been
unsuccessful.!?

In the absence of clinical studies showing the direction
and magnitude of changes in bioavailability of various
drugs, evidence-based mechanistic pharmacokinetic in-silico
models that define such alterations would be of value in
determining appropriate dosage regimens for an increasing
patient population undergoing bariatric surgery. The current
study, to our knowledge, is the first to develop such a model.

Methods

Characterisation of post bariatric
surgery population

A set of gastrointestinal and whole-body physiological
parameters were identified based on factors influencing oral
drug bioavailability post bariatric surgery. These included:
gastric volume and gastric emptying rate, gastrointestinal
pH, post surgical small intestinal dimensions, small intesti-
nal motility and transit time, and bile properties. Whole-
body physiological factors known to influence oral drug
exposure were also identified, such as renal function and
serum protein levels as a function of post surgical weight
loss.

An extensive literature search of identified parameters in
relation to bariatric surgery was performed utilising PubMed
(1966-2011). The gastrointestinal and physiological param-
eters were analysed in accordance with appropriate functions.
Weighted means (WX) and standard deviations (overall SD)
of results were calculated from the reported means (x) and
standard deviations (SD), dependent on the number of
observations in the i study (n) (Equations 2, 3 and 4), and
where applicable were analysed using Welch’s #-test at a
significance level of 0.05 assuming parameter data to be
normally distributed and taking unequal variance (s) into

© 2012 The Authors. JPP © 2012
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Adapting the ADAM model to mimic post
bariatric surgery conditions

The Simcyp Simulator v10 (Simcyp Limited, Sheffield, UK)
population template for the morbidly obese based on a
northern European Caucasian population was used. Valida-
tion of this model with respect to prediction of clearance has
recently been published by Ghobadi et al.**! We re-evaluated
and analysed model performance against the identified
post bariatric surgery model. Whenever applicable, we
altered necessary population parameters to conform to
post bariatric surgery conditions, applying reported data of
weighted meansand coefficient of variation (CV %) (Table 1).

Post bariatric surgery gastrointestinal physiological
parameters based on population/surgical data or physiologi-
cally rational assumptions were implemented into the ADAM
model, creating ‘post sleeve gastrectomy’, ‘post Roux-en-Y
gastric bypass), ‘post biliopancreatic diversion with duodenal
switch’ and ‘post jejunoileal bypass’ population templates
(so called population files within Simcyp).

Post surgical basal steady state gastric fluid volumes
at fasted state were estimated through one-compartmental
simulations of gastric fluid dynamics (Equation 6) in Matlab
R2010a (MathWorks, Natick, MA, USA) utilising reported
post surgical gastric emptying and assuming a linear relation-
ship with regards to the excretion of gastric juices (0.08 1/h)
as a function of gastric capacity, utilising an average gastric
volume of 230 * 13 ml as reported in 134 individuals. Saliva
production was kept constant at 0.05 I/h."**** Where V,
is the volume of fluids in the stomach, Q. is the secretion
of fluids into the stomach, and k,, is the rate at which the
stomach is emptied.

dVy

dt = Qsec,s

- kt,st st (6)

Table 1 Pre to post surgery physiological parameters evaluated

Gastric emptying of liquids (min)

Gastric emptying of solids (min)

Postoperative gastric volume (ml)

Secretion in stomach (Qsec; I/h)

Initial volume of stomach fluid (ml)

Small intestinal bypass (cm)

Small intestinal bile delay (cm)

Small intestinal bile concentrations at fasted and fed state (nM)
Gastrointestinal pH at fasted and fed state
Gastrointestinal CYP3A4 abundance (nmol/total gut)
Gastrointestinal CYP3A5 abundance (nmol/total gut)
Small intestinal transit time (h)

Renal function (glomerular filtration rate; ml/min)
Human serum albumin levels (g/l)

o-1 Acid glycoprotein levels (g/1)

Hepatic function (enzymatic activity)

Adam S. Darwich et al.

Population implementations of small intestinal bypass and
delay in bile inlet were dimensionally estimated as a function
of body surface area (BSA) utilising Equations 7 and 8 as
implemented into the Simcyp Simulator ADAM model.
Further, the human effective permeability (P.s) was set to
close to zero in segments corresponding to the small intesti-
nal bypass in the drug template.”

Length of duodenum =0.205- BSA*** 7)

Length of jejunum and ileum =5.231-BSA>*"*  (8)

Post surgical estimations of small intestinal transit time
were implemented into the ADAM model utilising the incor-
porated Weibull distribution fitted to describe a log normal
distribution through altering the scale factor (f) of small
intestinal transit time, keeping the shape factor (o) constant,
altering f3 thus retaining the log normal distribution assump-
tion (Equation 9).5!

f(x) = %[%j“— e~ /B) 9)

Following the dimensional alterations to the postoperative
surgical GI anatomy, the bariatric surgical team at Salford
Royal Foundation NHS Hospital Trust (Salford, UK) was
consulted in order to establish consensus on physiological
dimensions reflecting a realistic patient population. The
parameters subject to a consensus discussion included: post
surgical gastric volume and capacity, small intestinal bypass
and delay in bile inlet.

Virtual study of bioavailability post
bariatric surgery

An identified set of compounds in the Simcyp Simulator
were simulated utilising ‘post sleeve gastrectomy in mor-
bidly obese’, ‘post Roux-en-Y gastric bypass in morbidly
obese), ‘post biliopancreatic diversion with duodenal switch
in morbidly obese’ and ‘post jejunoileal bypass in morbidly
obese’ population templates in a total of 100 subjects per
group, with an age range of 20 to 50 years and 0.50 propor-
tion of females, varying the mean small intestinal transit
time to account for any ambiguity in reported data follow-
ing surgery.

The selected drugs (simvastatin, omeprazole, diclofenac,
fluconazole and ciprofloxacin) had a wide range of physico-
chemical and metabolic attributes and were commonly used
in patients undergoing bariatric surgery."” Oral drug expo-
sure was simulated for a low, medium and high therapeutic
dose in accordance with the British National Formulary,
which included: simvastatin immediate release (10, 20
and 80 mg), diclofenac enteric coated (25, 50 and 75 mg),
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omeprazole enteric coated (10, 20 and 40 mg), fluconazole
immediate release (50,200,400 mg) and ciprofloxacin imme-
diate release (250, 500 and 750 mg). Drugs simulated in post
bariatric surgery population templates were compared with
simulations carried out in the ‘morbidly obese’ population
template, examining trends in oral drug bioavailability, f, and
Fs (Equation 1), and related surrogate biomarkers: AUCq_41,
Cinax and f. where simulated data were processed utilising
Matlab R2010a.

Results

Characterisation and validation of
virtual populations

Roux-en-Y gastric bypass
Post RYGB stomach volume

A reduced gastric volume was implemented into the ‘mor-
bidly obese’ population template through limiting concomi-
tant fluid intake from the default value of 250 ml to 30 ml
based on surgical restriction in accordance to Wittgrove &
Clark.” The initial volume of stomach fluid in the fasted
state was estimated to be 9.9 ml (CV 30%) utilising simula-
tions at steady state as per Equation 6.

Gastric acid secretion and pH

Two studies were identified measuring gastric acid produc-
tion in a total of 18 post RYGB patients, with an approximate
gastric volume of 10 ml, as compared with pre surgery
or controls.”**’ Combining weighted means and vari-
ance displayed a mean basal gastric acid excretion of

Mechanistic pharmacokinetics in obesity

0.08 = 0.008 mEq/h, and a weighted mean peak acid excre-
tion of 0.048 * 0.048 mEq/30 min post surgery, as compared
with a basal and peak acid excretion of 9.1 = 3.6 mEq/h
(P<0.05) and 12.8 = 1.8 mEq/30 min (P < 0.05), respec-
tively, in pre surgery patients (n = 8), and a basal and peak
acid secretion of 5.0+ 0.7 (P<0.05) and 12.1 = 1.3
(P<0.05), respectively, in healthy volunteers (n=15)"%*!
(Figure 3). Implementation into the Simcyp Simulator
‘morbidly obese’ population template was based on the
assumption of gastric pH of 6.4 in the fasted state.

Gastric emptying time

Following RYGB surgery a significant reduction in t'/,
gastric emptying time has been observed for liquids,
whereas available data on gastric emptying of solids display
a considerably increased variability (Figures4 and 5).
Four studies measuring gastric emptying time following
gastrectomy surgery were identified (RYGB, sleeve gastrec-
tomy, Billroth gastrectomy with Roux-en-Y gastrectomy
and partial gastrectomy). Combining weighted means and
variance in a total of 68 post surgery patients resulted in a
mean t'/, gastric emptying of 8.48 = 9.12 min, as compared
with 24.33 = 23.71 min in controls (n=39; P<0.05)
(Figure 4).[40-+]

Identified publications examining gastric emptying time
of solids post gastric surgery resulting in a reduced gastric
volume (RYGB, sleeve gastrectomy and Billroth gastrectomy
with Roux-en-Y gastrectomy) displayed an observable
increase in variability following surgery as compared with
controls, with reported observations ranging from 4 min to
over 200 min post surgery (Figure 5).140-!

102

10" §

103 - :
Pre Post

Basal (mEg/h)

Pre Post
Peak (mEg/30 min)

Figure 3 Acid secretion over time at basal and peak levels. Acid secretion (mean = SD, mEqg HCl) in 12 post Roux-en-Y gastric bypass patients as com-
pared with 15 healthy volunteers not subject to surgery (@).°8 Acid secretion in eight Roux-en-Y gastric bypass patients, pre and post surgery (O ).
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Figure 4 Reported mean (*median) t'/, gastric emptying time of liquids
in post gastric surgery patients subject to various surgeries resulting in a
reduced gastric volume as compared with controls (pre surgery or healthy
volunteers not subject to surgery). (@) Sleeve gastrectomy, (O ) Billroth
gastrectomy and Roux-en-Y gastrojejunostomy, (A ) Roux-en-Y gastric
bypass and (/\) Roux-en-Y gastrectomy.40-43!

Following RYGB, the gastric emptying half life of liquids
was measured to be 7 = 3 min after liquid intake in 12 post
gastric bypass patients 12 months post surgery with a newly
formed stomach pouch size of 60—80 ml and a gastrojejunal
anastomosis of 12-20 mm in diameter, as compared with 11
healthy volunteers displaying a gastric emptying half life of
15 *= 2 min (Figure 5)./*?

Gastric emptying half life of a solid meal was highly vari-
able in the post RYGB patient population, where four patients
displayed a t'/, of 24 = 10 min, exhibiting an initial rapid
gastric emptying followed by a linear emptying, whereas five
patients displayed an initial lag time followed by linear emp-
tying. Three patients displayed a prolonged lag time followed
by slow gastric emptying, with a reported gastric emptying
half time of over 200 min. The control group displayed a '/,
of 70 = 7 min (Figure 5).1*”! Alteration of the gastric empty-
ing was implemented based on post surgical gastric emptying
time for liquids of 7 min (CV 45%) in the fasted state.*”!

Small intestinal bypass and regional
abundance of CYP3A

Approximately 75-100 cm of the proximal small intestine is
bypassed following RYGB surgery, bypassing the duodenum

and proximal jejunum.*”**= In accordance with the small

Adam S. Darwich et al.
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Figure 5 Reported mean (*median) t'/; gastric emptying time of
solids in post gastric surgery patients subject to various gastrointestinal
surgeries, as described in publication, resulting in a reduced gastric
volume as compared to controls. (@) Sleeve gastrectomy, (O) Billroth
gastrectomy and Roux-en-Y gastrectomy, (A ) Roux-en-Y gastric bypass,
(/\) Roux-en-Y gastrectomy, ([) Roux-en-Y gastrectomy, ([]) sleeve
gastrectomy.40-46!

intestinal bypass, the duodenum and proximal jejunum were
bypassed through setting transit time close to zero in the
duodenum and reducing small intestinal transit time in
jejunum I by 38%, thus creating an approximate bypass of
87.5 cm in the ADAM model based on body surface area
(Equations 7 and 8).

Small intestinal motility and transit time

Studies in humans examining small intestinal transit and
motility in patients subject to total gastrectomy***"* were
reviewed as compared with a partial gastrectomy in the treat-
ment of obesity."*”!

The data suggested changes in small intestinal motility
after a Roux-en-Y reconstruction.®**! In ten patients subject
to Roux-en-Y with a total gastrectomy (cancer being the main
indication), a mean small intestinal transit for solids of
293 * 37 min was observed as compared with 187 * 37 min
in five controls (P < 0.02), thus suggesting the small intestinal
transit to be increased post RYGB."*®! Animal models of RYGB
surgery suggested a similar impact of surgery as that observed
in man, with disturbed small intestinal motility reported in
ratand dog.>*%!

Two scenarios were created with regards to small intestinal
transit time. In the first scenario the transit time was assumed
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to be 5.0 h based on a reduced motility as reported by
Pellegrini et al;** whereas, in the second scenario the small
intestinal motility was assumed to remain unaltered, thus
reducing small intestinal transit to 3.0 h as a function of the
small intestinal bypass.

Regional abundance of CYP3A metabolising enzymes was
set to close to zero in the bypassed segments of the small intes-
tine. Mean total enzyme abundance of CYP3A4 and CYP3A5
was recalculated to account for the small intestinal bypass
of the duodenum, resulting in a reduction from 66.2 to
50.2 nmol/total gut and from 24.6 to 18.7 nmol/total gut,
respectively.®

Bile and pancreatic fluids

Following RYGB surgery, the inlet of bile and pancreatic
fluids is delayed to the common channel approximately
75-150 cm distally of the newly formed stomach
pouch.”#*I A delayed bile inlet was implemented into the
ADAM model through setting bile concentrations in the
fasted and fed state to zero in the gastrointestinal regions of
the stomach, duodenum and jejunum corresponding to
approximately 90 cm.

Biliopancreatic diversion with duodenal switch
Stomach volume

In accordance with the surgical procedure the gastric volume
following biliopancreatic diversion with duodenal switch was
effectively restricted to 150 ml through limiting concomitant
fluid intake with oral administration to 150 ml. Due to lack of
data, gastric emptying and gastric pH was assumed to remain
unaltered. [4,7,37-39,47,48]

Small intestinal bypass and regional
abundance of CYP3A

Jejunum segments Jejl and 2 were bypassed corresponding
to approximately 294 cm,”” recalculating gastrointestinal
abundance of CYP3A4 and CYP3AS5 accordingly to 30.0 and
11.2 nmol/total gut respectively.”*®

Small intestinal motility and transit time

In the first scenario the transit time was assumed to be 3.7 h
in accordance with the reduced motility observed post total
gastrectomy with Roux-en-Y jejunostomy corrected for the
small intestinal length following BPD-DS. In the second
scenario the small intestinal motility was assumed to be 2.2 h,
thus reducing as a function of the small intestinal bypass.

