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ABSTRACT

Purpose Existing PBPK models incorporating intestinal first-pass
metabolism account for effect of drug permeability on accessible
absorption surface area by use of “effective” permeability, Peg
without adjusting number of enterocytes involved in absorption
or proportion of intestinal CYP3A involved in metabolism. The
current model expands on existing models by accounting for
these factors.

Methods The PBPK model was developed using SAAM |l. Mid-
azolam dlinical data was generated at GlaxoSmithKline.

Results The model simultaneously captures human midazolam
blood concentration profile and previously reported intestinal
availability, using values for CYP3A CLu;,,, permeability and acces-
sible surface area comparable to literature data. Simulations show:
(1) failure to distinguish absorbing from non-absorbing
enterocytes results in overestimation of intestinal metabolism of
highly permeable drugs absorbed across the top portion of the
villous surface only; (2) first-pass extraction of poorly permeable
drugs occurs primarily in enterocytes, drugs with higher perme-
ability are extracted by enterocytes and hepatocytes; (3) CYP3A
distribution along crypt-villous axes does not significantly impact
intestinal metabolism; (4) differences in permeability of perpetra-
tor and victim drugs results in their spatial separation along the
villous axis and intestinal length, diminishing drug-drug interaction
magnitude.

Conclusions The model provides a useful tool to interrogate
intestinal absorption/metabolism of candidate drugs.
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ABBREVIATIONS

AUC area under the curve

CL clearance

F oral bioavailability

Fq intestinal availability

Fp hepatic availability

fub free fraction in blood

fue free fraction in enterocyte
Tun free fraction in hepatocyte
HLQ higher limit of quantitation

ICRP the International Commission on
Radiological Protection

LC/MSMS  high performance liquid chromatography
with tandem mass spectrometry

LLQ lower limit of quantitation

PBPK physiologically-based pharmacokinetics model

Pes effective permeability

P-gp P-glycoprotein

INTRODUCTION

Since a substantial number of marketed drugs are cleared via
metabolism by Cytochrome P450 3A (CYP3A) (1), it is im-
portant during drug discovery and development to be able to
estimate the magnitude of first pass extraction by this enzyme
and to evaluate the potential for CYP3A drug-drug interac-
tions (DDIs). Static mathematical models are used routinely to
interpret i vitro data, but do not account for changes in drug
concentrations with time and tend to over-predict risk (2).
Physiologically based pharmacokinetic models incorporating
a sufficient level of anatomical and physiological detail have

@ Springer



306

Chen, Tai and Ellens

the potential for better predictions due to their dynamic
nature (3).

While the contribution of intestinal CYP3A metabolism to
systemic clearance is low, due to the low intestinal enzyme
abundance (4,5), it has been shown to contribute significantly
to intestinal first-pass metabolism (6,7). Several mathematical
models have been developed to explain this apparent dis-
crepancy, incorporating physiological and anatomical details
such as (1) separate blood flow to the enterocyte layer from that
perfusing the rest of the gut tissues; (2) regional differences in
enzyme expression, and (3) permeation-limitations in enterocyte
pharmacokinetics (7—10).

The morphology and physiology of the intestinal villous
also play an important role in drug absorption. Many inves-
tigators have suggested that the villous surface area is not
accessible to all drugs equally. Absorption of highly permeable
drugs takes place mainly in the upper regions of the villi, since
rapid permeation at protruding villous tips reduces the avail-
ability of drug for movement into the inter-villous space,
whereas poorly permeable drugs have greater opportunity to
do so (11,12). The permeability-dependent villous surface
accessibility 1s implicitly accounted for in existing PBPK
models by the use of the “effective” permeability term, derived
from the i vitro permeability (5). Alternatively, the extent by
which a compound’s passive permeability enables it to diffuse
into the inter-villous space has been derived theoretically (13).
This theoretical approach has been utilized in SIMCYP’s
virtual dog model, since the relationship between “effective”
and m-vitro permeability in the dog is not known.

It is important to note that partial accessibility of the villous
surface by higher permeability drugs means absorption of
these drugs must involve a reduced set of enterocytes, with a
concomitant reduction in villous CYP3A engaged in metabo-
lism. These factors can potentially influence intracellular free
drug concentrations and intestinal first-pass extraction. This
necessitates the introduction of distinct absorbing and non-
absorbing enterocyte compartments at the villous tip and
base, respectively. Such treatment also enables consideration
of a CYP3A gradient along the crypt-villous axis. Knowledge
derived from such a model will not only enhance our under-
standing of absorption and metabolism of midazolam and
other CYP3A substrates, but will also provide a scientific basis
for future incorporation of intestinal uptake and efflux trans-
porters to investigate enzyme-transporter interplay in the
intestine.

MATERIALS AND METHODS
Data Source

The model developed in the present work was optimized to
simultaneously account for the midazolam blood concentration
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profile and intestinal availability (), which represents the frac-
tion of absorbed drug escaping intestinal first-pass metabolism.

The midazolam plasma concentration data used in the
present work is from clinical studies evaluating the drug-
drug interaction potential of a GSK development compound.
Midazolam blood concentration data used in model evalua-
tion was derived from plasma concentrations by multiplying
plasma concentrations by a blood to plasma partitioning ratio
of 0.6, which was determined ex vivo (14). The studies were
performed in healthy postmenopausal female subjects (37—
68 years old, mean 57 years, body weight 54-95 kg, mean
69 kg, N=82). These studies were open-label, two-period and
randomized with respect to dose of the investigational drug.
Data from the control sessions where the subjects received
midazolam alone were used for the current model develop-
ment. Each subject received 5 mg of midazolam following an
overnight fast for atleast 8 h prior to dosing. Blood samples for
pharmacokinetic analysis were collected into ethylene diamine
tetra-acetic acid (EDTA) tubes on ice/water prior to dosing of
midazolam (0 h), and at 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h
post-dose. Blood samples were capped, mixed by inversion,
then centrifuged at 4°C and 3,000 rpm for 15 min within
1 h of collection and the resultant plasma transferred into
1.8 mL polypropylene Nunc screw capped tubes. Samples
were stored frozen at -20°C or colder. Plasma midazolam
concentrations were determined using high performance
liquid chromatography with tandem mass spectrometry
(LC/MS/MS). The lower limit of quantification (LLQ) was
0.5 ng/mlL, using a 50 pL aliquot of human plasma with a
higher limit of quantification (HLQ) of 100 ng/mL. The
human biological samples were sourced ethically and their
research use was in accord with the terms of the informed
consents.

The fraction of absorbed drug escaping intestinal first-pass
extraction (Fp=1- FE,) of 0.57£0.24 was derived from the
intestinal extraction ratio (£, of 0.43+0.24 estimated by
Thummel et al. (15). According to the principle of error
propagation F, and £, have identical standard deviation.

