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ORIGINAL ARTICLE

Effect of Ritonavir on **"Technetium—Mebrofenin
Disposition in Humans: A Semi-PBPK Modeling and
In Vitro Approach to Predict Transporter-Mediated DDIs

ND Pfeifer!, SL Goss', B Swift', G Ghibellini', M Ivanovic?, WD Heizer}, LM Gangarosa® and KLR Brouwer’

A semiphysiologically based pharmacokinetic (semi-PBPK) model was developed to describe a unique blood, liver, and bile
clinical data set for the hepatobiliary imaging agent *"Technetium-mebrofenin (*"Tc-mebrofenin), and to simulate sites/
mechanisms of a ®*"Tc-mebrofenin-ritonavir drug-drug interaction (DDI). The transport inhibitor ritonavir (multiple-dose: 2
x 300 mg) significantly increased systemic *"Tc-mebrofenin exposure as compared with control (4,464 + 1,861 vs. 1,970 =
311 nCi min/ml; mean = SD), without affecting overall hepatic exposure or biliary recovery. A novel extrahepatic distribution
compartment was required to characterize *"Tc-mebrofenin disposition. Ritonavir inhibited *™Tc-mebrofenin accumulation
in human sandwich-cultured hepatocytes (SCH) (half maximal inhibitory concentration (IC,) = 3.46 + 1.53 ymol/l). Despite
ritonavir accumulation in hepatocytes, intracellular binding was extensive (97. 6%), which limited interactions with multidrug
resistance protein 2 (MRP2)-mediated biliary excretion. These in vitro data supported conclusions from modeling/simulation
that ritonavir inhibited *"Tc-mebrofenin hepatic uptake, but not biliary excretion, at clinically relevant concentrations. This
integrated approach, utilizing modeling, clinical, and in vitro data, emphasizes the importance of hepatic and extrahepatic
distribution, assessment of inhibitory potential in relevant in vitro systems, and intracellular unbound concentrations to assess
transporter-mediated hepatic DDIs.
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Transport proteins present in clearance organs, specifically
liver and kidney, are a well-recognized source of potential
drug—drug interactions (DDIs)."? Inhibition of uptake and/or
efflux transporters in the polarized cells of clearance organs
may alter drug exposure in the organ, in the systemic circula-
tion, orin both, leading to changes in efficacy and/or toxicity.*
Changes in systemic exposure may be detected from the
blood concentration—time curve, whereas organ exposure
is more difficult to assess. However, assessing organ drug
exposure is important to understand, in a comprehensive
manner, the effects of altered transport function and identify
the specific site(s) and magnitude of DDIs.

Scintigraphic imaging is a noninvasive technique that can
be employed to determine organ exposure.® ®*"Technetium
(**mTc)-labeled compounds, coupled with y scintigraphy,
have been used to estimate the hepatic exposure of drugs
by assessing alterations in hepatic uptake and excretion,5”
and to evaluate the involvement of specific transport
proteins.®® Changes in systemic and organ exposure, as
well as biliary excretion of ®®*"Tc-labeled compounds, can
be quantified using a previously validated method for bile
collection, including a correction for gallbladder ejection
fraction (EF)."® An integrated approach incorporating phar-
macokinetic modeling and simulation of clinical data (biliary
excretion, systemic, and organ exposure) can then guide
in vitro investigations to elucidate sites and mechanisms
of DDls.

In vitro systems are used commonly to evaluate transporter
function, and predict, or confirm DDlIs." Membrane vesicles
prepared from transfected cell lines are useful to characterize
substrate specificity and inhibitory potential of a given trans-
port protein in isolation, although the relative contribution
of individual transport proteins to overall hepatic uptake or
excretion is difficult to elucidate using these artificial systems.
A more representative, organ-specific, whole-cell system,
such as sandwich-cultured hepatocytes (SCH), can be used
to investigate the relative contribution of hepatic uptake and
canalicular excretion processes to overall biliary clearance,
and to estimate intracellular drug concentrations." 12