Bile and pancreatic fluids

In accordance with the surgical procedure the bile inlet was
delayed to ileum III corresponding to 252 cm.™*7”!

© 2012 The Authors. JPP © 2012
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Sleeve gastrectomy
Stomach volume

Sleeve gastrectomy surgery is limited to restriction of the
dimension of the gastric pouch (to approx. 60—80 ml), pre-
serving the pyloric sphincter.*”! Although not as invasive as
malabsorptive procedures, the reduction in gastric volume has
beenreported toaffect the gastricemptying time ofliquidsand
solids (Figures 4 and 5).1"* This was implemented through
setting concomitant fluid intake to 80 ml and initial volume
of stomach fluid to 24.2 ml (CV: 30%) in the fasted state in
accordance with simulated steady state gastric volumes.

Gastric emptying time

One study was identified examining gastric emptying of
liquids following sleeve gastrectomy, observing a significantly
reduced '/, gastric emptying time of 13.6 = 11.9 min in 20
post surgery patients as compared with 34. * 24.6 min in 18
controls (Figure 4).1*! Thus, gastric emptying was set to 13.6
(CV:53%) inthe post sleeve gastrectomy population template.

Results from combining weighted means and variance
of identified studies examining gastric emptying of solids
resulted in a significant reduction postoperatively
(P <0.05), with an observed mean gastric emptying time of
46.1 =17.7 min in 43 post surgery patients as compared with
74.6 = 26.2 min in 64 controls (Figure 5).1" 4

Gastric acid secretion and pH

There is a lack of published data on the impact of sleeve gas-
trectomy on gastric acid secretion or gastric pH measure-
ments pre to post surgery. Given this, gastric pH was assumed
to remain unaltered following sleeve gastrectomy.

Jejunoileal bypass

Small intestinal bypass and regional
abundance of CYP3A

In accordance with the surgical procedure a small intestinal
bypass was created retaining the duodenum segment,
approximately 20% of the proximal jejunum I and 23% of
the terminal ileum IV, bypassing the remainder of the small
intestine."”***! Accordingly, the abundance of CYP3A4
and CYP3A5 was set to zero in jejunum II to ileum IIT and
recalculated to 32.3 and 12.1 nmol/total gut, respectively.

Small intestinal motility and transit time

In the first scenario the transit time was assumed to be 0.7 h
in accordance with the reduced motility observed post total
gastrectomy with Roux-en-Y jejunostomy corrected for the
small intestinal length post jejunoileal bypass.” In the second
scenario the small intestinal motility was assumed to be 0.4 h,
thus reducing as a function of the small intestinal bypass.
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Bariatric surgery: whole-body
physiological parameters

Renal function

Comparing observed data on renal function, in terms of
glomerular filtration rate (GFR), in relation to body mass
index (BMI) following bariatric surgery induced weight loss,
estimates made utilising Cockcroft-Gault and modification
of dietin renal disease (MDRD; Equation 10) equations, con-
cluded a better prediction by the MDRD equation.®*** The
Cockcroft-Gault equation estimates the creatinine clearance,
while the MDRD equation estimates the GFR corrected for
body surface area.®! Simulating age and sex matched popula-
tions over a range of BMI, utilising the Simcyp Simulator
incorporating inter-individual variability, observed data was
within 95% confidence interval of simulated estimations
utilising the MDRD equation, whereas, the Cockcroft-Gault
equation over-predicted GFR at a higher BMI in agreement
with previous publications examining predicted versus
observed GFR in ‘morbidly obese’ and ‘obese’ popula-
tions.®! Based on these findings the MDRD equation was
utilised to estimate GFR in the Simcyp Simulator (Figure 6).

GFR (mL/min/1.73m?) =
186- Serum creatinine (mg/dL) """ - (10)
age™**” -(0.742 for females)

Serum protein levels

Prior to and following bariatric surgery induced weight loss,
human serum albumin levels remained consistent with the
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Figure 6 Observed glomerular filtration rate (GFR) following bariatric
surgery induced weight loss as compared with calculated GFR utilising
the modification of diet in renal disease (MDRD) equation and simulated
age- and gender-matched GFR with 5, 50 95% confidence intervals
(CI) utilising the Simcyp Simulator (MDRD) with inter-individual variability.
BMI, body mass index.6%-63]
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normal reported range (at a total of 322 data points; n = 163)
evaluated utilising sex- and age-matched simulations in the
Simcyp Simulator, predicting human serum albumin within
the 95% confidence interval (Figure 7).% Levels of -1
acid glycoprotein were significantly reduced following bariat-
ric surgery induced weight loss (at a total of 170 data points;
n = 50), regressing towards ranges observed in normal weight
controls, where simulations in the Simcyp Simulator overes-
timated the levels of o-1 acid glycoprotein at lower BMI
ranges (Figure 8).[°%)

Hepatic function

The reduction in liver volume following bariatric surgery
induced weight loss was assumed to be a function of the
reduction in body surface area as observed in a general popu-
lation,”! where the equation incorporated into the Simcyp
Simulator corrects for the observed under-prediction in liver
volume at a BMI = 40 kg/m” utilising a correction factor of
1.25.5% Tissue blood perfusions were obtained as a function
of cardiac output estimated from body surface area as incor-
porated into the Simcyp Simulator. A summary of altered
physiological parameters are provided in Table 2.1

Virtual studies
Roux-en-Y gastric bypass

Simulated simvastatin immediate release 10 mg oral drug
exposure post RYGB (small intestinal transit time 3.0 h) dis-
played an unaltered oral bioavailability with a mean post/pre
surgery AUC ratio of 1.14 * 0.18 due to a mean increase in Fg
from 0.24 * 0.10 to 0.27 = 0.11 counteracted by a reduction
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Figure 7 Observed serum concentrations human serum albumin (HSA)
in morbidly obese patients subject to bariatric surgery induced weight
loss as compared with simulated HSA levels with 5, 50 95% confidence
intervals (Cl) based on Simcyp demographics characteristics. BMI, body
mass index.6>-6¢]
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Figure 8 Observed serum concentrations (mean = SD) of a-1 acid gly-
coprotein (AGP) in morbidly obese patients subject to bariatric surgery
induced weight loss as compared with simulated AGP levels with 5, 50
95% confidence intervals (Cl) based on Simcyp Simulator demographics
characteristics. BMI, body mass index.>6%

in f, from 0.90 = 0.11 to 0.87 = 0.12 (Figure 9). At a high
therapeutic dose (80 mg) the mean post/pre surgery ratio
became less apparent (1.07 = 0.19) due to a more apparent
reduction in f, from 0.88 = 0.12 to 0.82 * 0.14 (Figure 10).
Assuming a reduction in small intestinal motility post RYGB
(small intestinal transit time 5.0 h) simvastatin displayed a
mean ratio of 1.22 * 0.19to 1.17 = 0.20 over the therapeutic
dose range due to reduced postoperative impact on f,. This
was apparent over the whole range of studied drugs, where
the increased small intestinal transit time positively influ-
enced f, (data not shown).

Oral drug exposure of omeprazole remained unaltered fol-
lowing RYGB (small intestinal transit time 3.0 h), although
displaying a reduction in . from approximately 1.24 *+ 0.41
to 0.97 = 0.23 h over the therapeutic dose range. Diclofenac
post/pre surgery AUC ratio displayed a minor reduction
following RYGB (small intestinal transit time 3.0 h). This
became more apparent at a high therapeutic dose, displaying
an AUC ratio of 0.99 * 0.14, due to a reduction in f, from
0.88 = 0.13 t0 0.84 * 0.13, counteracted by a minor increase
in Fg from 0.95 = 0.04 to 0.96 % 0.03; whereas f,.. displayed
areduction from 1.44 * 0.54to 1.28 = 0.51 h. Ciprofloxacin
displayed a minor reduction in AUC post RYGB (small intes-
tinal transit time 3.0 h), displaying a ratio of 0.96 * 0.02 over
the therapeutic dose range due to a reduction in f, from
0.77 %= 0.15 to 0.74 = 0.15. Fluconazole remained unaltered
over the dose range.

Biliopancreatic diversion with duodenal switch

Following BPD-DS (small intestinal transit time 2.2 h),
simvastatin displayed a reduction in AUC, with an observed
post/pre surgical AUC ratio ranging from 0.89 = 0.15 to

© 2012 The Authors. JPP © 2012
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Figure 9 Simulated simvastatin immediate release 10 mg (low thera-
peutic dose) in morbidly obese (n=100) and post Roux-en-Y gastric
bypass surgery (n = 100; small intestinal transit = 3.0 h). (a) Mean, 95"
and 5" percentile plasma concentration time profile over 24 h. (b)
Mean = SD of segmental fraction of dose absorbed along the small
intestine (f,). () Mean = SD of segmental fraction of dose metabolised in
the gut wall (1 = Fg). Duo, duodenum; Jej, jejunum.
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Table 2 Summary of physiological parameter alterations following bariatric surgery for input into the Simcyp Simulator

Physiological parameters RYGB BPD-DS JIB SG References
Population alterations
Stomach
Gastric emptying time (min) 7 (CV 45%) Unaltered Unaltered 13.6 (CV 53%) 042
Initial fluid volume (ml) 9.9 (CV 30%) Unaltered Unaltered 24.2 (CV 30%)
Gastric pH 6.4 (CV 38%) 1.5(CV 38%) 1.5(CV 38%) 1.5(CV38%) &3
Small intestine
Bypass (segments) Duo, jej I° Jejl, jejli Jej I-IL Unaltered RAREIRDEEE)
Bile delay (segments) Duo-jej Il Duo-il Il Unaltered
SIT: scenario 1 (h) 3.0 2.2 0.4 3.3
Weibull g 3.6 2.6 0.5 4.0
SIT: scenario 2 (h) 5.0 3.7 0.7 -
Weibull g 6.0 4.4 0.8 -
Gl metabolism
CYP3A bypass (segments) Duo, jej I° Jej !, jej il Jej l-IL Unaltered 4.7.8,14,37,47-49,57-59]
CYP3A4 abundance (nmol/total gut) 50.2 (CV60%) 30.0(CV60%) 32.3(CV60%) 66.2(CV60%)
CYP3AS abundance (nmol/total gut) 18.7(CV60%) 11.2(CV60%) 12.1(CV60%) 24.2(CV60%)
Whole-body physiological alterations
GFR prediction MDRD MDRD MDRD MDRD e
Study design alterations
Concomitant fluid intake with administered dose (ml) 30 (CV 60%) 150 (CV60%) 250(CV60%) 80 (CV60%) [47,8,14,37,47-49,57-59]

BPD-DS, biliopancreatic diversion with duodenal switch; duo, duodenum; GFR, glomerular filtration rate; Gl, gastrointestinal; IL, ileum; jej, jejunum; JIB,
jejunoileal bypass; MDRD, modification of diet in renal disease equation; RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; SIT, small intestinal
transit. *Weibull distribution function (o= 2.92; Equation 9). Partial small intestinal bypass.
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Figure 10 Simulated post/pre Roux-en-Y gastric bypass surgery (small intestinal transit = 3.0 h) AUC ratio over a range of selected drugs at a low,
medium (MED) and high therapeutic dose: simvastatin immediate release (10, 20 and 80 mg), omeprazole enteric coated (10, 20 and 40 mg), diclofenac
enteric coated (25, 50 75 mg), fluconazole immediate release (50, 200, 400 mg) and ciprofloxacin immediate release (250, 500 and 750 mg).

0.65 = 0.22 as a result of a more extensive reduction in f, as
compared with following RYGB; assuming a higher small
intestinal transit time of 3.7 h, simvastatin displayed an
increase in AUC, displaying a ratio of 1.05 = 0.08 at a low
therapeutic dose level ranging to a reduction with a simulated
ratio of 0.83 = 0.22 at the highest therapeutic dose. This was
observed for the whole range of simulated drugs.
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Omeprazole displayed a post/pre BPD-DS AUC ratio of
0.88 £ 0.10 at a low therapeutic dose due to a reduction in
f. from 0.94 = 0.09 to 0.83 * 0.14 (Figure 11), whereas a
minor increase in F; was observed from 0.96 = 0.02 to
0.97 £ 0.02. T displayed an increase from 1.22 = 0.38
to 1.50 = 0.54 h, whereas C.. displayed a reduction by
approximately 19%. At a high therapeutic dose, omeprazole

© 2012 The Authors. JPP © 2012
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Figure 11 Simulated omeprazole enteric coated 10 mg (low therapeu-
tic dose) in morbidly obese (n = 100) and post biliopancreatic diversion
with duodenal switch (n = 100; small intestinal transit = 2.2 h). (a) Mean,
95™" and 5™ percentile plasma concentration time profile over 24 h.
(b) Mean = SD of segmental fraction of dose absorbed along the small
intestine (f.). Duo, duodenum; Jej, jejunum.

displayed a post/pre surgery AUC ratio of 0.77 * 0.15, due to
a more extensive reduction in f,, whereas #,.x was increased
from 1.42 £ 0.50 to 2.26 = 0.63 h. The reduction became
less apparent assuming a small intestinal transit time of 3.7 h.
Diclofenac displayed an AUC ratio of 0.87 = 0.09 follow-
ing BPD-DS (small intestinal transit time 2.2 h) at a low
therapeutic dose due to a reduction in f, from 0.89 * 0.12
to 0.75 % 0.15, whereas F; displayed an increase from
0.91 £0.06 to 0.94 = 0.04. At a high therapeutic dose,
diclofenac displayed a more apparent reduction due to a
higher post surgical impact on f,. Again the reduction was less
apparent assuming a small intestinal transit time of 3.7 h.
Fluconazole displayed an AUC ratio of approximately
0.95 £ 0.05 over the dose range. Ciproflocaxin displayed an
AUC ratio 0f 0.80 = 0.06 following BPD-DS (small intestinal
transit time 2.2 h) at a low therapeutic dose, reflected by a

© 2012 The Authors. JPP © 2012
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reduction in f.. Following BPD-DS (small intestinal transit
time 3.7 h), Ciprofloxacin displayed no significant alteration,
with an AUC ratio of 1.01 = 0.01 at a low therapeutic dose
ranging to 0.98 * 0.01 at a high therapeutic dose (Figure 12).

Jejunoileal bypass

Following jejunoileal bypass the whole range of studied drugs
displayed an extensive reduction in AUC due to a more appar-
ent reduction in f, as compared with RYGB and BPD-DS
where fluconazole displayed the least apparent reduction,
with a post/pre surgery AUC ratio of 0.47 = 0.12 at a low
therapeutic dose, whereas an AUC ratio of 0.44 = 0.13
was displayed at a high dose level due to a more extensive
reduction in f, from 0.97 £ 0.07 to 0.45 = 0.13 (Figures 13
and 14).