Pharmacokinetic Analysis

The pharmacokinetic analysis was conducted using noncom-
partmental methods with Model 200 of WinNonlin Enter-
prise (version 4.1; Pharsight, Mountain View, CA). The actual
clapsed time after dosing was used to estimate all individual
plasma PK parameters. When estimating the mean value for
the concentration at a given time point, all not quantifiable
(NQ) values were set to zero except when an individual NQ
falls between two quantifiable values, in which case it was
omitted from the calculation of mean profiles. Measurable
concentrations which follow more than one consecutive mid-
profile NQ were omitted (set to missing).
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PBPK Model Structure

The overall structure of the lumped physiologically-based
pharmacokinetic model investigated in this report is illustrated
in Fig. la. Each intestinal segment is represented by a 4-
compartmental model as depicted in Fig. 1b. In addition to
compartments representing capillaries and lumen, the
enterocytes are segregated into absorbing and non-
absorbing compartments, toward the tip and base of the villi,
respectively. The exact dividing line between the two com-
partments 1s a function of permeability as detailed later. The
incorporation of absorbing and non-absorbing enterocyte
compartments enables the model to characterize the two
populations of enterocytes distinctively, including whether
they participate in absorption (tip) or not (base), their volume,
and distribution of CYP3A enzyme and therefore intrinsic
clearance. Drug can move bi-directionally between the ab-
sorbing enterocyte compartment and the lumen and between
enterocytes and the capillaries, as expected for passive perme-
ation. It 1s recognized that the division of enterocytes into two
compartments 1is only an approximation of the physiological

Vi

dt

dcet,i
dt

Vel,i

reality, in the interest of mathematical simplicity, while in fact
a more gradual transition is expected with drug exchange
between neighboring enterocytes through the lateral regions
of the basolateral membranes.

The physiological values and tissue/blood partition coefhi-
cients for midazolam are listed in Table L.

Gastrointestinal Compartments

Midazolam dose (D) is administered as a bolus into the stom-
ach compartment, with 4, and V;, denoting the amount of
drug in the stomach compartment. Drug transit from stomach
to the first intestinal segment follows a first order process with
ky representing the first-order stomach emptying rate constant:

dAy
dt

= —kudy + DO(t) (1)

The differential equations governing the 4 compartments
for each segment of intestine can be written as follows:

dCy; _ J kada= kiiViiCai— PS Aat.z’(cil,i_f,w Cet,i) + fuPSAuCy; 1 =1 2)
ki1 Vi1 Citir—kei Vi Citi= PSAui (Cii=f 1 Curi) 5 i=2,3

= PSAal,i(Cil.iifueCel,i) + PSAbAZ‘(fubcif,iifuecd,i)7fueCL€l,iCel.,z' (3)
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Fig. | (a) Diagram of the overall physiologically-based pharmacokinetic model of midazolam. With the exception of liver and enterocyte compartments, which
are permeability-limited, all other tissue compartments including lung, kidney and slowly and rapidly perfused tissues are flow limited. A non-enterocyte gut tissue
compartment is included as in the model developed by Cong et al. (8). Even though biliary excretion of midazolam is expected to be minimal, passive permeation
of drug from hepatocytes,via bile, into the duodenal lumen is included to facilitate future expansion of the model. (b) 4-compartmental model for each intestinal
segment. Arrows with dashed lines represent metabolism.
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Table | PBPK Model Constants and Variables

Table I (continued)

Parameter ~ Value Explanation Parameter ~ Value Explanation
Blood flow (mifhr)’ lg 25 Length of duodenum (16)
Qeo 393078  Cardiac output l 190 Length of jejunum (16)
Qaw 66823 17% of cardiac output l; 285 Length of ileum (16)
Qen 18000 Enterocyte blood flow (7) CYP Enzyme Contents (nmol)
Qen, 1 1584 Duodenum (8.8% of enterocyte blood flow as CYP3A, 5490 Total CYP3A in liver (4)
in SmCYP®simulator) CYP3A; 9.7 Total CYP3A in duodenum (4)
Qen2 8712 JeJuSﬂUI’(T;Y(‘F}’?@“-% Olf enterocyte blood flow as in CYP3A 384 Total CYP3A in jejunum (4)
mCTP®simulaton) . CYP3A 224 Total CYP3A in ileum (4)
Qens 7704 lleum (42.8% of enterocyte blood flow as in s A
SImCYP®simulator) urface Areas . . .
o 48823 Remaining gut-wal SAge Calc Apical surface area of the absorbing
41273 Hepatic artery (induding splenic and pancreatic enterocyte compartment
Qo t?loo d ﬂovrv\; gsp P SAue Calc® Basolateral surface area of the absorbing
66823 Kid 17% of cardi enterocyte compartment
Q idney (17% o .car |a3c output) ) SAsb Calc® Basolateral surface area of the non-absorbing
Qq 119889  Slowly perfused tissues” (30.5% of cardiac output) enterocyte compartment
Qo 98270 Rapidly perfused tissues” (25% of cardiac output) Tissue/blood Partition Coefficient’
. 2
Tissue Volume (i) kg 2.75 Slow tissue
Viotal 69000 Derived from a 69 kg body weight k., 212 Rapid tissue
Vot 1090 Arterial blood (1.84% of body weight, ke, 265 Enterocyte
adjusted for vascular space in the liver 965 Rermaini tti
and enterocytes) Kse . emaining gut tissue
Vien 2957 Venous blood (4.99% of body K 192 Ll.mg
weight, adjusted for vascular ke .45 Kidney
space in the liver and enterocytes) Ky 1,48 Liver
Vaw 1263 Gut-wall (1.83% of body weight) Other Variables
Ven, 1 18.2 enterocytes in duodenum (4) P Fitted” Permeability across a single membrane
Ven,2 65.8 enterocyte in jejunum (4) Popp Calc® Permeability across both apical and
Ven3 383 enterocyte in ileum (4) basolateral membrane
Vie |14] remaining gut-wall Clujne Fitted” Unbound intrinsic clearance per pmol enzyme
Vi, Calc® Volume of the intestinal lumen compartment Cl, Calc® Unbound intrinsic clearance of the liver
(i=123) Cleti Calc® Unbound intrinsic clearance of the absorbing
Vi 317 Kidney (0.46% of body weight) enterocyte compartment
7 1608 Liver (2.33% of body weight) Clep, Calc® Unbound intrinsic clearance of the
v, 483 Lung (0.70% of body weight) . non-absorbing entérocyte compartment
v, 53592 Slow tissues (77.67% of body weight) Vet Calc6 Volume of the absorbing erlmterocyte compartment
V., 7004 Rapid tissues (10.18% of body weight) Ve, Calc Volume of the non-absorbing enterocyte
f, 0.25 Vascular fraction of enterocyte, used to compartment
ve . ’ y 7 . . .
calculate the volume of the intestinal Fos Fitted Apical amplification factor
capillary compartment, V., Fs Fitted” Basal amplification factor
fu 0.29 Vascular fraction for liver, used to calculate

the volume of the hepatic blood
compartment, Vi

Gastro-intestinal Transit time (hr~ ')

ket
k[, /
kt,z
kt,3

Intestinal Dimensions (cm)

r'q
fj

li
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3.5
4.3
1.7
2.1

1.65
1.34
1.20

Gastric emptying (44)
Duodenum (43)
Jejunum (43)

lleum (43)