%mTechnetium—mebrofenin (**"Tc—mebrofenin) (Choletec,
Bracco Diagnostics, Princeton, NJ), a metabolically stable
iminodiacetic acid analog, is an imaging agent utilized in
nuclear medicine to diagnose structural and functional dis-
orders of the hepatobiliary network and gallbladder.’>'> The
efficient vectorial transport of ®™Tc—mebrofenin from blood
into liver is mediated by the organic anion transporting poly-
peptides, OATP1B1 and OATP1B3;>1¢17 ¥mTc—mebrofenin is
preferentially excreted into bile unchanged by the canalicular
efflux transporter multidrug resistance protein 2 (MRP2).%16.18
%mTc—mebrofenin also can be excreted from hepatocytes back
into blood by MRP3.° The important role of MRP2-mediated
biliary excretion as the rate-limiting step for ®®*"Tc—mebrofenin
elimination in vivo is evidenced by increased and prolonged
hepatic exposure of ®*™Tc—mebrofenin and other iminodiacetic
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acid analogs in preclinical species (TR~ rats) and humans
(Dubin—Johnson syndrome) with genetic impairment of Mrp2/
MRP2.'418-21 Probe substrates to assess transport function in
vivo are a highly sought-after clinical tool; **™Tc—mebrofenin
has been proposed as a probe substrate for MRP2,'" but has
yet to be tested in a clinical DDI study.

Ritonavir, an HIV protease inhibitor, is a typical component
of antiretroviral therapy. Ritonavir is administered as a “boost-
ing” agent in combination with other protease inhibitors to
exploit the inhibition of intestinal P-glycoprotein transport and
metabolic enzymes, thereby increasing the bioavailability of
antiretroviral medications administered concomitantly.?22
Ritonavir is also a substrate and inhibitor of the biliary trans-
porter MRP2,2425 with an half maximal inhibitory concen-
tration (IC,)) reported as low as 50 nmol/l in teleost fish.?
Consequently, we hypothesized that concomitant ritonavir
administration would decrease the biliary excretion of ®mTc—
mebrofenin, thereby increasing hepatic exposure. Ritona-
vir also has been reported to inhibit hepatic OATPs/Oatps,
with an IC; ranging from 0.25 to 2.5 pmol/I.?"?¢ Therefore, at
higher concentrations, ritonavir may inhibit **"Tc—mebrofenin
hepatic uptake, thereby increasing systemic exposure.

These studies employed **"Tc—mebrofenin as a probe for
transport-mediated hepatobiliary clearance, with and without
ritonavir as a “perpetrator” of DDIs. The blood, liver, and bile
data set was used to develop a semiphysiologically based
pharmacokinetic (semi-PBPK) model to describe **"Tc—me-
brofenin disposition in humans, including clearance pathways
mediated by transport proteins, and to elucidate potential
site(s) and mechanism(s) of the **™Tc—mebrofenin—ritonavir
DDI. In vitro studies were conducted using relevant model
systems for hepatobiliary transport in humans to substantiate
the results of pharmacokinetic modeling and simulation. We
report a translational approach and suggested framework for
the use of ®"Tc—mebrofenin as a clinical probe to evaluate
DDls in hepatobiliary transport.

RESULTS

Effect of ritonavir on %*™Tc—-mebrofenin disposition in
human subjects

%mTc—mebrofenin (mean + SD) blood concentration—time
curves are shown in Figure 1a, after administration of a
2.5 mCi intravenous dose to 18 healthy volunteers either

(i) alone (control; n = 8), (ii) 2 h after a single 200 mg oral
ritonavir dose (n = 7), or (iii) following 300 mg oral ritonavir
doses administered at 14 and 2 h before *™"Tc—mebrofenin
(n=3; 2 x 300 mg). *"Tc—mebrofenin blood concentrations
declined rapidly, with prompt distribution into the liver, fol-
lowed by a slower terminal elimination phase. Pharmacoki-
netic parameters resulting from noncompartmental analysis
are summarized in Table 1; area under the **"Tc—mebrofenin
blood concentration—time curve (AUC,_, ,..) was significantly
greater, by approximately twofold, in subjects treated with 2 x
300 mg ritonavir as compared with control. Observed ritona-
vir plasma concentrations ranged from 236 to 16,100 ng/ml
(0.33-20 pmol/l; Table 1). Ritonavir concentrations in plasma
(and bile) were significantly greater in subjects pretreated
with 2 x 300 mg ritonavir as compared with a single 200 mg
dose (Table 1).