Sleeve gastrectomy

Simulated post sleeve gastrectomy applied to the ‘morbidly
obese’ population did not significantly alter the pre to post
surgery drug exposure for the range of studied drugs over low
to high therapeutic dose ranges (data not shown).

Discussion

Simulating oral drug exposure following
bariatric surgery

Simulating oral drug bioavailability following bariatric
surgery identified a number of potential pharmacokinetic
parameters suggested to influence bioavailability following
bariatric surgery.

Simvastatin is characterised as a BCS class IV drug, and
further classified as a Biopharmaceutics Drug Disposition
Classification System (BDDCS) class II compound.”?! The
drugis considered a low soluble compound at the therapeutic
dose, displaying an aqueous solubility 0.03 mg/ml.">"* The
drug is administered in its lactone form and undergoes
pH- and temperature-dependent interconversion to its
hydroxyacid form at a pH below 6, whereas the lactone form
is mainly formed at pH values over the equilibrium.”
Approximately 85% of the administered dose is absorbed,
being further exposed to extensive metabolism by CYP3A4 in
the small intestine and liver, and CYP3A5 to lesser extent.!7®””

The simulated increase in drug exposure of simvastatin in
the post RYGB (small intestinal transit time 3.0 h) popula-
tion was due to an increase in F post surgery. These findings
suggest intestinal gut wall metabolism plays an important
role in the observed trend in drug bioavailability pre to post
surgery for compounds subject to a high small intestinal
metabolic extraction ratio, such as atorvastatin and simvasta-
tin, where the simulated post/pre surgical AUC ratio follow-
ing RYGB was similar to that observed for atorvastatin,
displaying a median AUC ratio of 1.20 (0.3-2.3).*”) Simulated

Royal Pharmaceutical Society 2012 Journal of Pharmacy and Pharmacology, 64, pp. 1008-1024 1019
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Figure 12 Simulated post/pre biliopancreatic diversion with duodenal switch (small intestinal transit = 2.2 h) AUC ratio over a range of selected drugs
at a low, medium (MED) and high therapeutic dose: simvastatin immediate release (10, 20 and 80 mg), omeprazole enteric coated (10, 20 and 40 mg),
diclofenac enteric coated (25, 50 75 mg), fluconazole immediate release (50, 200, 400 mg) and ciprofloxacin immediate release (250, 500 and 750 mg).

compound characteristics of simvastatin did not incorporate
the pH-dependent interconversion of the lactone and acid
form,”! but treated this as a part of the CYP3A4 clearance
term through fitting to observed data, thus not taking into
account the increased gastric pH following RYGB surgery and
its impact on the interconversion.

Omeprazole (BCS class I and BDDCS class I ampholyte,
pKa = 8.7, pKb = 3.79) is a sparingly soluble highly lipophilic
compound with stability issues at a lower pH levels, thus
motivating the enteric coated formulation to protect the drug
from degradation caused by the gastric pH.?*">7*”I The drug
displays a highly variable absorption and further mainly
undergoes hepatic metabolism and clearance by CYP3A4 and
2C19.1 Only a minor alteration in Fs was observed follow-
ing simulations post BPD-DS, where an overall increase was
observed. The biggest impact was observed on f;, potentially
due to the reduction in absorption area.

Diclofenac (BCS class II, BDDCS class I) is mainly meta-
bolised by CYP2C9.?*""” The drug undergoes extensive
first-pass metabolism, displaying an oral bioavailability of
approximately 54%.%"%!) Following RYGB and BPD-DS, a
minor increase in Fs was observed due to the bypass of
intestinal regions abundance of CYP2C9, however this was
counteracted by a reduction in f,.

Fluconazole (BCS class I, BDDCS class III) is soluble at
the therapeutic dose and displays a bioavailability of over
90% in healthy volunteers, and further is mainly renally
cleared.”">*] Pollowing bariatric surgery simulated oral
drug exposure of fluconazole only displayed minor changes
in AUC, with the exception following jejunoileal bypass.
These results are consistent with observations in AIDS
patients, frequently displaying gastrointestinal disturbances,
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and a case report in a patient subject to gastrointestinal
restriction of the gastric antrum, duodenum and ileum
following peptic ulcer disease, displaying no altered bio-
availability or a comparable bioavailability as compared with
healthy volunteers.®*

Ciprofloxacin (BCS class III, BDDCS class IV) is sparingly
soluble at the therapeutic dose range, further having a
reported oral bioavailability ranging from approximately
60% to 80% in healthy volunteers, and is mainly renally
cleared.**">#%I The simulated reduction in AUC following
bariatric surgery is therefore most likely an effect of a reduc-
tion in absorption area and a product of postoperative
solubility issues.

The major issue following sleeve gastrectomy would be
potential solubility issues due to a reduced concomitant fluid
volume with the administered dose, although this was not a
major issue for any of the studied drugs.

Post bariatric surgery ADAM
model limitations

Conclusions drawn from this study are limited by a number
of ‘known unknowns’ relating to gastrointestinal physiology
post bariatric surgery, where data relating to gastrointestinal
pH, small intestinal transit and post surgical gastrointestinal
physiological adaptation and whole-body physiological alter-
ations, such as hepatic activity and bile secretion and its GI
levels, is sparse or nonexistent.

Following RYGB, gastric pH was estimated to increase
based on measuring acid secretion in the gastric pouch
(mEq/time). However, examining the relationship between
pH and gastric acid output is not straightforward. Pratha

© 2012 The Authors. JPP © 2012
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Figure 13 Simulated fluconazole immediate release 400 mg (high
therapeutic dose) in morbidly obese (n = 100) and post jejunolieal bypass
(n =100; small intestinal transit = 0.4 h). (a) Mean, 95" and 5" percentile
plasma concentration time profile over 24 h. (b) Mean =+ SD of seg-
mental fraction of dose absorbed along the small intestine (fa).
Duo, duodenum; Jej, jejunum.

et al.® examined the effect of proton pump inhibitors on
gastric acid output and pH and concluded the relationship
between pH and gastric acid output to be highly ambiguous.
At a gastric acid output of =1 mEq/30 min a pH of 0.9-7.7
was observed, whereas a pH of 2.5 and upwards was ren-
dered at minimal gastric acid output,*”! thus rendering a
high degree of uncertainty in the implications of mEq/time
post RYGB.

Small intestinal transit time estimation following bariatric
surgery was limited to one study examining small intestinal
transit time of solids in 10 patients subject to total gastrec-
tomy with Roux-en-Y reconstruction™ or estimations based
on the extent of small intestinal bypass. As the procedure
differs in terms of the extent of gastrectomy as compared with
RYGB for the treatment of obesity, such an assumption may
not necessarily hold true.

© 2012 The Authors. JPP © 2012
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Following gastric restrictive surgery (RYGB and sleeve gas-
trectomy), gastric emptying of liquid displayed an overall
significant reduction, whereas gastric emptying of solids
displayed an increase in variability following RYGB. The
impact of RYGB surgery on gastric emptying of solids may be
due to a postsurgical state of stasis due to a reduced nervous
stimulus.[#>%

The methodology of how the ADAM model was adapted
to mimic post bariatric surgery conditions is subject to a
number of limitations due to the limited nature of how the
ADAM model could be adjusted through the Simcyp Simula-
tor through the existing interface. Rather than bypassing
the proximal small intestinal compartments, the transit
times through these compartments were reduced to close to
zero. As a consequence the modelling and simulations of
drug concentration in the bilio limb could not be conducted,
thus limiting the predictability of drugs subject to biliary
elimination. A further concern was the fluid dynamics within
the ADAM model which is governed by secretion and reab-
sorption of GI fluids taking place throughout the GI com-
partments.*! As a result of such parameter alterations not
being possible through the Simcyp user interface, an overes-
timation of GI fluid volumes and consequential underesti-
mation of potential drug specific solubility issues following
surgery are possible.

Conclusions

Trends in pre and post RYGB bioavailability seem to be highly
dependent on drug-specific parameters such as affinity to
CYP3A4, solubility and permeability issues based on simu-
lated outcomes, although this has yet to be confirmed with
regards to clinical data. A mechanistic modelling approach
has the potential of examining the impact of drug-specific
parameters on trends pre to post surgery and to serve as a
useful tool in examining the impact of physiological alter-
ations on oral drug bioavailability in the absence of clinical
data.

Current limitations in estimating and simulating the
impact of oral drug bioavailability following bariatric surgery
include the sparsity of clinical data for further model valida-
tion and the lack of data on resultant physiological changes
post surgery.
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Figure 14 Simulated post/pre jejunoileal bypass (small intestinal transit = 0.4 h) AUC ratio over a range of selected drugs at a low, medium (MED) and
high therapeutic dose: simvastatin immediate release (10, 20 and 80 mg), omeprazole enteric coated (10, 20 and 40 mg), diclofenac enteric coated
(25, 50 75 mg), fluconazole immediate release (50, 200, 400 mg) and ciprofloxacin immediate release (250, 500 and 750 mg).
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8.2.2 Compound Simcyp Simulator template input properties

Table 8.3. Drug specific parameters as incorporated into $ifiSimulator.

Drugs
Parameters CPF DCF FCzZ OoMZ SIM
PhysChem
MW (g/mol) 3314 296.2 306.3 345.4 418.6
LogR.w 0.3 45 0.2 2.23 4.68
Acid-base nature Ampholyte Acid Base Ampholyte Neutral
pKa 5.88 4.01 1.76 8.7 NA
pKb 8.74 4.4
Blood binding
BP 0.75 0.61 1 0.59 1
fu, 0.79 0.003 0.89 0.043 0.011
Dissolution
Formulation IR EC IR EC IR
Solubility input Predicted Predicted Predicted Predicted Predicted
S (mg/mL) 26.324 0.001 30.630 0.322 0.001
Absorption
IVIVC method PSA PSA Caco-2, pH6.5:7.4 MDCK: PSA
Paop 29.8 Papp 59
PSA: 729  PSA:49.3 10° cm/s 10° cm/s PSA: 72.83
HBD: 2 HBD: 2 HBD: 1
Patt man (10 cm/s) 1.25 2.27 4.27 3.25 2.37
Distribution
Model 1-comp. 1-comp. 1-comp. 1-comp. 1-comp.
Estimation method Vesiv Vesiv Vesiv Vesiv Vesiv
Vs (L/kg) 2.48 0.195 0.748 0.35 2.13
Elimination
Metabolism NA CYP2C9 CLy: CYP2C19 CYP3A4
Vmax 8.28 1.01 L/h Vimax 6.47 Ol
Kmy 0.7 Kmy 1.28 2597
UGT2B7 CYP3p4
Vmax 2806 Vimax 2.3
K 2.45° Kmu 58.8°
CYP3A4
Vimax 12.2
K 137
Clg (L/h) 23.7 1.05 0.7 0.037 NA

References: (Turner, 2008)
CPF=Ciprofloxacin, DCF=Diclofenac, FCZ=FluconazdZ=Omeprazole, SIM=Simvastatin,
MW=Molecular weight, LogR,=Octanol:Water partitioning coefficient, BP=Bloamfglasma ratio,
fug=fraction unbound in plasma, SO=intrinsic aqueastslity, IVIVC=In vitro-in vivo correlation,

Pett marmEStimated human permeability, CYP=Cytochrome P@3Q~Typical renal clearance in healthy
volunteers, Vss=Volume of distribution at steaditestiv=Intravenous infusion, NA=Not applicable.
Apmol/min/mg microsomal protein

BM

Cpmol/min/mg protein

PuL/min/mg microsomal protein
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Evaluation of an In Silico PBPK Post-Bariatric Surgery
Model through Simulating Oral Drug Bioavailability of
Atorvastatin and Cyclosporine

AS Darwich', D Pade? K Rowland-Yeo?, M Jamei?, A i\sberg3, H Christensen®, DM Ashcroft' and A Rostami-Hodjegan'?

An increasing prevalence of morbid obesity has led to dramatic increases in the number of bariatric surgeries performed. Altered
gastrointestinal physiology following surgery can be associated with modified oral drug bioavailability (F__). In the absence of
clinical data, an indication of changes to F_ via systems pharmacology models would be of value in adjusting dose levels after
surgery. A previously developed virtual “post-bariatric surgery” population was evaluated through mimicking clinical investigations
on cyclosporine and atorvastatin after bariatric surgery. Cyclosporine simulations displayed a reduced fraction absorbed through
gut wall (f) and F_ after surgery, consistent with reported observations. Simulated atorvastatin F__ postsurgery was broadly
reflective of observed data with indications of counteracting interplay between reduced £ and an increased fraction escaping
gut wall metabolism (F_). Inability to fully recover observed atorvastatin exposure after biliopancreatic diversion with duodenal
switch highlights the current gap regarding the knowledge of associated biological changes.