Radius of duodenum (SimCYP®simulator)
Radius of jejunum (SImCYP®simulator)
Radius of ileum (SMCYP®simulator)

" adapted from ICRP publication 89 (Intemational Commission on Radiological
Protection, 2002) converted to 69 kg body weight using simple normalization,

2 adapted from ICRP publication 89, converted for 69 kg subjects using power rule
with exponent of 0.75 according to Brown et al. (46)

3 Slowly perfused = adipose, bone, muscle and skin

* Rapidly perfused = all others
® Individual tissue partition coefficients are from Fenneteau et al. (45). The
partition coefficients for slowly (adipose, bone, muscle and skin) and rapidly (using
brain and heart as representative tissues) perfused tissues were calculated as

weighted averages of individual tissue partition coefficients.
é Calculated using equations described in the text

7 Optimized parameter
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dCeu’

|% Ttl = PSAu,i ([ 1y Cici=f 1o Coti) = f ueCLiti C o (4)
dcic i

Vif.i di == sz,i(cb_cifai) _PSAbl,i (fub Ci&,i_fwcelﬁi) (5)

~PSAp; (f 0y Cicimf ueCot)

Cy G,y Gy and G, denote the drug concentration in the
intestinal lumen, absorbing enterocyte at the villous tips, non-
absorbing enterocytes at the villous base and intestinal capil-
laries, respectively, with Vj, V,, V, and V,, denoting the
volumes of the corresponding compartments. The free frac-
tion in the enterocyte, £, is calculated as the free fraction in
blood (f,;) divided by the enterocyte tissue/blood partition
coeflicient (£,,).

The subscript ¢ (1= 1, 2 or 3) denotes the segment of intestine.
Drug transit from one intestinal segment to the next is modeled
as a first-order process with a rate constant £,; Drug movement
between intestinal lumen and absorbing enterocytes and be-
tween absorbing enterocytes and capillaries is determined by
drug permeability, P, assumed to be the same across apical and
basolateral membranes of the enterocyte. The last term
JuPSA,Cy, in Eq. 2 represents the passive permeation of mid-
azolam from the hepatocyte across the canalicular membrane
mto the duodenal lumen (biliary excretion), and is described in
further detail in the “Liver Compartments™ section.

Apical Surface Area and Volume of the Enterocyte
Compartments

The area of the human intestine available for drug absorption
can be up to 30 times greater than the cylindrical surface area,
with the plicae circulars increasing the surface area by a factor
of 3 and the finger-like villi, extending from the intestinal wall,
by an additional factor of 10 (16).

In the present work it is assumed that only a portion of the
enterocytes, starting from the tip of the villous, engage in drug
exchange with the lumen. This is represented by the param-
eter F,, the apical surface amplification factor, which, when
multiplied by the cylindrical surface area (27,4 yields the total
apical surface area of the absorbing enterocytes, S4,,;. I, is
assumed to be identical in the three intestinal segments and
has a value less than 30 (with a value of 30 absorption occurs
along the entire villous surface). While £ is also implicitly
assumed to depend on permeability, this dependency was not
explicitly modeled in the present work. Instead, it was treated
as an independent model parameter fitted to the midazolam
data. The value of F,; that best fit the data was compared to
the value theoretically estimated by Oliver et al. (13)), based on
villous dimensions, aqueous diffusion coeflicient and water
absorption rate, as an independent verification of the present
model. For simulations using the current model to investigate

the effect of permeability on various model outputs, F, asso-
ciated with each permeability value was estmated using
Eq. 17 from Oliver ¢ al. (13).

SAu5 the apical surface area of the non-absorbing
enterocytes is calculated as the difference between the theo-
retical maximal surface area (30 times cylindrical surface area)
and surface area of the absorbing enterocytes, SA,, .

The volumes of the absorbing and non-absorbing
enterocyte compartments for each of the intestinal segments,
V.iand V,;, can then be defined below as a fraction of the
total enterocyte volume (£,,/ 30 or I—F,/30) in each intestinal
segment, V..

Basolateral Surface Area of the Enterocyte
Compartments

Ascaling factor, [, is used in the present model to account for
any potential difference between the apical surface area of the
enterocytes and basolateral enterocyte surface area or the
corresponding capillary surface areas, SA4,,; and S4,, ;.

The presence of microvilli on the apical but not on the
basolateral membrane of the enterocytes could contribute to a
difference between the apical and basolateral surface areas. The
presence of microvilli amplifies the apical surface by a factor of
20 (16). However, the enterocytes are columnar cells with height
and width of approximately 30 um and 6 um respectively (48)
and bounded to the adjacent enterocytes by tight junctions at
the luminal side. Using these dimensions and assuming hexag-
onal geometry, the basolateral surface can be calculated to be
21 times larger than apical surface, approximately offsetting the
amplication of the apical surface due to microvilli.

Awailable literature data on the surface area of the capillary
bed 1s scarce and variable. Krogh (17) noted that the surface
area of villous capillaries in dog jejunum and rabbit intestine is
equal to 80-90% of the villous surface area. Casley-Smith ez al.
(18) estimated that in cat jejunum the capillary surface area is
5 cm?/g at the base and 29 cm?/g in the upper region of the
villous. Since the villous surface area in the cat is about
30 em?/g tissue (12,19), it can be deduced that the surface
area of villous capillaries in cats is between 17 and 100% of the
total villous surface area.

Exploratory modeling analysis revealed that optimization
of this parameters resulted in a large coeflicient of variation,
indicating possible multiple solutions. Based on the above
considerations F, was therefore fixed at 1 in the final analysis.

Permeability

Passive permeability (normalized by surface area) through the
apical and basolateral plasma membranes of enterocytes and
hepatocytes are all assumed to be identical, whereas the
permeability clearances are calculated as the product of per-
meability and surface area.
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The permeability is defined in this model as diffusion across
cach of the apical and basolateral membranes individually. In
order to facilitate comparison to the permeability estimated
from i vitro MDCK or Caco-2 cell experiments it is re-
parameterized as P=2 P, where P,, is the permeability
across both apical and basolateral membranes, equivalent to
what is measured in the m witro MDCK or Caco-2 cell
experiments.

Intrinsic Clearance

The unbound intrinsic clearance per unit of CYP3A enzyme
(CLuyy,) 1s assumed to be identical between the liver and small
intestine, as supported by previously reported turn over values
which were not significantly different for intestinal and liver
samples (5,47). The intrinsic clearance of the whole liver (CL,)
1s therefore computed by multiplying CLu;, by the total abun-
dance of the enzyme in the liver.

Due to the paucity of quantitative information on the
distribution of CYP3A enzyme along the villous-crypt
axis, three distribution patterns were considered in the
present work. In each case, the intrinsic clearance for
the absorbing and non-absorbing enterocytes, CL,; and
CL,,;, are calculated by multiplying the intrinsic clear-
ance per unit enzyme, CLu;,, with the amount of en-
zyme assigned to each compartment.