Biliary recovery of ®m"Tc—mebrofenin was corrected for
gallbladder EF, with an EF ranging from 8% to 96% (Table 1).
Biliary recovery was similar between treatment groups at 75
+ 12,59 + 11, and 72 + 2% of the administered dose in con-
trol, 200 mg, and 2 x 300 mg ritonavir groups, respectively
(Table 1). Urinary recovery of ®"Tc—mebrofenin (~1% of the
administered dose) was negligible and unaffected by ritonavir
treatment.

Hepatic imaging of ®*"Tc—mebrofenin over 180 min revealed
rapid uptake by the liver (Figure 1b). The time of maximum
liver concentration was 11 £ 3, 11 = 4, and 10 £+ 1 min in
control, 200 mg, and 2 x 300 mg ritonavir groups, respec-
tively (Table 1). This agrees well with the reported value of 11
min.*2°The elimination half-life based on hepatic time—activity
curves from the current study, determined from 30 to 60 min
by nonlinear regression, was 19 + 5, 19 + 5, and 18 = 1 min
in control, 200 mg, and 2 x 300 mg ritonavir groups, respec-
tively (Table 1), as compared with previous reports of ~15
min.*2° Subjects >20% of ideal body weight were excluded
in this study to minimize individual differences in body mass
and composition, which could result in variable attenuation of
the scintigraphic imaging data. Activity at liver time of maxi-
mum concentration was 1,950 + 252, 2,003 + 274, and 1,890
+ 508 counts per second in control, 200 mg, and 2 x 300 mg
ritonavir groups, respectively (Figure 1b and Table 1). There
was no apparent difference in *"Tc—mebrofenin overall liver
exposure in the presence or absence of ritonavir based on
the mean liver activity profiles.
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Figure 1 % Tc—mebrofenin (a) blood concentration vs. time curves; (b) liver scintigraphy vs. time curves by treatment group (red shaded
area represents mean + SD of control); (c) liver-to-blood ratio vs. time curves; mean data by treatment group. Data are presented as group
means (+SD in (a) and (b)); red = control group, open/dashed = 200 mg ritonavir group, closed/solid = 2 x 300 mg ritonavir group.

CPT: Pharmacometrics & Systems Pharmacology



9mTe—Mebrofenin-Ritonavir DDI in Humans

Pfeifer et al

“JIABUONI BW 00E X 2 "SA BW 002 ‘SO0 > df +x -PBISNIPE ‘|01JU0D YiM patedwod se G0'0 > .