CPT: Pharmacometrics & Systems Pharmacology (2013) 2, e47; doi:10.1038/psp.2013.23; advance online publication 12 June 2013

The prevalence of obesity has increased dramatically in
the USA and Europe over the past decade.'? Bariatric sur-
gery has proven to be successful in treating morbid obe-
sity with over 220,000 surgeries performed in the USA
and Canada in 2008.% Several bariatric surgical methods
coexist in healthcare, where Roux-en-Y gastric bypass
(RYGB) is considered the gold standard.* RYGB results in
a reduced gastric volume, complete bypass of the pylorus,
partial bypass of the duodenum and proximal jejunum, and
a delay in bile inflow to the distal jejunum. The more inva-
sive biliopancreatic diversion with duodenal switch (BPD-
DS) results in a partial resection of the stomach with the
pylorus retained, bypass of jejunum and proximal ileum,
and an approximately 250cm delay of the bile inlet. Jeju-
noileal bypass (JIB) is considered to be the most invasive
procedure, retaining only the stomach (with pylorus) and
distal ileum.>®

As a consequence of bariatric surgery, a number of physi-
ological parameters influencing oral drug bioavailability
(F,,) are altered, including: a reduced gastric capacity and
emptying time, altered gastrointestinal (Gl) pH, reduced
absorption area, altered bile flow and small intestinal transit
(SIT), altered substrate exposure to drug-metabolizing
enzymes, and active efflux transporters.>”# Patients undergo-
ing bariatric surgery continue to receive various therapeutic
drugs without dose adjustments for altered bioavailability,
which can potentially lead to no therapeutic effect or higher
than required systemic exposure. There are a very limited
number of studies that have investigated oral drug exposure
post-bariatric surgery.5°

The direction and magnitude of impact on F_ following
surgery may depend on the characteristics and invasiveness

of the surgical procedure,! where the extent of the small
intestinal bypass may influence the fraction of dose absorbed
through the gut wall (f). Bypassing regions highly abun-
dant in drug-metabolizing enzymes can affect the fraction
of absorbed drug F,.° F,,, the fraction that escapes hepatic
first-pass metabolism, may be assumed to remain unaltered
(Eq. 1).578

ForaI:fa'FG'FH (1)

A level of uncertainty remains regarding the SIT postsur-
gery, where a reduction in motility has been observed, albeit
well-powered clinical studies of SIT in man are lacking.®21

The postsurgical physiology is further complicated by the
possibility of small intestinal trauma or adaptation, where
an enhanced permeability due to impairment of the mucosa
or long-term villi elongation has been observed in rat BPD-
DS models.™® Alterations in the levels of gastric hormones
(including: peptide YY, ghrelin, and Glucagon-Like Peptide 1)
may lead to redistribution of intestinal blood flow to the sub-
mucosa, as observed in dog models. Postsurgical hormonal
levels have been observed to vary depending on the bariatric
surgical procedure.'16-8

Due to these multifactorial changes, physiologically
based pharmacokinetic (PBPK) modeling enables one to
predict, in silico, the effects of various bariatric surgeries
in a morbidly obese population.® The Advanced Dissolution
Absorption and Metabolism (ADAM) model describes the
variability in F__ through a physiologically based seven-
segment model of the small intestine, including: duode-
num, jejunum | and Il, and ileum I-IV. The model describes
drug release from formulation, dissolution, precipitation,
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|

degradation, absorption, active transport, and metabolism
as the drug transits through the small intestine, allowing the
incorporation of saturation effects and population variability.
The ADAM model has been well described and used in the
previous literature.®'°

In our previous work, a virtual “post-bariatric surgery”
population was created using the ADAM model within a
PBPK system containing characteristics of a morbidly obese
population. Developed models for RYGB, BPD-DS, and JIB
included specific anatomical and physiological parameters
that are altered following surgery, namely: gastric capacity
and fluid dynamics, gastric emptying time, small intestinal
bypass, Gl pH, bile flow, and alterations to regional abun-
dance of drug-metabolizing enzymes (e.g. CYP3A) and
efflux transporter P-glycoprotein. The model further incorpo-
rated whole body physiological changes, such as postsurgi-
cal recovery of renal function as a function of weight loss.®

Simulations predicted change in oral bioavailability of vari-
ous drugs pre- to post-bariatric surgery, revealing the mag-
nitude and direction of the effect to be surgery dependent,
due to altered Gl system parameters, and influenced by a
complex interplay between drug characteristics, including:
solubility, permeability, dissolution, gut wall metabolism, and
dose level. However, no comparison so far has been made
between the results of these simulations and existing clini-
cal data.’ In the current study, we report on the evaluation of

previously developed post-bariatric surgery models by com-
paring the observed vs. predicted impact of bariatric surgery
on oral exposure of cyclosporine and atorvastatin acid using
virtual simulations.

RESULTS

Changes in oral drug bioavailability after bariatric surgery
were demonstrated for cyclosporine and atorvastatin acid
following RYGB, BPD-DS, and JIB.'®'202! Sex-, age-,
height-, and weight-matched simulations were carried out
based on the corresponding clinical studies using post-
bariatric surgery models coupled to a full PBPK distribution
model into the Simcyp Simulator (Simcyp Limited (a Certara
Company), Sheffield, UK). The results from the comparison
of observed vs. simulation studies are as follows:

Cyclosporine

Roux-en-Y gastric bypass. Following RYGB, Marterre and
coworkers reported a 194% increase in the daily dose per kg
body weight in kidney transplant patients (n = 3) of cyclospo-
rin A (CsA) Sandimmune solution. CsA trough blood levels
were monitored from 6 months before RYGB up to 12 months
postoperatively, using an immunoassay technique (TDx,
Abbott Laboratories). The observed reduction in exposure
prompted an increase in the oral dose from 1.8 (+0.5) to 3.5
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Figure 1 Mean and SD of observed cyclosporin A (CsA) TDx trough levels at steady state pre to post-Roux-en-Y gastric bypass (RYGB) at
-6, -3, 0, 3, 6,9, and 12 months relative to RYGB surgical event (0 months). Time points from -6 to 12 months correspond to dose levels of
1.7,1.7,1.8, 2.4, 2.8, 3.2, 3.5mg/kg/day, respectively (n = 3) administered twice daily. Observed data are compared with simulated 50, 95, and
5% prediction interval, indicated by gray area, of CsA Sandimmune trough levels (n = 10 x 3). (a) Simulated post-RYGB at a small intestinal
transit time (SIT) of 3.0h, (b) log-normalized simulated CsA trough ratio as compared with 0 months (RYGB SIT = 3.0h), (c) simulated CsA
trough levels at RYGB SIT of 5.0h, (d) log-normalized simulated CsA trough ratio as compared with 0 months (RYGB SIT = 5.0h).%
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(x1.1) mg/kg/day in order to maintain pre-RYGB CsA trough
levels (20) (Figure 1a—d). Owing to the reported overpredic-
tion of the TDx immunoassay, observed and simulated data
were normalized for trough levels immediately before RYGB
surgery, indicated by the time of 0 months (Figure 1b,c).2

In an age-, sex-, and weight-matched virtual population,
oral drug exposure of Sandimmune CsA solution was simu-
lated in 10 randomized trials consisting of 3 individuals in
each trial (n = 10-3). Cyclosporine displayed a reduction in f,
from 0.40 (5—95% confidence interval (CI195): 0.24—-0.59) to
0.19 (0.10-0.32) following RYGB, at a simulated SIT time of
3.0h, whereas F, remained unaltered at 0.86 (0.74-0.87). A
194% increase in dose level, resulted in a trough level ratio
of 0.96 (0.58—1.44) as compared with the preoperative expo-
sure at 0 months. Assuming a postsurgical SIT time of 5.0h,
cyclosporine displayed reduction in f to 0.26 (0.14-0.41),
and F, remained unaltered. A 194% increase in the dose
level resulted in an overprediction in post-RYGB CsA trough
levels, with a simulated post/presurgical ratio of 1.45 (0.85—
2.19) as compared with preoperative exposure at 0 months
(Figure 1a—d).

Simulations of the theoretical impact of RYGB on the sol-
ubilization enhanced cyclosporine Neoral microemulsion,
at a postsurgical SIT of 3.0h, produced an area under the
concentration—time curve (AUC) ratio of 1.84 (1.26-2.37)
at 12 months postsurgery as compared with the levels at 0
months relative to RYGB surgery. The observed increase in
oral exposure of Neoral was due to a 194% dose increase,
where £ displayed an increase from 0.72 (0.47-0.92) to 0.82
(0.57-0.94), whereas F increased from 0.90 (0.81-0.96) to
0.94 (0.90-0.98) (Supplementary Data online).

Jejunoileal bypass. In a case study by Chenhsu et al.,?' CsA
blood levels at 2h after administration at steady state (C2),
administered as Neoral microemulsion in controls (n = 7)
and post-JIB (n = 1), displayed a reduced exposure when
comparing the mean C2 concentration over the administered
dose range, reporting a reduction in C2 levels of ~59%.

Simulating demographically matched morbidly obese
controls (n = 10-7) and post-JIB patients (SIT = 0.4h; n =
10-1), cyclosporine displayed a reduction in C2 levels from
452 (153-776) to 357 (103—650) ng/ml at a dose level of
4 mg/kg/day and from 2,528 (388-6089) to 1,632 (571-
2,811) ng/ml at a dose of 12mg/kg/day. Simulated levels
corresponded well with the linear regression of observed
data as compared with the 5-95% prediction interval. The
simulated reduction in oral drug exposure in the post-JIB
population as compared with the controls was due to a
reduction in f, from 0.61 (0.35-0.86) to 0.12 (0.04-0.19),
whereas F displayed a minor reduction from 0.90 (0.79-
97) to 0.88 (0.75—-0.96) at a therapeutic dose of 2mg/kg/
day. At a dose of 12mg/kg/day, a major reduction in f,
was observed from 0.34 (0.16—-0.53) to 0.08 (0.01-0.18),
whereas F, was reduced from 0.91 (0.81-0.93) to 0.90
(0.80-0.97) (Figure 2).

Assuming a SIT of 0.7 h after JIB, cyclosporine displayed
a less apparent reduction in C2 levels due to a less appar-
ent reduction in f to 0.19 (0.05-0.30) and 0.13 (0.02-
0.26) at corresponding dose levels of 2 and 12 mg/kg/day,
respectively. After JIB (SIT = 0.7h), F, was altered to 0.89
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(0.79-0.96) and 0.92 (0.84-0.98) at a therapeutic dose
level of 2 and 12mg/kg/day, respectively (Supplementary
Data online).

Atorvastatin

Roux-en-Y gastric bypass. In a clinical trial carried out on 12
morbidly obese patients, atorvastatin was administered as an
immediate release tablet of 20-80mg in fasted state where
patients were allowed to eat 2h after administration. Plasma
concentration profiles were obtained from 0-8h after drug
administration before and 3—-6 weeks after RYGB. The pre to
postsurgical trend in oral exposure displayed a high variabil-
ity where the overall reported trend displayed a median post/
pre surgery AUC ratio of 1.12 (range: 0.34-2.33), albeit being
statistically insignificant.°

Virtual simulations for oral drug exposure of atorvastatin
acid pre- to post-RYGB were conducted in 10 randomized
trials, each consisting of 12 age-, sex-, and BMI-matched
individuals (n = 10 x 12). Assuming a reduction in SIT as
function of the small intestinal bypass (SIT = 3.0h) resulted
in an overall increase in AUC with a simulated median post/
presurgical AUC ratio of 1.13, capturing 100% of observed
data within the simulated 95% prediction interval of 0.27—
3.80 (Figure 3a—j). Alternatively, with an increase in SIT
time post-RYGB (SIT = 5.0h), atorvastatin acid displayed
a median post/presurgical AUC ratio of 1.42 (0.34—4.91)
(Supplementary Data online).

Simulated increase in exposure of atorvastatin following
RYGB (SIT = 3.0h) was due to a reduction in f from 0.58
(0.33-0.77) to 0.54 (0.29-0.74) counteracted by an increase
in F, from 0.69 (0.48-0.86) to 0.73 (0.53-0.88) (Figure 4a,b).
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Figure 2 Observed mean blood concentration of cyclosporine
microemulsion (Sandimmune Neoral; Novartis) at steady state 2h
postdosing in controls (n= 10 x 7) and one patient (n=10 x 1)
post-jejunoileal bypass (JIB) as compared with simulated sex-
and age-matched controls (n = 300) and post-JIB (n = 800) at
a small intestinal transit time of 0.4 h over dose range of 300—
1,000 mg, where 5, 50, and 95% prediction intervals are indicated
by gray areas.?!
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with observed data. (a—j) Ten randomized simulated trials consisting of 12 individuals in each trial (n= 10 x 12), as compared with observed

(n=12; open circles)."® AUC, area under the concentration—time curve.
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Figure 4 Simulated 50, 95, and 5% prediction intervals of the
ratio of (a) fraction of dose absorbed in the intestine (f), and (b)
fraction escaping gut wall metabolism (F;) of atorvastatin acid
pre- to post-Roux-en-Y gastric bypass surgery (small intestinal
transit = 3.0h) in 10 individually simulated randomized trials
(1-10) consisting of 10 individuals in each pre- and postsurgery
(n=10x10).

Assuming a reduced small intestinal motility (RYGB SIT
=5.0h), the more apparent increase in AUC was the result of
an extensive increase in f..

Biliopancreatic diversion with duodenal switch. Atorvastatin
immediate release tablet 2080 mg administered in the fasted
state, allowing feeding at 2h, displayed a significant increase
in oral drug exposure following BPD-DS in 10 morbidly obese
patients, with an observed mean AUC ratio of 2.0 (+1.0) and
observed increase in the C__ from 20.0ng/ml (+24.9) to
28.0 (+22.5), whereas t__ increased from 1.2h (+0.8) to 2.3h
(x1.0) post-BPD-DS."

CPT: Pharmacometrics & Systems Pharmacology

Predicted plasma concentration—time profiles of atorvas-
tatin acid were consistent with observed data before sur-
gery in a morbidly obese population (Supplementary Data
online).

However, simulated plasma concentration—time profiles
following BPD-DS (SIT = 1.2h) were unable to capture the
observed increase in oral drug exposure. The predicted AUC
ratio of 0.90 (0.16-2.24) was lower than expected due to a
reduction in f from 0.61 (0.34-0.79) to 0.39 (0.06-0.72),
which was counteracted by an increase in F, from 0.69
(0.59-0.79) to 0.72 (0.63-0.81). C_, displayed a minor
increase, with a post/pre-BPD-DS C__, ratio of 1.32 (0.31-
2.38), whereas t__displayed a post/pre-BPD-DS ratio of 0.62
(0.31-1.00). The simulated pre- to post-BPD-DS alterations
in AUC, C__, and t__ correspond to the central points of
Figure 5a—c, respectively.

Sensitivity analysis was performed to assess the impact
of potential physiological alterations postsurgery on the
plasma exposure of atorvastatin acid, including the impact
of: SIT, gastric emptying time, bile concentration in the ter-
minal ileum, small intestinal enterocyte volume (V, ), Gl
CYP3A content, and small intestinal permeability (P,;). The
AUC was insensitive to changes in the postsurgical bile
concentration and V. . Following BPD-DS (SIT = 1.2h), a
fivefold increase in P, led to a post/presurgical AUC ratio
of 1.93 (0.60-5.53), whereas C__ displayed a post/presur-
gical ratio of 4.36 (1.23-9.68). A fivefold increase in Q,,
resulted in a minor increase in AUC with a simulated post/
pre-BPD-DS AUC ratio of 1.24 (0.22-3.24) and a C__, ratio
of 1.86 (0.47—4.19). A reduction in Gl CYP3A by fivefold
gave a post/pre-BPD-DS AUC ratio of 1.13 (0.19-3.06)
(Figure 5).