Distribution _ Pattern _ 3:  Uniformly  distributed CYP3A
enzyme. Since CYP3A enzyme in each segment of intestine

is assumed to be uniformly distributed in the enterocytes along
the villous-crypt axis, the amount of enzyme in absorbing and
non-absorbing compartments is directly proportional to the
fraction of total enterocyte volume attributed to each com-
partment.

F(IY
CLez,i = ClLuy <%> CYPm,z' (6)

F
CLeb.i = CLuint 1-
’ 30

> CYP,; (7)
CYP,,; denotes the total amount of CYP enzymes in
cach intestinal segment.

Distribution Pattern 3: CYP3A enzyme density increases linearly
along the crypt—villous axis. In this scenario, it is assumed that

CYP3A enzyme is absent in the cells at the very base of the
villous but the enzyme density increases linearly along the
crypt-villus axis, reaching peak levels at the villous tip. The
amount of CYP3A in the non-absorbing enterocyte compart-
ment at the base is computed by integrating the linear density
function along the crypt-villous axis, resulting in a quadratic
function of the fractional volume of the base enterocyte
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compartment in Eq. 9 below. The remaining enzyme is in
the absorbing compartment at the tip (Eq. 8).

r 2
CLet,i - CLuint 1- (1_ 38Y> CYPm,i (8)

F 2
CLeb,z' = CLuint (1_ 33) CYPmJ (9)

Distribution Pattern 3: CYP3A enzyme is contained entirely in the
absorbing enterocyte compartment. Since CYP3A enzyme is
entirely contained in the absorbing enterocyte compartment,

the intrinsic clearance for the non-absorbing enterocyte com-
partment is zero.

CLet,i = CLuint CYPemi (10)

CLy; =0 (11)

Liver Compartments

The differential equations governing the 2 compartments
representing liver can be written as follows:

dCy 3

Cje o
Vie i Q4.6+ Q,J(,H-i- 2 Q«m,iczr,z
3
_ (Q,ha + Q,xe + Z Qm.i) -C[c_PSAbl(fubCk_fuh(jm)
=1
(12)
dcy,
Vlh7 = PSAb[(fubclszu/ZC”l)*fuh(CLh + PSA[Z) 'C[/z

(13)

Cy, and (), denote the drug concentration in the hepato-
cytes and hepatic blood, respectively, with ¥y, and V, denoting
the volumes of the corresponding compartments. C;, and £,
are the drug concentration and partition coefficient of the
compartment representing the innate components of the gut,
respectively, .. the non-enterocyte component. The free frac-
tion in the hepatocyte, f,, is calculated as the free fraction in
blood ( ;) divided by the liver/blood partition coeflicient.

Drug transport across the hepatocyte basolateral mem-
brane is modeled as passive diffusion, with permeability de-
noted as P (assumed to be the same as that for enterocyte
membranes). S4,, and S4,; denote the area of the basolateral
(sinusoidal) and canalicular surfaces of the hepatocyte. Trans-
port across the canalicular membrane results in biliary
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excretion into the duodenal lumen, as mentioned previously.
Metabolism of midazolam in the hepatocyte is modeled as a
first-order process, with intrinsic clearance CL,.

Hepatocyte Sinusoidal and Canalicular Surface Areas

Based on stereological analysis Blouin ¢t al. (20) estimated the
hepatocyte plasma membrane surface area to be 5,630 cm®/g
liver tissue. They also found that 72% of the plasma mem-
brane surface area is sinusoidal. Keppler and Arias (21) have
shown that 10-15% of the plasma membrane surface area is
canalicular. A value of 12.5% is used in the present model.
Consequently, the hepatocyte sinusoidal and canalicular sur-
face areas, S4;, and S4,, are calculated to be 4053.6 and
675.6 cm®/g of liver tissue, respectively.

Intestinal and Hepatic Availability

Intestinal and hepatic availability (F, and F}) are calculated as
the ratio of the model-predicted net flux of drug escaping
metabolism over the net flux of incoming drug for each tissue,
respectively.

Model Development Approach

The model developed in the present study was used to fit both
the midazolam blood concentration time profile and the frac-
tion of absorbed drug escaping intestinal first-pass extraction,
Iy,
P,y and F,) while others were held constant.

simultaneously. Only 3 parameters were optimized (CLu;,

Parameter optimization was performed using the SAAM II
program (version 2.0, SAAM Institute, Seattle, WA). Model
discrimination was based on the values of the Akaike informa-
tion criterion (AIC) and visual inspection of the goodness of fit
plots. Simulations were carried out in SAAM II using the
Rosenbrock integration method.

Absorption Surface Area Calculation

Equation 17 (Model II: Intervillous Diffusion with
Convection Induced by Water Flux) from Oliver
et al. (13) was used to calculate surface accessibility
(=F,;/30) at each permeability for model simulations
performed to explore the relationship between perme-
ability and F, and Fj, as well as how permeability
influences the extent to which a change in CLy;, is
affecting F, and Fj. For simplicity, dimensions of villi
(width: 100 pm, height: 600 pm) and inter-villous
width (40 um) for human jejunum found in Strocchi
and Levitt (22) were used for all intestinal segments.
Aqueous diffusion coefficient of 6.63x107° cm?/s and
a moderate net absorption flow
5%107* ecm/s were used for the calculations.

water rate of

RESULTS

Midazolam Plasma Levels Following Oral
Administration

Plasma concentration-time profiles (mean £ SD) of midazo-
lam after a single oral dose of 5 mg are shown in Fig. 2. The
corresponding pharmacokinetic parameters are listed in
Table II. Plasma concentrations rise rapidly following dosing,
reaching peak concentrations within 0.25—2 hr post dosing,
and decline with a terminal t'2 ranging from 2-8 hr. The
mean Cmax of 21.3 ng/mL and AUC (0—t) of 68.2 ng*hr/
mL as well as the estimated oral plasma clearance (CL/F) of
16.2 mL/min/kg in the current studies is consistent with other
studies (15,23-26).

Model Fitting Results

All three versions of the model, differing only in the assumed
distribution of CYP3A along the crypt-villous axis, adequately
predicted the biphasic nature of the midazolam blood concen-
tration profile and the intestinal availability (f,) simultaneously.
The values of the best fitting model parameters are summarized
in Table III. Statistically, the version assuming CYP3A enzyme
density increases linearly along the crypt—villous axis (distribu-
tion pattern 2) yields the best fit to the data (AIK=-2.08,
BIC=-1.99). The midazolam blood concentration-time pro-
file and the F, calculated by the best fit model are plotted in
Fig. 3. Even though the other two versions of the model
(CYP3A distribution patterns 1 and 3) yield statistically worse
fits to the data, the model predicted blood concentration-time
profile and intestinal availability I, are visually indistinguishable
from those predicted by the best fitting model.

A simulated intravenous midazolam concentration time
profile was generated using the best fitting model parameters
(CYP3A distribution pattern 2) to calculate pharmacokinetic
parameters using non-compartmental methods. The computer

100 5

=
o

Plasma Conc (ng/mL)
=

ol+—r—r— 77T r 7T r 7T T T
0 4 8 12 16 20 24

Time (hr)
Fig. 2 Observed midazolam plasma concentration time course following a

single 5 mg oral administration to healthy postmenopausal female subjects.
Symbols represent mean (= SD) (n =82).
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Table Il Summary of Selected Midazolam Pharmacokinetic Parameters

Plasma Midazolam PK Parameter ~ Midazolam Dose (5 mg)

Geometric Mean Arithmetic Mean

(95% Cl) (%CV)
AUC(0-) 62.8 (52.3-73.4) 74.6(65.2)
(ng.n/mL)
AUC(0-t) 572 (47.6-66.7) 682 (64.5)
(ng.n/mL)
Crmax 19.2 (17-21.4) 21.3(47.2)
(ng/mL)
t/2 4.5(3.9-5.1) 5.1(51.6)
()
tmax 0.5' (0.2-2.0) 0.7 (58.3)

W)

Source Data:

' tmax was presented as median (range)

simulated plasma clearance, volume of distribution at steady-
state, terminal half-life and oral bioavailability are within the
range reported in the literature (Table IV) (15,25-27).

All subsequent model simulations, unless specifically men-
tioned otherwise, are performed using the best fitting model.

Distinction Between Absorbing and Non-Absorbing
Enterocyte Compartments

Previous modeling efforts treat the effective permeability and
volume of the enterocyte compartment as two unconnected
parameters. Effective i vwo permeability is typically estimated
from n vitro permeability experiments using empirical equa-
tions to account for the surface area involved in i viwo

Table Il PBPK Model Parameters

absorption (7). The enterocyte compartment on the other
hand, is modeled as one homogeneous compartment involv-
ing all enterocytes, implicitly assuming that drug absorption
and metabolism occurs equally over the entire villous surface.
In contrast, the present work recognizes explicitly that the
effective i vivo permeability and the proportion of enterocytes
participating in absorption and metabolism are inextricably
linked through the surface area accessible for absorption. A
greater absorption surface area translates simultaneously into
a higher effective permeability as well as an increased propor-
tion of absorbing enterocytes and vice versa. This necessitates a
distinction between absorbing and non-absorbing enterocyte
compartments, in which the volume and CYP3A content
(intrinsic clearance) of each compartment varies with the
surface area accessible for absorption.

Computer simulation can be used to dissect the effect of
volume and intrinsic clearance adjustments so that they can be
examined individually (Fig. 4). Since the volume of the ab-
sorbing enterocyte compartment is smaller than the sum of the
absorbing and non-absorbing compartments, the rate at
which drug concentration changes in this compartment will
be faster than if the enterocyte compartment is modeled as
a single homogeneous compartment. Correcting for the
absorbing enterocyte compartment volume alone will there-
fore result in a more rapid change in enterocyte free drug
concentrations as a function of time, with a higher maximal
free drug concentration (Fig. 4a, long dashed line versus
short dashed line). It should be noted that the net effect
of this volume correction alone without a concomitant
adjustment of CYP3A4 content does not result in a change
in enterocyte exposure. The AUC for both scenarios is the
same. This can also be demonstrated mathematically by

Parameter Explanation Unit Best fit parameter values
(%CV)
CYP only in the tip Uniformly CYP increase linearly
enterocytes Distributed CYP toward the tip
Cluy,! Intrinsic clearance per unit CYP3A enzyme' uL/min/pmol I.5 3.5 2.8
(23.9%) (8.3%) (7.9%)
Ly’ Hepatic intrinsic clearance” Lr 477 4 1134.8 912.7
Popp Permeability x107¢ cmfs 107.3 38.8 50.7
(19.4%) (10.5%) (10.4%)
Fas Apical amplification factor No unit 4.1 14.0 9.6
(44.0%) (32.7%) (33.7%)
Total objective function -5.82 —6.67 —6.90
AIC —1.54 —1.96 —2.08
BIC —1.45 —1.87 —1.99

"Intrinsic dlearance is assumed to be same between hepatic and intestine after normalizing by weight and CYP content

2 Computed from CLu, (ul/min/pmol) by muttiplying with the CYP contents in the liver
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Fig. 3 Observed and model predicted time course of midazolam blood
concentration (a) and intestinal availability (b) following a single 5 mg oral
administration to healthy postmenopausal female subjects. Symbols represent
mean (£ SD) blood concentrations (n = 82). Solid line represents the model-
fitted profile (with CYP3A enzyme distribution 2), while the dashed line
represents the model predicted profile using representative literature values
forin vitro CLuj; and Py, (3.4 pl/min/pmol and 40 X | 07% cm/s, respectively).
The standard deviation for F, was from Thummel et al. (15) and assuming
identical standard deviation for F, and Eg.

Table IV PK Parameters Calculated Based on Best Fitting Model

Parameter Model Calculated Values  Literature Values' (reference)

CL (L) 19 222(15)
32.8 (25)
24.8 (26)

259 (27)

60.9 (15)

147 (25)

84 (26)

2.5(15)

4.1 (25)

2.8 (26)

30% (15)

41% (25)

31% (26)

25.5% (27, inferred?)

Ves (L) 94.6

Terminal TVa(hr) 4.2

% F 36.7

' Unit conversion as needed based on 70 kg body weight

2 Inferred from the ratio of the reported intravenous and oral plasma
clearances
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Time (hr)

0.6

0.5 4

W 04 4

0.3 1
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Distinct Distinct
Single compartments compartments with
compartment without correction for correction for

intrinsic clearance Intrinsic clearance

Fig. 4 Computer simulation demonstrating the impact of making a distinc-
tion between absorbing and non-absorbing enterocyte compartments on
enterocyte free concentration in duodenum (@) and intestinal availability (b).
Simulation performed using the best fitting model assuming CYP3A enzyme
density increases linearly along the crypt—villous axis. Three scenarios were
simulated, including a single enterocyte compartment (short-dashed line),
distinct absorbing and non-absorbing enterocyte compartments without cor-
rection for intrinsic clearance (long dashed line), and with correction for
intrinsic clearance according to Egs. 8 and 9 (solid line).

solving the differential equations governing these rate
processes.

Because not all intestinal CYP3A will be in the absorbing
enterocyte compartment, the intrinsic clearance will be lower
than if the enterocyte is modeled as a single homogeneous
compartment. This further adjustment for CYP3A content in
addition to the volume correction will result in both a more
rapid change in enterocyte free drug concentration, a further
increase in maximal free drug concentration (as well as an
increase in AUC, compared to the single enterocyte compart-
ment (Fig. 4a, solid line versus short dashed line). This will also
result in a lower extent of metabolism and therefore higher
intestinal availability (Fig. 4b). The aforementioned effect
should be most notable for highly permeable drugs where
absorption occurs only in the upper regions of the villous. As
the villous surface accessible for absorption increases with re-
duced permeability, the volume of the absorbing enterocyte
compartment also increases. At a permeability of 2X 10~° cm/s
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or lower the villous surface accessible for absorption exceeds
90% (estimated using Eq. 17 from Oliver e/ al. (13). At this low
permeability range, the volume of the absorbing enterocyte
compartment approaches that of the total enterocyte compart-
ment volume and the non-absorbing compartment is essentially
non-existing, a situation indistinguishable from a single homo-
geneous enterocyte compartment.