Pre to post-BPD-DS (SIT = 4.2h) displayed an AUC ratio
of 1.71 (0.74-5.79), C,_, ratio of 1.56 (0.69-3.39), and a t
ratio of 0.87 (0.51-1.31). In the sensitivity analysis, a two-
fold increase in Q,; resulted in a post/presurgical AUC ratio
of 2.07 (0.86-6.96) and a C__ ratio of 1.91 (0.84-4.22),

whereas t  remained unaltered. A twofold increase in P,
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Figure 5 Spider plot of sensitivity analysis of simulated post/pre-biliopancreatic diversion with duodenal switch (BPD-DS) at a small

intestinal transit time (SIT) of 1.2h; (a) AUC_,,, (b) C
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and (c) t__ ratio, BPD-DS (SIT = 4.2h); (d) AUC_,,, (e) C,_...and (f) ¢ ratio,

examining the impact of the fold change in physiological parameters: gastric emptying, ileal bile concentration (bile conc.), villous blood

flow (Q

.)» €nterocytic volume (V) in the remaining postsurgical small intestine, post-BPD-DS gastrointestinal CYP3A content, small

intestinal permeability (P,,), as compared with mean observed ratio pre- to post-BPD-DS."" AUC, area under the concentration-time

curve; C

max’

maximum plasma drug concentration; t

? "max’

displayed a post/pre-BPD-DS AUC ratio of 2.11 (0.90-6.91),
a C_ ratio of 2.64 (1.17-5.66), and a minor reduction in
t . A twofold reduction in GI CYP3A gave a post/presurgi-
cal AUC ratio of 1.99 (0.83-6.76), whereas C__ increased to
a minor extent, displaying an AUC ratio of 1.80 (0.79-4.00).
Gastric emptying had the most apparent impact on ¢,

where a fivefold increase resulted in a post/pre-BPD-DS ratio
of 1.78 (1.11-2.58) (Figure 5).

DISCUSSION

Cyclosporine

The immunosuppressant cyclosporine (molecular weight:
1202.61 g/mol) displays poor aqueous solubility and a rela-
tively low permeability due to its lipophilic and bulky char-
acter making the compound dependent on bile-mediated
solubility to facilitate absorption.2®?* The drug is mainly
metabolized by CYP3A4 in the intestine and liver and is
subject to P-glycoprotein efflux.?52¢ The oral bioavailability
displays a high interindividual variability, ranging from 5 to
89% for Sandimmune formulation, whereas Neoral displays
improved absorption properties and an oral bioavailability
of 21-73%.%"

The simulated underprediction of Sandimmune TDx
trough levels before RYGB surgery was expected and is
most likely due to the unspecificity of the immunoassay
displaying a high cross-reactivity between the parent com-
pound and metabolites resulting in a significantly higher
variability in the trough levels as compared with peak
concentrations.?%2

time of maximum plasma drug concentration.

Normalizing simulated cyclosporine trough levels to pre-
RYGB levels produced a reduction in exposure comparable
to observed data. Furthermore, a simulated 194% increase in
Sandimmune dose levels recovered presurgical trough levels
as stated in the publication.®®

In the simulation study of cyclosporine Neoral, microemul-
sion pre to post-JIB observed data of the control population
was well described within the 95% prediction interval of the
simulated data, whereas the observed exposure post-JIB
was well described within the 95% prediction interval of
simulated data assuming a reduction in SIT time equivalent
to the bypass (SIT = 0.4h). An alternative “what-if” sce-
nario simulating a longer transit time (SIT = 0.7 h) over pre-
dicted the observed mean blood concentration post-JIB as
reported by Chenhsu et al. (Figure 2). The overprediction
could suggest small intestinal motility to remain unaltered
following JIB or be a result of a small postsurgical study
population (n = 1), displaying a low study power, albeit the
simulated magnitude of reduction in C2 levels post-JIB
(SIT = 0.4h) closely matched the estimated reduction in
cyclosporine exposure following JIB in another case study
where a patient was subject to a surgical reversal of the
procedure. The reversed JIB produced an observed 2.78-
fold increase in exposure in the case study.2"

The simulated discrepancy in oral drug exposure of San-
dimmune and Neoral pre to post-RYGB, where bariatric
surgery had the highest effect on the oral bioavailability
of Sandimmune, highlights the importance of formulation
characteristics and its impact on oral drug bioavailability
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pre- to post-bariatric surgery. The choice of a solubilized
biopharmaceutical formulation such as a self-microemul-
sifying drug delivery system, solution, or dispersible tab-
let may be considered as a first-hand choice for patients
undergoing bariatric surgery and are treated with limited
solubility drugs with a narrow therapeutic index. This sug-
gestion supports earlier observations in clinical practice,
where alterations in pharmacotherapy post-bariatric sur-
gery aim at switching to formulations displaying improved
dissolution properties.®

Atorvastatin
The HMG-CoA reductase inhibitor atorvastatin, which is
administered in the acid form, displays a high solubility and
permeability. The compound is extensively metabolized in the
small intestine and liver, namely by CYP3A4 but also via the
UGT1A1 and UGT1AS3 route. Atorvastatin acid and the lactone
metabolite are also subject to interconversion by the UGTs and
another minor chemical pathway. Atorvastatin acid is a sub-
strate of P-glycoprotein efflux and OATP1B1-mediated active
hepatic uptake.®

Trends in simulated oral drug exposure of atorvastatin pre
to post-RYGB were consistent with observed data, where
simulated trends in £ and F suggested an interplay between
reduced absorption area and bypass of regions highly abun-
dant in CYP3A to be of high importance when considering
the overall effect on oral bioavailability. Simulated RYGB (SIT
= 3.0h) produced the closest agreement with observed data
of atorvastatin exposure following RYGB, again suggesting
a reduction in SIT time to be the most likely consequence of
surgery.'®

The inability to recover the observed twofold increase in
atorvastatin AUC pre to post-BPD-DS at a simulated SIT
of 1.2h may suggest additional postsurgical physiological
parameters to be governing the trend in oral drug bioavail-
ability post-BPD-DS. The exploratory sensitivity analysis
identified a number of potential parameters leading to a
comparable increase in oral drug exposure pre to post-BPD-
DS. An increase in SIT following BPD-DS, corresponding to
the linear regression relationship between mouth to cecum
transit time and plasma levels of peptide YY, resulted in an
AUC ratio of 1.71 (0.74-5.79). Furthermore, a simulated two-
fold increase in P and Q,,, or a twofold reduction in the GI
content of CYP3A post-BPD-DS (SIT = 4.2h) recovered the
observed AUC of atorvastatin. The reoccurring underpredic-
tion of ¢ following surgery may be explained by an altered
postprandial response causing a delayed absorption.

These findings suggest that additional physiological
parameters, such as impairment in permeability or redistri-
bution of intestinal blood flow, may play an important role in
governing trends in oral drug exposure pre to immediately
post-BPD-DS. The results highlight the surgery-specific
trends observed post-bariatric surgery due to the intricate
interplay between fluid dynamics, absorption area, transport-
ers, metabolism, and Gl physiology.

Current limitations in simulating the impact of oral drug
bioavailability following bariatric surgery include the lack of
clinical and postsurgical physiological data. Nonetheless,
the models integrate all available knowledge on changes
known to occur in the Gl tract following bariatric surgery and
can assist with dosage recommendation when there is an
absence of clinical observations.

Table 1 Summary of alterations to population template in order to mimic and simulate postsurgical condition as per Darwich et al.®

Bariatric surgical procedures

Parameters JiB RYGB BPD-DS References

Gastric emptying: liquids (minutes) 24,2CV: 38% 7, CV: 45% 24,2CV: 38% 39,40

Gastric capacity (ml) 25072 30 150 6,41

Q,,, stomach (I/h) 0.108 0.059 0.295 6

Initial volume of stomach fluid (ml) 502 9.9 32.6 6

Gastric pH 1.52 6.5 1.52 42-44

Small intestinal bypass (centimeters Retaining the duodenum, 20% of 100cm (duodenum Retaining 2.5cm of duodenum 6,41

and/or segments) jejunum I and 23% of ileum IV® and jejunum [)® and 250cm of the distal ileum®

Bile exclusion (centimeters and segments) Not applicable (jejunum Il — 110cm (stomach — 252cm (stomach —ileum 111) 6,41
ileum I11) jejunum I)

CYP3A4 abundance (nmol/total gut) 32.3, CV: 60% 48.3, CV: 60% 12.6,9 CV: 38% 6

CYP3A5 abundance (nmol/total gut) 12.1, CV: 60% 18.0, CV: 60% 10.1,9 CV: 38% 6

Mean small intestinal transit time 0.4;,00=05,3=04 3.0,0=26,3=37 1.2,0=13,=19 6,41

(hours) — Scenario 1

Mean small intestinal transit time 0.7,00=0.6,3=0.4 5.0;00=4.0,=5.3 42°0=37,3=50 6,12,13,16

(hours) — Scenario 2

Renal equation MDRD MDRD MDRD 6,45-48

ADAM, advanced dissolution absorption, and metabolism; BPD-DS, biliopancreatic diversion with duodenal switch; CV, coefficient of variation; JIB, jejunoileal

bypass; MDRD, modification of diet renal disease equation; Q
assuming a variance of 1.8h.

sec’

secretion flow; RYGB, Roux-en-Y gastric bypass; o and 3, Weibull scaling factors utilizing

2Unaltered parameter as compared with morbidly obese controls. *Setting human effective permeability (P,,) of compounds close to zero in bypassed seg-
ments. Altering small intestinal parameters in the ADAM model to conform to remaining segments. ‘Based on intestinal biopsy in the study population.'!
eDerived based on a pre- to postsurgical peptide YY level of 413% utilizing linear relation between peptide YY and small intestinal transit time as reported by

Savage and coworkers.'®8

CPT: Pharmacometrics & Systems Pharmacology



Conclusions

In this work, we demonstrated the potential of a PBPK and
simulation to predict oral drug bioavailability post-bariat-
ric surgery by evaluating earlier developed models using
observed data for cyclosporine and atorvastatin. Trends in
oral drug exposure of atorvastatin and cyclosporine were
predicted well within the 95% prediction interval following
RYGB using the previously developed model at a SIT time
of 3.0h. The results suggest a reduction in SIT time to be the
most likely scenario following RYGB. The observed increase
in atorvastatin exposure following BPD-DS could not be cap-
tured using the developed BPD-DS model incorporating all
known physiological alterations.

A mechanistic PBPK modeling approach has the potential
to serve as a tool in examining the impact of physiological
alterations on oral drug bioavailability in the absence of clini-
cal data. The demonstrated approach may allow a framework
for optimization of oral drug therapy post-bariatric surgery.

METHODS

Bariatric surgery model. Sex-, age-, height-, and weight-
matched simulations were carried out corresponding to identi-
fied clinical studies'®'!202" ysing the ADAM model coupled to a
full PBPK distribution model, incorporated into the Simcyp Sim-
ulator (Simcyp, Sheffield, UK) (Egs. 2—4).8%° Detailed specifica-
tion for the demographics and physiological parameters of the
morbidly obese population have been published previously.”
Similarly, surgical changes to the anatomy and physiology of Gl
tract following bariatric surgeries, including: RYGB, BPD-DS,
and JIB are defined in an earlier publication.® Study popula-
tion—specific surgical alterations are summarized in Table 1.

Height=C0+C1-Age+C2-Age? (2)
Weight:e(CO + C1-Height) (3)
BSA — WeightWeightexponent ) HeightHeightexponent (4)

Cyclosporine. The cyclosporine compound file, available
in the Simcyp Simulator compound library, was adapted to
account for formulation properties corresponding to Sand-
immune solution and Sandimmune Neoral microemulsion
(Novartis, East Hanover, NJ), using an aqueous solubility of
0.01 mg/ml and particle sizes of 3.73 and 0.03 ym, respec-
tively, further allowing Neoral to supersaturate freely without
precipitation assuming a linear dose—concentration relation-
ship.®" A full PBPK model was used to describe the cyclospo-
rine distribution, where tissue to plasma partition coefficients
(Kps) were obtained from in vivo tissue to plasma concentra-
tions at steady state following intravenous infusion in rat.

Atorvastatin acid. Physicochemical parameters for atorvas-
tatin acid were taken from the publication by Lennernas.?®
Metabolic data were obtained from the in vitro study reported
by Jacobsen et al;*® CYP3A4 was found to be the main
enzyme involved in the formation of the two primary metabo-
lites ortho- and para-hydroxyatorvastatin acid with a minor
contribution from CYP2C8. Intersystem extrapolation factors,
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which correct for differences in intrinsic activity per unit CYP
enzyme relative to its native environment, were applied to
the kinetic data for recombinantly expressed CYP3A4 and
CYP2CS8, respectively. Acyl glucuronidation of atorvastatin
acid to the lactone and UDPGA-dependent metabolism of
atorvastatin acid mainly via UGT1A1 to a minor ether gluc-
uronide was also considered.*3 The resultant intrinsic clear-
ance data were scaled to whole-organ values according to
Egs. 5 and 6.% The uptake of atorvastatin acid has been dem-
onstrated in an OATP1B1-transfected cell system (HEK293
cells).’”3 Although these in vitro data support the involve-
ment of OATP1B1 in the hepatic uptake of atorvastatin acid,
it was found that when used in combination with the meta-
bolic data, the clearance was significantly underpredicted. To
recover the plasma concentration time profile of atorvastatin
acid before BPD-DS, J,  oxreig @Nd Kp ., Were reestimated
to 532.4 pmol/min/million cells and 4.0, using weighted least-
square Nelder—Mead minimization method in the parameter
estimation toolbox within the Simcyp Simulator.™

_ISEF V.., _cve -Abundance -MPPGL -Liver Weight
H.int — K

m,u

ClLu

ISEF-V -Abundance

max-rhCYP (6)

K

m,u

CLUC-:‘,im =

Sensitivity analysis was carried out with regard to potential
Gl physiological parameters subject to potential alterations
following surgery due to hormonal alterations, including: SIT
time, villous blood flow (Q,,), gastric emptying, small intesti-
nal bile concentration, the enterocyte volume in the remaining
small intestine (V. ), postsurgical abundance of GI CYP3A

(Gl CYP3A), and smalll intestinal effective permeability (P.,).

Analysis. Simulated data were visually inspected against
observed data. In addition, the potential mechanism of
changes to oral drug absorption was examined through the
simulations in terms of assessing the effects on plasma drug
concentration—time profile, maximum plasma drug concen-
tration (C,_,), time of maximum plasma drug concentration
(t ) f,and F.
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WHAT IS THE CURRENT KNOWLEDGE?

v/ Patients undergoing bariatric surgery receive
various therapeutic drugs. A limited number of
studies have investigated oral drug exposure
postoperatively. Bariatric surgery models were
previously developed using the ADAM model
within the PBPK simulator, Simcyp.

WHAT QUESTION THIS STUDY ADDRESSED?

v\ We report on the evaluation of previously de-
veloped bariatric surgery PBPK models by
comparing observed vs. predicted impact of
surgery on oral exposure of cyclosporine and
atorvastatin.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

v/ Trends in oral exposure of atorvastatin and cy-
closporine were well predicted following RYGB.
Observed increase in atorvastatin exposure fol-
lowing BPD-DS could not be captured using the
current model.

HOW THIS MIGHT CHANGE CLINICAL
PHARMACOLOGY AND THERAPEUTICS

v/ The potential of a PBPK modeling approach
was demonstrated, allowing a framework for op-
timizing oral drug therapy post-bariatric surgery.
Developed models integrated available knowl-
edge on physiological changes. The study high-
lights areas of further research, where models
are not predictive due to the lack of information
on systems parameters.
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8.3.2 Compound Simcyp Simulator template input properties

Table 8.4. Drug specific parameters for atorvastatin acid.

Parameters Value References

PhysChem

MW (g/mol) 546 (NCBI, 2011)

LogR . 4.47 (Lennernas, 2003)

Acid-base nature Acid

pKa 4.46
Blood binding

BP 0.61 (Watanabeet al.)

fup, 0.02 (Gibson, 1997)
Dissolution

Solubility input Measured (Lennernas, 2003)

Aqueous solubility, pH 6 (mg/mL) 1.23

Particle size (um) 10

Absorption
Caco-2 pH7.4:7.4 (Tbcm/s)
Distribution
Vss(L/kg)
Distribution model
Prediction method

Metabolism

rCYP2C8: Para-OH
CLy¢ (uL/min/mg protein)
Viax (Pmol/min/pmol CYP)
K (LM)
ISEF

rCYP3A4: Para-OH
CLint (uL/min/mg protein)
Viax (Pmol/min/pmol CYP)
K (uM)
ISEF

rCYP3A4: Ortho-OH
Clint (uL/min/mg protein)
Vimax (Pmol/min/pmol CYP)
Km (uM)
ISEF

UGT1A1
CLy¢ (uL/min/mg protein)

Acyl glucuronidation

(Lactonisation)
CLjy¢ (uL/min/mg protein

Non-UGT

(Lactonisation)
Clint (uL/min/mg protein)

Transport

P-glycoprotein

(ABCBL1; Apical efflux, intestine)
Jhax (PMol/min)
K (uM)

OATP1B1

(SLCO1B1,; Sinusoidal uptake, liver)
Jmax (pmol/min/1Dhepatocytes)
Kn (uM)

PaD[: 7.9 (Peff.mar: 4-9)

4.76
Full PBPK
Rodgerst al.

4.5

0.29
35.9
0.98

219

29.8
25.6
0.24

184

29.3
29.7
0.24

5.23

7.22

200

1418
115

1612
0.93

(Wu et al., 2000)

(Gibson, 1997)

(Rodgerset al., 2005; Rodgers and

Rowland, 2006)

(Jacobseret al., 2000)

(Wu et al., 2000)

(Lau et al., 2007; Amundse et al.,

2010)

BP =Blood to plasma ratio, fafraction unbound in plasma, ISEF=Inter System &patation Factor,

CLpd=Passive diffusion clearance.

APredicted from Caco-2 permeability data.
BDerived utilising the parameter estimation toollgshin the Simcyp Simulator based on 12 healthymaters

receiving atorvastatin acid 40 mg (Likhal., 1999).
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Table 8.5. Drug specific parameters for cyclosporine.

Parameters Value References

PhysChem

MW (g/mol) 120z (Turner, 2008; NCBI, 201

LogR,. 4.3

Acid-base nature Neutral

pKa NA
Blood binding

BP 1.36 (Turner, 2008)

fup 0.037
Dissolution

Sandimmune
Solubility method
Solubility (mg/mL)
Particle Size (um)
Supersaturation ratio

Neoral
Solubility method
Solubility (mg/mL)
Particle Size (um)
Supersaturation ratio

Absorption

Peﬁ,mar

Distribution

Vs (L/kg)

Distribution model

Prediction methc

Metabolism

CYP3A4

CLint (uL/min/mg protein)

Human intestinal fluids
0.011

1.84

10

Human intestinal fluids
0.011
0.018
1000

1.65
5.6

Full PBPK
Rat Kp’s, measure

219

Vimax (Pmol/min/mg microsomal protein) 29.8

Kn (1M)

25.6

(Andrysek, 2003; Perssanal.,
2005)

(Turner, 2008)

(Bernareggi and Rowland, 1991)

(Turner, 2008)

BP =Blood to plasma ratio, fafraction unbound in plasmaeR,areffective human jejunal permeability,

Vs<Volume of distribution at steady state followimgravenous infusion.
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8.3.3 Supplementary results
Simulated oral drug bioavailability of cyclosporiféeoraf’) post Roux-en-Y gastric

bypass (Figure 8.1).
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Figure 8.1. Mean and standard deviation of observed cyclospofCsA) TDx trough
levels at steady state pre to post Roux-en-Y gabypass (RYGB) at -6, -3, 0, 3, 6, 9
and 12 months relative to RYGB surgical event ((hths). Time points from -6 to 12
months correspond to dose levels of: 1.7, 1.7, 2.8, 2.8, 3.2, 3.5 mg/kg/day
respectively (n patients=3) administered twice ydaDbserved data is compared to
simulated 50, 95 and 5% prediction interval, intkdaby grey area, of cyclosporine
Neoraf’ trough levels (n patients=10-3), A: Simulated fR¥GB at a small intestinal
transit time (SIT) of 3.0h, B: Log normalised sim@d CsA trough ratio as compared
to 0 months (RYGB SIT=3.0h), C: Simulated CsA trougvels at RYGB SIT of 5.0h,
D: Log normalised simulated CsA trough ratio as pared to O months (RYGB
SIT=5.0h) (Marterrest al., 1996).

288



Simulated oral drug bioavailability of cyclosporifieeoraf’) post jejunoileal bypass at
a small intestinal transit time of 0.7h (Figure)8.2
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T Observed controls (n=7)
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Mean observed controls (n=7)

Mean chserved post 1B {n=1)
= = Smulated controls
= = Smulated post 1B

Figure 8.2.0bserved mean blood concentration of cyclosporiimeaamulsion
(Sandimmun@ Neoraf’, Novartis) at steady state 2 hours post dosimirirols (n=7)
and one patient (n=1) post jejunoileal bypass (dByompared to simulated sex and
age matched controls (n=300) and post JIB (n p=t&®0) at a small intestinal transit
time of 0.7 hours over dose range of 300 to 1,060moluding, where 5, 50 and 95%
prediction intervals are indicated by grey areasef@swet al., 2003).
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Simulated oral drug bioavailability of atorvastapiost Roux-en-Y gastric bypass at a

small intestinal transit time of 5.0h (Figure 8.3).
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Figure 8.3. Simulated 50, 95 and 5% prediction interval (iadéd by grey areas) of
oral drug exposure of atorvastatin acid in randenhigials of age, sex, dose and BMI
(Body Mass Index) matched patients pre to post RouX gastric bypass surgery
(small intestinal transit=5.0h) as compared to oles# data A-J: Ten randomised
simulated trials consisting of 10 individuals inckatrial (n individuals=10-12), as
compared to observed (n=12; (Skottheimet al., 2009).
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Simulated oral drug bioavailability of atorvastaaicid in morbidly obese prior to
biliopancreatic diversion with duodenal switch aspared to observed, utilising visual
predictive check (VPC) (Skottheist al., 2010).
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Figure 8.4.Age, sex, weight and dose matched simulated nggihand &' percentile

of systemic plasma concentration of atorvastatim &cllowing orally administered
atorvastatin acid immediate release (IR) 20-80 migdividuals=10-10) as compared to
observed data (n=10) (Skotthegtral., 2010).
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8.4 Assessing the turnover of the intestinal epithelian pre-clinical

species and human

8.4.1 Supplementary enterocyte turnover datain pre-clinical
species and human

Table 8.6.Enterocyte turnover in the small intestine of theuse.

Segment WISy SD N Method References
(days)
Duodenum 281 0.23 16  H-Thymidirie,vivo  (Ferrariset al., 1992)
Duodenum 3.09 0.31 16  H-Thymidirie,vivo  (Ferrariset al., 1992)
Duodenum 2.43 0.13 NA H-Thymidiniyvivo (1%22;]9 and Bjerkne
Duodenum 2.35 0.56 5 H-Thymidin@,vivo (;\élggz)el and Leblond,
Duodenum 3.3 NA 8 H-Thymidinén vivo (1%22;]9 and Leblonc
Duodenum 2 NA 1 H-Thymidinén vivo (1Vg/5aEI;I§er and Leblond,
Duodenum 2.08 NA 6 H-Thymidineg vivo  (Grey, 1968)
Duodenum 1.71 NA 20 H-Thymidingyvivo  (Lesheretal., 1961)
Duodenum 2 NA 20 H-Thymidinénvivo  (Lesheretal., 1961)
Duodenum 2.21 NA 20 H-Thymidingyvivo  (Lesheretal., 1961)
Jejunum 3.17 0.33 16 H-Thymidine,invivo  (Ferrariset al., 1992)
Jejunum 2.85 0.31 16 H-Thymidine,invivo  (Ferrariset al., 1992)
Jejunum 2.59 0.18 NA H-Thymidine,in vivo (1%2623?9 e B
Jejunum 3.4 NA 8  H-Thymidine,invivo (1%22?9 S| ke lteiel
Jejunum 4 NA 20 H-Thymidine,invivo  (Thompsoret al., 1990)
Jejunum 1.83 NA 34 H-Thymidine,invivo (Fryetal., 1961)
Jejunum 2.17 NA 34  H-Thymidine,invivo  (Fryetal., 1961)
Jejunum 2.21 NA 52 H-Thymidine,invivo  (Fryetal., 1961)
lleum 2.6 0.38 16 H-Thymidinénvivo  (Ferrariset al., 1992)
lleum 2.56 0.35 16  H-Thymidingnvivo  (Ferrariset al., 1992)
lleum 243 012 NA H-Thymidingnvivo (1%2‘;;‘9 and Bjerknes,
lleum 2 NA NA  H-Thymidinejn vivo (Quastlerand Shermar
1959)
lleum 1.29 NA 10  H-Thymidindnvivo  (Fryetal., 1962)
lleum 1.38 NA 8 H-Thymidinenvivo  (Fryetal., 1962)
lleum 1.29 NA 10  H-Thymidindnvivo  (Fryetal., 1962)
Jejunum ant i e (Leblond and Mesier,
ileum 3 NA NA  H-Thymidine,in vivo 1958)
NA 2.67 NA 7 H-Thymidinejnvivo ~ (Smithet al., 1984)

NA=Not applicable.
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Table 8.7.Enterocyte turnover in the small intestine of the r

Segment Turmover N Method References
(days)
Proximal Sl 1.24 NA 2 H-Thymidinenvivo  (Mengeet al., 1982)
Proximal S 1.97 NA 2 H-Thymidine,invivo  (Mengeet al., 1982
Proximal Sl 1.71 NA 2 H-Thymidinenvivo  (Mengeet al., 1982)
Proximal S 2.01 NA 2 H-Thymidine,invivo  (Mengeet al., 1982
Proximal Sl 1.86 NA 2 H-Thymidinenvivo  (Mengeet al., 1982)
(Leblond and Stevens,
Duodenum 1.57 NA 4 Histological study
1948)
Duodenum 1.2 0.2 C-glycosidejn vivo (Macallanet al., 1998)
Duodenum 1.59 NA BrdUrd, in vivo (Qietal., 2009)
Duacdenun 1.7€ NA 12 H-Thymidine,invivo (Holtet al., 1983
Duodenum 1.98 NA 12 H-Thymidine,invivo  (Holtetal., 1983)
(Loran and Althauser
Duodenum 2.5 NA 8 H-Thymidine,in vivo
1960)
Duodenum 2.22 NA H-Thymidine,invivo  (Koldovskyet al., 1966)
Median S 2.07 NA H-Thymidine,invivo  (Mengeet al., 1982
Median Sl 2.3 NA 2 H-Thymidinenvivo  (Mengeet al., 1982)
Median Sl 1.88 NA 2 H-Thymidinenvivo  (Mengeet al., 1982)
Median S 1.6€ NA 2 H-Thymidine,invivo  (Mengeet al., 1982
Median Sl 1.44 NA 2 H-Thymidinenvivo  (Mengeet al., 1982)
Proximal jejunur 5 NA 5 BrdUrd,invivo (Qietal., 2009
Jejunum 2.29 NA H-Thymidinépvivo  (Thomsoret al., 1994)
Jejunum 2.21 NA H-Thymidinénvivo  (Thomsoret al., 1994)
Jejunun 1.54 NA 6  H-Thymidine,invivo  (Thomsoret al., 1994
Jejunum 2.33 NA 6  H-Thymidinénvivo  (Thomsoret al., 1994)
Jejunum 2.25 NA 7  H-Thymidingnvivo  (King et al., 1983)
Jejunun 2.3¢€ NA 7  H-Thymidine,invivo  (Kingetal., 1983
Jejunum 2.04 NA 3 H-Thymidingpvivo  (Cheeseman, 1986)
] (Bertalanffy and Lau
Jejunum 1.3 NA NA NA
1962)
Jejunum 2.06 NA 12 H-Thymidingvivo  (Holtetal., 1983)
Jejunun 2 NA 12 H-Thymidine,invivo (Holtetal., 1983
] S (Loran and Althausen,
Jejunum 2.08 NA 8  H-Thymidinén vivo
1960)
Jejunun 2.2z NA 6  H-Thymidine,invivo  (Koldovskyet al., 1966
Jejunum 3.94 0.54 10 H-Thymidine,vivo (Shambauglet al., 1967)
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Jejunum

Distal jejunum
Distal S
Distal Sl
Distal S
Distal S
Distal Sl

Proximal ileun

lleum

lleum

lleum
lleum

lleum
lleum

lleum

Distal ileurr

NA

1.3

1.64
2.5
3.05
2.7
2.4¢
1.45
1.6z

1.88

1.35

1.64
1.37
1.6

2.82

2.5
1.4z

2.1

NaN

NA
NA
NA
NA
NA
NA
NA

NA

NA

NA
NA
NA

NA

NA
NA

NA

16

12
12
25

Colchine techniquein
Vvivo
BrdUrd, in vivo
H-Thymidine,in vivo
H-Thymidinén vivo
H-Thymidine,in vivo
H-Thymidine,in vivo
H-Thymidinén vivo
BrdUrd, in vivo
H-Alanine and lysine

uptake
Histological study

H-Thymidine,in vivo
H-Thymidine,in vivo

Vincristinein vivo
H-Thymidinein vivo

H-Thymidinein vivo
BrdUrd,in vivo
Colchine techniquen

Vivo

(Bertalanffy, 1960)

(Qi et al., 2009)

(Mengeet al., 1982
(Mengeet al., 1982)
(Mengeet al., 1982
(Mengeet al., 1982
(Mengeet al., 1982)
(Qietal., 2009

(Mengeet al., 1983)

(Leblond and tevens,
1948)

(Holt et al., 1983

(Holt et al., 1983
(Alamet al., 1994)
(Loran and Althauset
1960)

(Koldovskyet al., 1966)
(Qietal., 2009
(Altmann and Enesco,
1967)

NA=Not applicable, SI=Small intestine.
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Table 8.8.Enterocyte turnover in the human gastrointe stirgeit.