Free Fraction in Enterocytes

It is worth noting that the model can achieve a good predic-
availability and blood
concentration-time profile without assuming the absence of
drug binding in enterocytes, as in Yang et al. (7) or Gertz et al.
(9), an assumption that cannot readily be physiologically jus-
tified. While the free drug concentration in a tissue can vary

tion of midazolam intestinal

depending on the rates of equilibration of drug moving in and
out of the tissue, binding to tissue proteins and lipids is typi-
cally assumed to occur very rapidly, such that a constant free
fraction in the tissue is maintained.

It can be shown mathematically that the intestinal availabil-
ity, I, in the present model is dependent on the relative
magnitudes of intestinal CYP3A metabolism and permeation
of drug across the enterocyte basolateral membranes. Since
both processes are modeled to be directly proportional to the
free drug concentration in the enterocyte, a change in free drug
concentration in the enterocyte will change both processes by
the same proportion. While this will change the rate of drug
entering the portal vein, it will have no effect on the intestinal
extraction ratio. This point is illustrated in Fig. 5, in which
progressively lower free enterocyte fraction ( f,) resulted in
lower model predicted C,,,, values due to lower permeation
rates but which have no effect on intestinal extraction or AUC.

Free Drug Concentration in Enterocytes
and Hepatocytes

As shown in Iig. 6a, the present model predicts that, even
though the enterocyte and hepatocyte tissue partition coeffi-
cients of midazolam used in the model differ only by approx-
imately 2-fold, the free drug concentration in the absorbing
enterocyte compartment can be as much as 1,000-fold higher
than that in the hepatocyte compartment. This is the result of
a combination of factors including the separation of the blood
flow to the enterocyte layer from the rest of the gut tissue (e.g.
serosa), division of the intestines into several segments, the
introduction of permeability limitation and separate absorb-
ing and non-absorbing enterocyte compartments into the
model. Since midazolam is theorized to be absorbed only
through enterocytes at the villous tip, the free drug concen-
tration in the enterocytes at the base of the villous, receiving
drug from systemic blood flow only, is expected to be lower, as
demonstrated in Fig. 6b.
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Fig. 5 Computer simulation demonstrating the effect of free fraction in the
enterocyte, f.e, on Fy, AUC and Cmax. Simulation performed using the best
fitting model assuming CYP3A enzyme density increases linearly along the
cryptvillous axis.

Figure 6¢ demonstrates how the concentration in the
absorbing enterocyte compartment depends on the distri-
bution of CYP along the crypt-villous axis. The concen-
tration in the enterocyte i1s determined by the balance
between permeability across the basolateral membrane
and intrinsic clearance, .e. CYP3A content. When perme-
ability is kept constant at that of midazolam, higher in-
trinsic clearance will result in lower enterocyte concentra-
tion. If CYP3A is assumed to be entirely contained in the
absorbing enterocyte compartment (distribution pattern 3),
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Fig. 6 (a) Computer simulated time courses of unbound drug concentration
in liver (long dashed line) and the absorbing enterocyte compartments of
duodenum (solid line), jejunum (short dashed line) and ileum (dash-dot line).
(b) Computer simulated unbound drug concentration in the duodenum
absorbing (solid line) and non-absorbing (dashed line) enterocyte compart-
ments. Simulations for (a, b) were performed using the best fitting model
assuming CYP3A enzyme density increases linearly along the crypt-villous
axis. (€) Computer simulated unbound drug concentration in the duodenum
absorbing enterocyte compartment for the 3 different distributions of CYP3A
along the crypt-villous axis; CYP3A increases linearly along the villous axis
(distribution pattern 2; solid line), uniformly distributed CYP3A (distribution
pattern |; long dashed line) and CYP3A only present in the absorbing
enterocyte compartment (distribution pattern 3; short dash line). ClLu;,. was
assumed to be 2.8 uL/min/pmol for all 3 cases.

the intrinsic clearance in the absorbing enterocyte will be
higher than if CYP3A is distributed evenly along the
crypt-villous axis (distribution pattern 1), and will therefore
result in a lower free concentration in the absorbing
enterocyte compartment. If the density of CYP3A enzyme
1s assumed to increase linearly along the crypt-villous axis
(distribution pattern 2) the distribution of CYP3A enzymes
shifts toward the villous tip but not as severely as in
distribution pattern 1, and therefore results in intermediate
enterocyte concentrations.

Effect of Permeability on Intestinal and Hepatic First
Pass Extraction and Systemic AUC

Permeability has the opposite effect on hepatic and intes-
tinal first-pass extraction. In the liver, the drug molecule is
delivered to the hepatocyte by its blood supply. Lower
permeability limits drug molecules from reaching the site
of metabolism within hepatocytes, reducing hepatic metab-
olism and thereby increasing the fraction of drug escaping
hepatic first-pass, F}, (Fig. 7a). The situation is reversed in
the intestine. The majority of the drug is delivered to the
enterocytes from the lumen. Decreasing the rate at which
molecules diffuse across basolateral enterocyte membranes
(decreasing permeability, P,,) results in an increased
enterocyte residence time, thus lower intestinal availability
(Ip). Figure 7b also demonstrated that, although the dif-
ferences in the calculated F, among the three CYP3A
distribution patterns considered are not great, F, is pre-
dicted to be lowest if CYP3A is assumed to be entirely
contained in the absorbing enterocyte compartment (dis-
tribution pattern 3, short dashed line) and highest if
CYP3A 1s assumed to be uniformly distributed (distri-
bution pattern 1, long dashed line). The differences
however diminished at low permeability. It should be
noted that the curves in Figs. 7 and 8 can shift either to
the right or left if different surface areas are used in the
calculations.

The model calculated relationship between permeability
and AUC 1n Fig. 7d, using the CLuy;, of midazolam from the
best fitting model, is the net result of a complex interaction
between multiple counteracting factors. For a 10-fold increase
in relatively low permeability from 1X10™° to 10X 10™° em/s,
the intestinal surface accessibility is reduced by 28% (Fig. 7¢;
calculated based on the theoretical derivation by Oliver et al.
(13) while the fraction of drug escaping intestinal first-pass ()
increased by approximately 4-fold. However, over the same
10-fold increase in permeability, drug escaping hepatic first-
pass (I7,) decreased by approximately 30%. This resulted in a
net increase in AUC. These countering effects on AUC,
however, balanced out in the higher permeability range,
resulting in minimal change in AUC for a permeability in-
crease from10x107°% to 100x107° em/s.
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Fig. 7 Computer simulations comparing the effect of permeability on F}, (a), F; (b), intestinal surface area amplification factor (c) and blood AUC (d) assuming
CYP3A increases linearly along the villous axis (distribution pattern 2; solid line). CLu,. that best fit the midazolam data was used in the simulation. Permeability-
dependent intestinal surface area accessibility was calculated for human jejunum using the equations derived by Oliver et al. (13). Effect of permeability on F, was also
simulated for uniformly distributed CYP3A (Jong dashed line) and CYP3A present only in the absorption enterocyte compartment (short dashed line). A CLuy,, of
2.8 ul/min/pmol was used for all 3 CYP3A distributions. The curves can shift either to the right or left depending on the surface areas are used in the calculations.