Segment TL(J[r)r;c;\gr SD N Method References
Oesophagus 6.35 208 1 H-Thymidiieyivo (Bell et al., 1967)
Stomach 5 1 2 H-Thymidine,in vivo (Macdonalcet al., 1964)
Stomach 3.5 0.5 3 H-Thymidine,invivo (Lipkin et al., 1963b)
Stomach 3.46 1.21 16 BrdUrd,in vivo (Patelet al., 1993)
Stomach 2.58 1.17 10 BrdUrd,invivo (Patelet al., 1993)
Stomach 3.43 1.14 4 H-Thymidine,in vivo (Wrightet al., 1977)
Duodenum 5.42 NA 1 H-Thymidiné vivo (Macdonalcet al., 1964)
Duodenum 55 0.5 1 H-Thymidinig vivo (Macdonalcet al., 1964)
Duodenum 2 NA 56 Histological study g%%r;?lanffy and Nagy,
Duodenum 1.26 0.17 2 H-Thymidine,vivo (Weinstein, 1974)
Jejunum 5 NA 3 H-Thymidine,invivo (Shorteret al., 1964)
lleum 14 NA 6 Histological study (Bullegt al., 2006)
lleum 3 NA 3 H-Thymidinejn vivo (Lipkin et al., 1963b)
Colon 1 NA 2 H-Thymidine,invivo (Lipkin et al., 1963a)
Colon 0.83 NA 3 H-Thymidine,invivo (Lipkin et al., 1963b)
Colon 3.41 NA 66 BrdUrd,invivo (Pottenet al., 1992)
Colon 1.63 NA 1 H-Thymidine,invivo (Lipkin, 1969)

Colon 3.04 0.25 8 H-Thymidine,invitro  (Bleiberg and Galand, 1976)
Rectum 55 0.5 2 H-Thymidin& vivo (Macdonalckt al., 1964)
Rectum 7 1 1 H-Thymidinén vivo (Cole and Mc, 1961)
Rectum 3.66 0.42 18 Histological study (Shoseteal ., 1966)

Rectum 4.73 0.59 9 Histological study (Shoseal., 1966)

Rectum 5.45 0.61 17 Histological study (Shodteal., 1966)

Rectum 0.83 NA 3 H-Thymidinén vivo (Lipkin et al., 1963b)

Rectum 3 NA 3 H-Thymidindnvivo (Shorteret al., 1964)

Rectum 3.5 0.5 16 H-Thymiding) vitro (Deschneet al., 1963)
Rectum 3.75 NA 8 H-Thymidinén vitro (Bleiberget al., 1970)

NA=Not applicable

8.4.2 References

Alam M, Midtvedt T, and Uribe A (1994) Differentiakll kinetics in the ileum and
colon of germfree ratscand J Gastroenterol 29:445-451.

Altmann GG and Enesco M (1967) Cell number as asorezof distribution and
renewal of epithelial cells in the small intestofegrowing and adult raté&mJ
Anat 121:319-336.

Bell B, Almy TP, and Lipkin M (1967) Cell prolifetimn kinetics in the gastrointestinal
tract of man. 3. Cell renewal in esophagus, stomnaet jejunum of a patient
with treated pernicious anemitournal of the National Cancer Institute 38:615-
628.

Bertalanffy FD (1960) Mitotic rates and renewalasrof the digestive tract epithelia in
the rat.Acta anatomica 40:130-148.

296



Bertalanffy FD and Lau C (1962) Cell Renewaternational Journal of Cytology
13:357-366.

Bertalanffy FD and Nagy KP (1961) Mitotic activigynd renewal rate of the epithelial
cells of human duodenurActa anatomica 45:362-370.

Bleiberg H and Galand P (1976) In vitro autoradsgiric determination of cell kinetic
parameters in adenocarcinomas and adjacent heaitbgsa of the human colon
and rectumCancer Res 36:325-328.

Bleiberg H, Mainguet P, Galand P, Chretien J, anddht-Mairesse N (1970) Cell
renewal in the human rectum. In vitro autoradiogragtudy on active
ulcerative colitis Gastroenterology 58:851-855.

Bullen TF, Forrest S, Campbell F, Dodson AR, HerahrilJ, Pritchard DM, Turner
JR, Montrose MH, and Watson AJ (2006) Characteanadf epithelial cell
shedding from human small intestitheb Invest 86:1052-1063.

Cheeseman CI (1986) Expression of amino acid aptideetransport systems in rat
small intestineAm J Physiol 251:G636-641.

Cheng H and Bjerknes M (1982) Whole population kigletics of mouse duodenal,
jejunal, ileal, and colonic epithelia as determibgdadioautography and flow
cytometry.Anat Rec 203:251-264.

Cheng H and Leblond CP (1974) Origin, differentiatand renewal of the four main
epithelial cell types in the mouse small intestvieUnitarian Theory of the
origin of the four epithelial cell typesmJ Anat 141:537-561.

Cole JW and Mc KA (1961) Observations of cell reakin human rectal mucosa in
vivo with thymidine-H3.Gastroenterology 41:122-125.

Deschner E, Lewis CM, and Lipkin M (1963) In Vitgtudy of Human Rectal
Epithelial Cells. I. Atypical Zone of H3 Thymidiriacorporation in Mucosa of
Multiple PolyposisJ Clin Invest 42:1922-1928.

Ferraris RP, Villenas SA, and Diamond J (1992) Retgan of brush-border enzyme
activities and enterocyte migration rates in masrseall intestineAmJ Physiol
262:G1047-1059.

Fry RJ, Lesher S, and Kohn HI (1961) Age effectelirtransit time in mouse jejunal
epithelium.AmJ Physiol 201:213-216.

Fry RJ, Lesher S, and Kohn HI (1962) Influenceg# an the transit time of cells of the
mouse intestinal epithelium. IlI. lleurhab Invest 11:289-293.

Grey RD (1968) Epithelial cell migration in theeastine of the young mouse.
Developmental biology 18:501-504.

Holt PR, Kotler DP, and Pascal RR (1983) A simpkthod for determining epithelial
cell turnover in small intestine. Studies in youwngl aging rat gut.
Gastroenterology 84:69-74.

King IS, Paterson JY, Peacock MA, Smith MW, and 8y&n(1983) Effect of diet upon
enterocyte differentiation in the rat jejunudrPhysiol 344:465-481.

Koldovsky O, Sunshine P, and Kretchmer N (1966)uCai migration of intestinal
epithelia in suckling and weaned ratsture 212:1389-1390.

Leblond CP and Messier B (1958) Renewal of chi#é @d goblet cells in the small
intestine as shown by radioautography after inpectf thymidine-H3 into mice.
Anat Rec 132:247-259.

Leblond CP and Stevens CE (1948) The constant @nevthe intestinal epithelium in
the albino ratAnat Rec 100:357-377.

Lesher S, Fry RJ, and Kohn HI (1961) Influenceg# an transit time of cells of mouse
intestinal epithelium. . Duodenurhab Invest 10:291-300.

Lipkin M (1969) Cell proliferation in gastrointestl diseaseNational Cancer Institute
monograph 30:199-207.

297



Lipkin M, Bell B, and Sherlock P (1963a) Cell Pfetiation Kinetics in the
Gastrointestinal Tract of Man. I. Cell Renewal iol@h and Rectuml Clin
Invest 42:767-776.

Lipkin M, Sherlock P, and Bell B (1963b) Cell Pfeliation Kinetics in the
Gastrointestinal Tract of Man. Il. Cell RenewaStomach, lleum, Colon, and
Rectum.Gastroenterology 45:721-729.

Loran MR and Althausen TL (1960) Cellular prolifeoa of intestinal epithelia in the
rat two months after partial resection of the iledime Journal of biophysical
and biochemical cytology 7:667-672.

Macallan DC, Fullerton CA, Neese RA, Haddock K,lkPa8, and Hellerstein MK
(1998) Measurement of cell proliferation by labglwmf DNA with stable
isotope-labeled glucose: studies in vitro, in argnand in humang$roc Natl
Acad Sci U SA 95:708-713.

Macdonald WC, Trier JS, and Everett NB (1964) @etlliferation and Migration in the
Stomach, Duodenum, and Rectum of Man: Radioautbgragtudies.
Gastroenterology 46:405-417.

Menge H, Hopert R, Alexopoulos T, and Riecken E@8@) Three-dimensional
structure and cell kinetics at different sitesatfintestinal remnants during the
early adaptive response to resectigesearch in experimental medicine
Zeitschrift fur die gesamte experimentelle Medizin einschliesslich
experimenteller Chirurgie 181:77-94.

Menge H, Sepulveda FV, and Smith MW (1983) Cellaldaptation of amino acid
transport following intestinal resection in the. thPhysiol 334:213-223.

Merzel J and Leblond CP (1969) Origin and renewajablet cells in the epithelium of
the mouse small intestinAm J Anat 124:281-305.

Patel S, Rew DA, Taylor |, Potten CS, Owen C, anbdrts SA (1993) Study of the
proliferation in human gastric mucosa after in viromodeoxyuridine
labelling. Gut 34:893-896.

Potten CS, Kellett M, Rew DA, and Roberts SA (19B&)liferation in human
gastrointestinal epithelium using bromodeoxyuridme&ivo: data for different
sites, proximity to a tumour, and polyposis cGlut 33:524-529.

Qi WM, Yamamoto K, Yokoo Y, Miyata H, Inamoto T, Bgianga KG, Kawano J,
Yokoyama T, Hoshi N, and Kitagawa H (2009) Histojitaetrical study on the
relationship between the cell kinetics of villoudwmnar epithelial cells and the
proliferation of indigenous bacteria in rat smatkistine. The Journal of
veterinary medical science/ the Japanese Society of Veterinary Science 71:463-
470.

Quastler H and Sherman FG (1959) Cell populatioetics in the intestinal epithelium
of the mouseExperimental cell research 17:420-438.

Shambaugh GE, MacNair DS, and Beisel WR (1967) Bhbwavel epithelial migration
during a generalized nonenteric infection in the Am J Dig Dis 12:403-408.

Shorter RG, Moertel CG, Titus JL, and Reitemeie{Rb64) Cell Kinetics in the
Jejunum and Rectum of MaAm J Dig Dis 9:760-763.

Shorter RG, Spencer RJ, and Hallenbeck GA (1966¢tiG studies of the epithelial
cells of the rectal mucosa in normal subjects atgkpts with ulcerative colitis.
Gut 7:593-596.

Smith MW, Patterson JY, and Peacock MA (1984) A poehensive description of
brush border membrane development applying to ecyess taken from a wide
variety of mammalian specieSompar ative biochemistry and physiology A,
Comparative physiology 77:655-662.

298



Thompson EM, Price YE, and Wright NA (1990) Kinstiaf enteroendocrine cells with
implications for their origin: a study of the choystokinin and gastrin
subpopulations combining tritiated thymidine lalveglwith
immunocytochemistry in the mouggut 31:406-411.

Thomson AB, Cheeseman CI, Keelan M, Fedorak RCGladdinin MT (1994) Crypt
cell production rate, enterocyte turnover time apgearance of transport along
the jejunal villus of the raBiochimica et biophysica acta 1191197-204.

Walker BE and Leblond CP (1958) Sites of nucleid agnthesis in the mouse
visualized by radioautography after administratbdiC14-labelled adenine and
thymidine.Experimental cell research 14:510-531.

Weinstein WM (1974) Epithelial cell renewal of themall intestinal mucosdhe
Medical clinics of North America 58:1375-1386.

Wright NA, Britton DC, Bone G, and Appleton DR (I§7An in vivo stathmokinetic
study of cell proliferation in human gastric camima and gastric mucosaell
and tissue kinetics 10:429-436.

299



8.5 Development and assessment of a nested enzyme-with

enterocyte turnover model for mechanism-based inhikion in

the small intestine

8.5.1 Supplementary data for sensitivity analysis
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8.5.2 Mechanism-based inhibitor parameters

Table 8.11. Mechanisr-based inhibitors with corresponding inhibitory paeder: based on review t

Zhou, and co-workers, 2005.

Cmic
(mg/mL KI.u I(inact

Drug LogP,w LogDow ) fume (UM) (h') References
Fluoxetine 3.798 3.76 0.1 099 519 1.02 (Mayleal., 2000)
K11002 3.896 3.896 0.2 0.97 049 156 (Jacobsemstal., 2000)
N-desmethyl
diltiazem 3.866 17 0.1 0.93 0.72 1.62 (Maytehal., 2000)
17a-
ethynylestradiol  4.106 411 0.1 0.99 17.75 2.40 (Linetal., 2002)

(Masubuchi and Horie,
Dihydralazine 0.739 0.74 0.25 0.97 33.81 3.00999)
Tamoxifen 5.133 3.45 0.05 0.99 0.20 3.06 (Zhaoetal., 2002)
K11777 3.962 3.81 0.2 0.97 0.06 3.24 (Jacolssah, 2000)
Irinotecan 3.726 17 0.1 0.94 2252 3.60 (Zhouetal. 2005)
Silybin 4.232 3.97 0.1 0.98 3152 3.60 (Sridaal., 2004)
Clarithromycin 2.805 1.71 0.1 0.97 5.32 4.32 (Mayhewetal., 2000)

(von Moltkeet al.,
Amprenavir 2.678 2.68 0.1 0.99 1.38 4.38000)

(Koudriakovi et al.,
Ritonavir 2.333 2.33 1.025 0.87 0.06 4.68 1998)
N-desmethyl-
tamoxifen 5.149 2.84 0.05 0.98 255 480 (Zbgaal. 2002)

(zZdravkovicet al.,
Tabimorelin 4.043 1.71 0.1 0.92 434 4.80 2003)
Erythromycin 1.909 0.81 0.1 0.92 43.10 4.80 (Zkbal., 2005)

224.¢

Isoniazid -0.766 -0.77 0.1 0.99 5 4.80 (Wenetal., 2002)
Mifepristone 6.193 6.18 0.1 0.99 463 5.34 al., 1999)
Verapamil 4.024 2.08 0.5 0.81 138 5.40 (Yeoand Yeo, 2001)
Oleuropein -0.865 -0.87 0.1 0.99 2189 540 (Z&ml., 2005)
SN-38 1.895 1.87 0.1 0.99 25.63 6.00 (Zhouetal. 2005)

References: (Zhoet al., 2005)

LogP,.w=Octanol-water partition coefficient, Logl=Octanol-water distribution coefficient,
cmic=Concentration of microsomes in assay,ffraction unbound

Inhibitor in microsomal assay, k=Inhibitor concentration producing half of the maxil rate of
inactivation, k,,c;=Maximal rate of enzyme inactivation.
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Table 8.11. (Continued) Mechanism-based inhibitors with corresponding iithity parameters based
on review by Zhou, and co-workers, 2005.

Cmic
(mg/mL Kiu Kinact

Drug LogPow  LOgDow ) fune (M) (h) References
Diltiazem 4.727 2.98 0.075 098 196 6.60 (Jaed., 1999)
Glabridin 4.105 4.1 0.1 0.99 6.90 840 (Kentetal., 2002)
Troleandomycin 3.46 2.56 0.1 0.98 0.18 9.00 (Zbwal., 2005)
Midazolam 3.798 3.76 0.1 0.99 572 9.00 (Khanetal., 2002)
Raloxifene 4.569 3.05 0.1 0.97 9.64 9.60 (Céeai., 2002)
6',7-dihydroxy- (Schmiedli-Rer et al.,
bergamottin 2.261 2.26 0.5 0.93 55.11 9.60 1997)
Nelfinavir 7.278 7.25 1 0.88 490 10.80 (Lillibrielgt al., 1998)

(Chan and Delucch
Resveratrol 3.024 3.02 1 0.88 17.52 12.00 2000)
DPC 681 4.856 457 0.01 1.00 0.24 13.20 (Eual., 2003)

102.0 (Chatterjee and
(-)-Hydrastine 2.458 2.28 0.5 0.93 3 13.80 Franklin, 2003)
1068.

Diclofenac 4.548 1.77 0.5 0.65 81 14.76 (Masubuchet al., 2002)

(Schmiedli-Renet al.,
Bergamottin 5.382 5.38 0.5 0.93 392 18.00 1997)

(Prueksaritanondt al .,
Mibefradil 6.213 3.9 0.1 0.97 2.23 24.00999)
Gestodene 2.022 2.02 0.1 0.99 45.36 24.00 (Guengerich, 1990)
Delavirdine 3.534 1.48 0.75 0.61 581 26.40 (Vooretal., 1998)
L-754,394 4.105 3.87 0.1 0.98 7.39 97.20 (Lightningetal., 2000)

120.0

Nicardipine 4.893 441 1 0.86 052 0 (Maet al., 2000)

Reference: (Zhouet al., 2005

LogP,.w=0Octanol-water partition coefficient, Loglg=Octanol-water distribution coefficient,
cmi=Concentration of microsomes in assay,defraction unbound Inhibitor in microsomal assay,
K, =Inhibitor concentration producing half of the maail rate of inactivation,l.=Maximal rate of
enzyme inactivation.
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8.5.3 Nested enzyme-within-enterocyte model code

The following script was developed by Adam S. DatwiUniversity of Manchester.

Code optimisation was carried out with the assetasf Mr. Mike Croucher, University

of Manchester.

Run file

%% NEWE model: Developed by Adam Darwich, Universit y of

% Manchester

clear

%% MAIN INPUT PARAMS
dose_i=100000;
n_cells=10;

cell_cycles=5*n_cells;

%% PARAMS
dimwrite('n_cells_b.txt',n_cells,'delimiter’,'D");
cellzero=0+(1-0).*rand(1,n_cells);
dose_i_sim=dose_i;

m=0;

a_cyp3a_gi=(90.8*(107(-3)));

% nmol/total gut -> umol/total gut
a_cyp3a_gi_zero=repmat(a_cyp3a_gi,1,n_cells);
mppgl=39.7907;

% mg protein/g liver

v_hep=1.591; % L

d_hep=1080; % g/L
a_cyp3a_hep=240*mppgl*v_hep*d_hep*(107(-6));
% pmol/mg protein -> umol/liver
ycell=zeros(2000,n_cells);
tcell=zeros(2000,n_cells);
ycycle=zeros(2000,n_cells);
tcycle=zeros(2000,n_cells);

%% ODE-SOLVER
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tstart = O;

tfinal = 200;

yzero=[ cellzero'; a_cyp3a_gi_zero'; dose_i_sim;
zeros(2,1); a_cyp3a_hep; zeros(4,1)];

refine = 4;
options=odeset('Events',@a_cyp3a_MBI_eventfun_B,...
'Refine’,refine);

tout = tstart;

yout = yzero.';
teout = [J;
yeout = [];
ieout = [];

tic

for i = 1:cell_cycles
[tyteye

ie]=odel5s(@a_cyp3a_MBI_model INHIB_ONLY_B,(tstart:

nal),yzero,options);
% Accumulate output: cell,intra.
nt = length(t);
tout = [tout; t(2:nt)];
yout = [yout; y(2:nt,:)];
teout = [teout; te];

yeout = [yeout; ye];

[num idx] = max(t(}));

% Set new inicon.
fori=1:n_cells
if y(idx,i) >= 1
yzero(i) = 0;
yzero(i+n_cells) = a_cyp3a_gi;
elseif y(idx,i) <1

yzero(i) = y(idx,i);
310
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yzero(i+n_cells) = y(idx,i+n_cells)
end
end

yzero(1+n_cells*2) = y(idx,1+n_cells*2);
yzero(2+n_cells*2) = y(idx,2+n_cells*2);
yzero(3+n_cells*2) = y(idx,3+n_cells*2);
yzero(4+n_cells*2) = y(idx,4+n_cells*2);
yzero(5+n_cells*2) = y(idx,5+n_cells*2);
yzero(6+n_cells*2) = y(idx,6+n_cells*2);
yzero(7+n_cells*2) = y(idx,7+n_cells*2);
yzero(8+n_cells*2) = y(idx,8+n_cells*2);

tstart = t(nt);
end

toc

Model
%% FUNCTION: A_Enterocyte,CYP3A
function dY=a_cyp3a_MBI_model_INHIB_ONLY_B(t,y,te,y

%% MODELPARAM
n_cells=load('n_cells_b.txt);

dY=zeros(8+n_cells*2,1);

%% PHYSPARAM

bw=75; % kg
v_sit=(126+44+31+24+18+12)/1000; % L
v_ent=0.517,

v_pv=0.07,

v_hep=1.591;

d_hep=1080; % g/L
g_villi=19; % L/h
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q_pv=74.1;
g_ha=23.35;

k_sit=0.21; % 1/h

kdeg_ent=0.042;
kdeg_hep=0.02;
kdeg_cyp3a=0.001; % 1/h

mppgl=39.7907;
% mg microsomal protein/g liver

mppi=2978;

% mg microsomal protein/total gut

a_cyp3a_gi=90.8*(10/(-3));
% nmolP450/total gut -> umolP450/total gut

a_cyp3a_hep=240*mppgl*v_hep*d_hep*(107(-6));
% pmolP450/mg protein -> umolP450/liver

%% DRUGPARAML (Inhibitor)

ka_i=10;

clu_intl_i=0.01*60*10"(- 6);

% uL/min/mg microsomal protein -> L/h/mg microsomal
k_ina ct_3a_i=2000;

% 1/h

kK i i=2;
% umol/L

fu_i=0.25;

bp_i=0.96;
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fu_b_i=fu_i/bp_i;
fu_gut_i=1;

v_i=1*bw - 3.6*v_hep*(d_hep/1000);
% L/kg -> L

% Inhibitor
clu_intl_gut_i=clu_intl_i*mppi;
clu_intl_hep_i=clu_intl_i*mppgl*v_hep*d_hep;

%% ODE MODEL
%% Inhibitor:
fora=1:n_cells

dY(a)=0 + kdeg_ent;

% y(2; n_cells:n_cells*2)-Enterocytes: Inhib.
dY(a+n_cells)=(a_cyp3a_gi)*kdeg_cyp3a- ...
kdeg_cyp3a*y(a+n_cells) - y(a+n_cells)* ...
(((k_inact_3a_i*fu_gut_i*y(2+n_cells*2))/ ...
(k_i_i+fu_gut_i*y(2+n_cells*2))) );
end

% A_CYP3A-GIT: Mean and sum
x_a_cyp3a_gi=mean(y((n_cells+1):(n_cells*2)));
% x_a_cyp3a_gi=sum(y(1:n_cells));

% y(3)-Inhib: Conc_(gut lumen).
dY(1+n_cells*2)=-y(1+n_cells*2)*(ka_i + k_sit);

% y(4)-Inhib: Conc_ent.
dY(2+n_cells*2)=(y(1+n_cells*2)*ka_i -
y(2+n_cells*2)*qg_villi -

clu_intl_gut i*fu_gut_i*y(2+n_cells*2))/v_ent;
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% y(5)-Inhib: Conc_pv.
dY(3+n_cells*2)=(y(2+n_cells*2)*q_villi +
y(7+n_cells*2)*q_pv - y(3+n_cells*2)*q_pv)/v_pv;

% y(6)-Hepatocytes: Inhib.
dY(4+n_cells*2)=a_cyp3a_hep*( kdeg_hep + kdeg_cyp3a
y(4+n_cells*2)*((kdeg_hep + kdeg_cyp3a) +
((k_inact_3a_i*fu_b_i*y(6+n_cells*2))/(k_i_i+fu_b i
ells*2))));

% y(7)-Hepatocytes: Cell cycle.
dY(5+n_cells*2)=0;

% y(8)-Inhib: Conc_hep.
dY(6+n_cells*2)=(y(3+n_cells*2)*q_pv + y(7+n_cells*
*q_ha - y(6+n_cells*2)*(g_pv + g_ha)...

- clu_intl_hep_i*fu_b_i*y(6+n_cells*2))/v_hep;

% y(9)-Inhib: Conc_sys.
dY(7+n_cells*2)=(y(6+n_cells*2)*(q_pv + q_ha)...

- y(7+n_cells*2)*(q_pv + q_ha))v_i;

% y(10)-Inhib: Conc_RoB.
dY(8+n_cells*2)=0;
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Mex function in C++ programming language

#include<mex.h>

void mexFunction( int nlhs, mxArray *plhs[], int

nrhs, const mxArray *prhs[]) {

double *n_cellsP;
double *DYP;

double *a_cyp3a_giP;
double *kdeg_cyp3aP;
double *yP;

double *k_inact_3a_iP;
double *fu_gut_iP;
double *k_i_iP;

double *kdeg_entP;

int a, n_cells;

double temp_prodl,temp_prod2;

[* create pointers to the inputs */
n_cellsP = mxGetPr(prhs[0]);
DYP = mxGetPr(prhs[1]);
a_cyp3a_giP = mxGetPr(prhs[2]);
kdeg_cyp3aP = mxGetPr(prhs[3]);
yP = mxGetPr(prhs[4]);
k_inact_3a_iP =mxGetPr(prhs[5]);
fu_gut_iP = mxGetPr(prhs[6]);
k_i_iP = mxGetPr(prhs[7]);
kdeg_entP = mxGetPr(prhs[8]);

n_cells= (int) n_cellsP[0];
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temp_prodl = a_cyp3a_giP[0]*kdeg_cyp3aP][0];
/*in the original, this was calculated every
loop iteration despite the fact that they are
constants.*/

temp_prod2 = k_inact_3a_iP[0]*fu_gut_iP[O0];

for (a=0; a<n_cells; a++){

DYP[a] = kdeg_entP[0];

DYP[a+n_cells]= temp_prodl -
kdeg_cyp3aP[0]*yP[a+n_cells] -
yP[a+n_cells]*(((temp_prod2*yP[1+n_cells*2])/(k_i
_IP[0]+fu_gut_iP[0]*yP[1+n_cells*2])) );

Event function
function [value,isterminal,direction] =

a_cyp3a_MBI_eventfun_B(t,y)

% Param
n_cells=load('n_cells_b.txt);
cell_ v=1:1:n_cells;

value = y(cell_Vv') - 1; % value = 1, event is trigg ered
isterminal(1:n_cells') = 1; % terminate after the f irst
event

direction = 0; % get all the matrix of zeros
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8.6 Discussion and conclusions

8.6.1 Midazolam following Roux-en-Y gastric bypass

The compound file for midazolam in Simcyp Simulat@s adapted for immediate
release formulation using the ADAM model (TableZ}.@Turner, 2008; Jamet al.,
2009).

Table 8.12. Simcyp Simulator midazolam compound file paranseter

Parameters Value References
PhysChem
MW (g/mol) 325.8 (Turner, 2008; NCBI, 2011)
LogR,. 3.53
Acid-base nature Ampholyte
pKa 10.95, 6.2
Blood binding
BP 0.603 (Turner, 2008)
fu, 0.035
Dissolution
Solubility method Intrinsic solubility (Turner, 2008)
estimation toolbox
Solubility (mg/mL) 0.015
Particle Size (um) 10
Supersaturation ratio 4
Absorption
B 6.045 (Turner, 2008)
Distribution
Vs (L/kQ) 1 (Turner, 2008)
Distribution model Minimal PBPK
Metabolism
CYP3A4: 1-0H (Turner, 2008)
Vimax (Pmol/min/pmol P450) 5.23
Ko (uM) 2.16
CYP3A4: 4-OH
Vimax (Pmol/min/pmol P450) 5.2
Ko (uM) 31.8
CYP3A5: 1-0H
Viax (Pmol/min/pmol P450) 19.7
Ko (uM) 4.16
CYP3A5: 4-OH
Viax (Pmol/min/pmol P450) 4.03
Ko (uM) 34.8

Additional clearance
ClLg (L/h) 0.085

BP =Blood to plasma ratio, fafraction unbound in plasmaef,areffective human jejunal permeability,
V<Volume of distribution at steady state followimgravenous infusion.
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Midazolam IR using the ADAM model was validated iagha semisimultaneous p.o.
dose of 5 mg followed by a 2 mg intravenous infasiwer 30 minutes at 6 hours post
oral dosing in healthy volunteers (n=12) weighitgl&15.2 kg and aged between 19
and 42 years (Lee al., 2002). Performance was evaluated using visualiginee
check (Figure 8.5).
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Figure 8.5.Simulated midazolam in healthy volunteers adrnenéd as an immediate-
release 5 mg oral dose using the Advanced Dissol#tbsorption and Metabolism
(ADAM) model followed by a 30 minute intravenoudusion of 2 mg midazolam 6
hours post oral dosing as compared to observedrdaindividuals. Observed data
digitised using GetData Graph Digitiser (Leteal., 2002).

Midazolam IR 7.5 mg followed by an intravenous tsoidi 5 mg at 150 minutes after
the oral dose was simulated in morbidly obese @uott Roux-en-Y gastric bypass
utilising developed models (Darwighal., 2012). Oral midazolam displayed a 1.13-
fold increase in exposure following Roux-en-Y giashiypass (small intestinal

transit=2.5h) mainly due to an increase g\(Figure 8.6).
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Figure 8.6. Simulated midazolam pre to post Roux-en-Y gaslyjgass in morbidly
obese administered as an immediate-release 7.5llogéd by a 30 minute infusion of
5 mg over 150 minutes post oral dosing.
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