Effect of Victim and Perpetrator Drug Permeability
on the Magnitude of CYP3A mediated DDIs in intestine
and liver

The effect of changes in intrinsic clearance on F, and Fj, (via
CYP3A bhibition or induction) are also dependent on per-
meability of the drug (Fig. 8). In this respect, one must again
keep in mind the opposite effect of permeability in limiting
extraction in intestine versus liver.

As demonstrated in Fig. 8a, at the low end of the perme-
ability range, transit of drug from blood into hepatocytes
becomes the rate-limiting step of hepatic metabolism. There-
fore even large changes in intrinsic clearance (CYP3A inhibi-
tion or induction) have limited impact on hepatic extraction
ratio. As permeability increases and the drug molecule can
move into the hepatocyte more readily, permeability becomes
less rate-limiting, and hepatic extraction becomes much more
sensitive to changes in intrinsic clearance.

The situation with intestinal metabolism is more compli-
cated, as the permeability of both victim and perpetrator
drugs must be taken into consideration. Perpetrators with
sufficiently low permeability will be absorbed through most
of the villous surface and thereby affect most enterocytes (e.g.
90% of villous surface accessible for absorption at a perme-
ability of 2X107° cm/s as mentioned previously). The dash-
lines in Fig. 8b approximate such a situation by simulating a 4-
fold increase (induction) or decrease (inhibition) in the intrinsic

@ Springer

clearance of all enterocytes. Iy is less sensitive to changes in
intrinsic clearance when the permeability of the victim drug is
high enough because the rate at which drug escapes the
enterocytes 1s much greater than the rate of intestinal metab-
olism. As the permeability of the victim decreases, the rate of
metabolism increases relative to that of escape from the
enterocyte and F, becomes more sensitive to changes in in-
trinsic clearance.

However, it can be deduced from the model that a highly
permeable perpetrator drug can only exert its full effect on a
highly permeable victim drug. Its effectiveness is progressively
weakened as the permeability of victim decreases below that of
the perpetrator. This is because, according to the present
model, the highly permeable perpetrator drug is only
absorbed through and inhibits the CYP3A enzymes in
enterocytes at the villous tips, whereas a portion of a less
permeable victim drug is absorbed through enterocytes to-
ward the villous base unaffected by the perpetrator.

DISCUSSION

A key feature of the current model is that the surface area for
absorption is directly linked to the volume and CYP3A con-
tent of the underlying enterocyte compartment. As such, it
provides a more realistic estimate of free and total enterocyte
drug concentration and intestinal first pass metabolism than
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Fig. 8 Computer simulation demonstrating the effect of a 4-fold increase
(long dashed line) and a 4-fold decrease (short dashed line) in CLu,. on Fy, (@)
and F, (b). Simulations performed using the best fitting model assuming
CYP3A enzyme density increases linearly along the crypt-villous axis. The
curves can shift either to the right or left depending on the surface areas are
used in the calculations.

existing models, which do take into account area for absorp-
tion through the use of P,z but do not account for the fact that
reduced absorption surface area must also lead to reduced
volume of enterocyte compartment involved in absorption.
The model was developed using midazolam as a tool
compound and simultaneously predicts the time course of
midazolam blood concentrations and intestinal bioavailabili-
ty. The intrinsic clearance per unit CYP3A enzyme estimated
in the current study (2.8 pLL/min/pmol) is in range with i vitro
hepatic intrinsic clearance of 1.7-3.8 pL/min/pmol and
in vitro intestinal intrinsic clearance of 3.0-6.8 pL/min/pmol
reported previously(6,27,28). The permeability estimated
from the current best fitting model (50.7 X 107 em/s) also
compares very well with measured i vitro values: 20.3 to
28.5%107% em/s (29), 37.9 to 61.1x107° em/s (30), 56.4 to
70x107% em/s (31). In fact, model predicted midazolam
blood concentration and intestinal availability using i vitro
values for permeability and intrinsic clearance from the liter-
ature were in reasonable agreement with experimental data
(Fig. 3). The ability to better predict human pharmacokinetics
using only i vitro and i silico data enables better prediction of

effective human dose and safety margins earlier in the drug
discovery/development process, thus reducing attrition.

The present model also predicted that the effective intesti-
nal surface area for midazolam absorption is approximately
10 times that of the smooth luminal surface area. Compared
to the theoretical upper limit of a 30-fold surface area ampli-
fication by plicae circulars and villi, this implies that 1/3 of the
villous surface is accessible for midazolam absorption (surface
accessibility of 0.33). This is very similar to the theoretical
accessibility of 0.36 calculated for midazolam using equations
derived by Oliver e al. (13) at the best fitting permeability of
50.7%10"° em/s and independently confirms that most if not
all absorption of fluid, nutrients and highly permeable drugs
takes place in the upper villous regions (12). Oliver et al.’s
theoretical analysis (13) is limited to drug in solution. Expan-
sion of the analysis to consider the effect of particle size
reduction of poor solubility/high permeability drugs in pene-
trating into the inter-villous space will aid formulation
development.

Available literature data on villous dimensions and density
in different segments of the intestine is scarce. The current
model uses the same, jejunum-based, values in each of the
intestinal segments. Since midazolam is predominantly
absorbed in the upper small intestine, the impact of a differ-
ence in villous dimensions or density between jejunum and
ileum will be minimal. In the future, the model may need to be
expanded to account for any such differences to improve
predictions for low permeability drugs.

A key element of the present work is that it explicitly takes
into account the immediate downstream effect of incomplete
accessibility of the villous surface by considering distinct ab-
sorbing and non-absorbing enterocyte compartments, associ-
ated with the accessible and non-accessible villous surfaces,
respectively. Such a distinction provides better estimates for
enterocyte intracellular concentrations and intestinal intrinsic
clearance. Modeling simulation suggests that in case of highly
permeable drugs, not doing so will result in overestimation of
intestinal metabolism (Fig. 4b) and underestimation of system-
ic AUC since the amount of CYP3A involved in intestinal
metabolism is overestimated.

Making a distinction between absorbing and non-absorbing
enterocyte compartments also has important implications for
DDI predictions. As illustrated in Fig. 9, the model predicts
that a substantial difference in permeability between victim
and perpetrator drugs will result in spatial separation of the
two along the length of the intestine. Co-administration of a
highly permeable perpetrator with a poorly permeable vicim
will also result in spatial separation of the drugs along the
villous surface (Fig. 9a). Such separations will prevent the
perpetrator from exerting its full interaction potential. If the
high permeability drug also has slow dissolution, then the
spatial separation along the intestinal length will diminish,
but the spatial separation along the crypt-villous axis will
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Fig. 9 Spatial separation in the intestine of co-administered drugs with substantial differences in permeability and the consequences for DDls. A highly permeable
drug will be preferentially absorbed in the upper small intestine in the upper regions of the villous. A poorly permeable drug will have greater opportunity to move
into the distal parts of the intestine and into the inter-villous space. (@) A highly permeable perpetrator will be separated from a poorly permeable victim both along
the villous axis and along the intestinal length and therefore will not exert it's full interaction potential on a poorly permeable victim. (b) On the contrary, a poorly
permeable perpetrator will affect the CYP3A enzymes along most of the villous axis including the tip region where a highly permeable victim is absorbed. It will
only be separated from a highly permeable victim along the length of the intestine length.

remain. In case of co-administration of a poorly permeable
perpetrator with a highly permeable victim, while both victim
and perpetrator will be present at villous tips, they will still be
separated spatially along the intestinal length, with the highest
victim intracellular enterocyte concentrations reached proxi-
mal to the highest perpetrator intracellular concentrations
(Fig. 9b). The potential impact of physical separation between
victim and perpetrator drugs can now be investigated in future
mechanistic PBPK models.

An important aspect of the current model is the presence of
permeability-limited enterocyte and liver compartments. On
the surface this appears to contradict with the conventional
classification of midazolam as highly permeable. However, this
apparent contradiction can be understood when the perme-
ability clearance 1s compared to blood flow in the two tissues.
For liver, the permeability clearance calculated based on pa-
rameters used in this model is only approximately 10-fold
above the typical hepatic blood flow of 92.4 L/hr. Even if the
hepatocyte sinusoidal surface area used in the present model
underestimates the true value by several fold, the permeability
clearance by the liver is still well below 10,000 times the hepatic
blood flow, a criterion for using a flow-limited model (9). The
margin is even narrower for enterocytes, with an estimated
permeability clearance only approximately 2-fold higher than
the enterocyte blood flow of 18 L/hr. These calculations sug-
gest that even for compounds classified as highly permeable, the
disposition kinetics in enterocytes and hepatocytes can be ap-
propriately modeled according to permeability-limited kinetics.
"The fact that the predicted F, and £}, (Fig. 6a and b) are sensitive
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to permeability between 10 and 100% 10™° em/s further dem-
onstrates the role permeability-limitation plays in drug kinetics
in intestine and liver. We have not considered permeability
limitation in other tissues. Since other tissues do not participate
in drug clearance, this would not affect the model predicted
systemic clearance, blood AUC, F,, or F;. However, this could
affect the terminal half-life and will primarily affect later time
points.

Permeability-limitation has several important implications
for the kinetics in liver and intestine. As mentioned previously,
while high permeability enhances hepatic metabolism, low
permeability enhances intestinal metabolism. Consequently,
when a compound with very high permeability (> midazolam)
1s dosed orally it will be subjected to significant hepatic first-
pass extraction without significant contribution from the in-
testine. On the other hand, for compounds with very low
permeability, intestine, not liver is the dominating contributor
to first-pass extraction. For many compounds in between,
including midazolam, both liver and intestine contribute to
first-pass extraction.

Permeability not only dictates whether intestine or liver is the
predominant contributor to first-pass extraction, it also deter-
mines to what extent variation in intrinsic clearance due to
induction, inhibition or polymorphism, impacts metabolism in
these tissues. Recall from Fig. 8 that, for vicim drugs with
relatively low permeability (¢,g. 5% 107° cm/s, for a drug with
relatively high CLu;,), changes in intrinsic clearance have very
little impact on hepatic metabolism (), but a significant effect
on intestinal metabolism (F,). Since intestinal metabolism
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contributes primarily to first-pass extraction, but not systemic
clearance, a preferential change in intestinal metabolism would
result in a change in AUC and Cmax without notable effect on
half-life (Fig. 10a). Conversely, for a vicim drug with perme-
ability in the range where both liver and intestine contributes to
first-pass extraction (e,g. 50 107% em/s, for a drug with rela-
tively high CLu;,) a change in intrinsic clearance has an effect on
both F;, and F,, and consequently notable changes in systemic
clearance and half-life (Fig. 10b).

A further dose-dependent effect on CYP3A interaction can
be predicted for victim drugs with liver and intestine contrib-
uting to first-pass extraction. Since the enterocyte concentra-
tion 1s much higher than the hepatocyte concentration,
CYP3A perpetrators could reach an effective enterocyte con-
centration to impact intestinal CYP3A at much lower doses
than required to impact hepatic CYP3A. In this case, a
CYP3A perpetrator could preferentially impact intestinal
first-pass extraction at low doses, resulting primarily in
changes in AUC and Cmax without an obvious effect on
half-life, while impacting both intestinal and hepatic first-
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Fig. 10 Computer simulation demonstrating the effect of a 4-fold increase
(long dashed line) and a 4-fold decrease (short dashed line) in ClLuj, on the
blood concentration time course of poorly permeable (5% 107 cm/s) and
highly permeable (50 X 10~ cm/s) drugs (a, b). First pass extraction of poorly
permeable drugs occurs primarily in the intestine, hence changes in intrinsic
clearance result in changes in Cmax and AUC, without a notable effect on half
life. First pass extraction of highly permeable drugs, in the range where both
liver and intestine contribute to first pass extraction, a change in intrinsic
clearance will resutt in an effect on Cmax, AUC and half life.

pass extraction at high doses, resulting in changes in AUC,
Cmax as well as half-life.

The current model, developed for intestinal CYP3A me-
tabolism using midazolam as tool compound, provides a
framework that can be readily expanded to incorporate model
elements for CYP3A inhibition (32) and induction (33). Be-
cause many CYP3A substrates are also substrates of P-
glycoprotein, a model which can more realistically consider
passive permeability, efflux transport and metabolism can also
be used to further query CYP3A-P-gp interplay. Measure-
ment of cell and tissue efflux transporter levels (34), as well as
appropriate treatment of efflux transporter kinetics is a very
active area of investigation (35—39).

Furthermore, the distinction between absorbing and non-
absorbing enterocyte compartments provides a framework for
incorporation of morphological and physiological variations
along the crypt-villous axis. Enterocytes are formed in intestinal
crypts and migrate up the villous as they mature. This results in
marked variation in functional and physiological properties
along the crypt-villous axis, which can potentially impact intes-
tinal drug absorption and metabolism. The existence of a
CYP3A gradient along this axis has already been considered
in the present study. Other differences along this axis may be
the density of the capillary bed (18), permeability characteristics
(40), physical properties of the microvillous membrane (41) or
non-uniform distribution of P-glycoprotein efflux transporters
(42). Interestingly, the three different CYP3A distribution pat-
terns considered in this study yielded similar fits and best fitting
parameters, indicating that CYP3A distribution along the
crypt-villous axes does not significantly impact intestinal me-
tabolism for midazolam. Additional analysis using other drugs
1s needed to evaluate the functional significance of the variation
of CYP3A and other properties (eg. transporters) along the
crypt-villous axis.

Further work is also required to determine if the current
model (or an expanded version) will improve prediction of
human PK from i witro data for other compounds as well.
Nonetheless, it is anticipated that insights gained from this
model will be applicable to other drugs or drug candidates
and that more realistic PBPK models will enhance predictions
of human pharmacokinetics and DDIs.
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