(JoNI|'xew,

“UOIJBJJUSOU0D JBAI| WNWIXeW JO swl} 1 LIARUOL ‘ALY ‘9|gewnSa JouU ‘JN ‘9AIND aWl—UOeIju8duo0d pooiq ‘DNY
(s ¥ ueaw) ueaw 21}BWO8H Se passaldxe ale elep {pajou se 1dedxd ‘UIUBJ0IgaW—I ] e O} 18}l sialeweled ||y
‘0L F ¢ F ‘ w/Bu
sowmﬁ”omwﬂw e) 002‘€€  00L‘€k 00E‘St avoow%m_ﬁ b 18€'L 6182 GFE'L 2€2'CT 82L 99¥‘C 8S8‘L — - - = = = = — — A_c_&ive\,y_a._w
(092°9 ¥ 02€'8) . . . (00S‘LFo0LgH) . . . - [ o o (lw/Bu) ALY
082' 0G6°€  00L9L OL6'Y 966 982 €Ye'v 69 €28°F Sib L9E'L 018 oy oussil,
o = o o wbu
(oaz'e = oce 8 0029  00LZL 0.9 (0g9’s = oz b G9Z ey ¥S6 8ee’c 999 G60'L /€8 — - - = = = = — — ( “_g,wgﬁm
OP6°L 0SHL o)
E3 ¢ ¥+ ¢ ¥+ ¢ S/S1UN0d
(80 = 068 H 8v9‘l  8¥S'L  €L¥'C ez £00 2 866°L €99°L S00°C S6L'C 6.£C SYLZ €€9°'L (esz = 056 b 122'C 216°L 869°L 9€8'L 926'L 228l 2EVC vvLL (s poviten )
88l 986°L 9€6°L X
(+781) m 02 8l (s=61) 8l 22 S /L € 12 o¢ (s=61) 9t §L o0s Ll o0z 8L € 2
8l 64 8t
F ¥+ ¥+ uiw
(+=01) 6 L 6 =10 6 o0 2 8 0z Ol 6 €11 6 O L O kb LL  OF €l Juw)
ok Ll L 1
(8e¥¢€z8) . . . (L' ¥ 296) . . . . . . . (gzFgzel) . . . . . . . . (Bx1/unwyw)
b2 2Ll g6 296 698 988 0€9 LG 02 €%l €8v 0€9 o gel v/ZL /86 €Vl €66 8LL PveL 82k o
(8¢ ¥ 9¥'6) ) . . (OvFev1) . ) ) . . . . (ee*6GL) . . . . . . ) ) (Bx1/unwyju)
a8 €gL  0KSs 0Lk . eel  1¥'8 8ZLL €LL 902 298 8€l . Lyl 202 60L ¥SL 0SL 6€l 68l 98l mo
(198°L * v9v'Y) . . . (550°1 #65.°2) . . . . . . . (LieFoz6'1) . . . . . . . . (lwyunw-1ou)
2129 618 €8Y'9 060'F /85' 9z2'c 68L'Y ¥al'l 299°C VIL'L L¥6'E L¥8L ar6'L 9Ge‘c 9/G°L ¥62C 1/0'C 826'L 220C ¥v0C E€LVL 05
(Ge8'L *698°¢) . . . (716 ¥ 92¥'2) . . . . . . . (ere=88Ll) . . . . . . . . (lwyuw-1ou)
/85 lvee  vp8'S  9IS'e 082' 82LC Lv¥'c 62S‘L 6L¥'T SYSL POL'S LI9'L ol 0612 62V} 28LC G9L'} 92/t €68°L 908t VIE‘L o0 O
(eoFze1) . . . (o1L=e) . . . . . . . (L0 ¥ 95°0) . . . . . . . . (9s0a %)
- Gl ol ol ol €e 80 60 G S0 90 O} N £0 00 00 €0 L0 OF 80 60 o000 feuin
(e¥2) (L1 ¥ 69) (2L ¥52) (8s0Q %)
21 €L 0L YL 8c 95 29 S/ €89 29 € Ov 2 6 9. /8 08 65 08 €9 29 Kionooas Arelig
0% oo 05 0
(er Mm.wm 0 060 800 190 (v Mw. wu 0 680 2.0 2.0 S0 ¥60 020 080 (21 m /- wh 0 ¥S0 960 880 980 ¥S0 ¥60 8.0 L90  UOHOEI UOROS(]
(L8 ¥ 19¥°2) . . . (18 7 92t'e) . . . . . . ., (e9l #00¥'2) . . . . . . . . (1or) esop
09h'Z 69€C  ©¥S'T 2LV 2’ ¥8¥‘C €S¥'C YOP'Z 1EEC 0Sv'Z 2rSe LIEC c6e'z 61.°C 9222 Sve'c 86v'C 2TLE'T LIv'e 6.2C 2EV'T PoIOISILILIPY
(gs = ueaw) (gs = ueaw) (gs = ueaw)
useyj0ss) 8L Ll 9l . SL VL € 2 L 0L 6 . 8 L 9 S v € z L

Jineuony bw 00€ x g

Jineuony Bw 00z

QUO|. UIUBJOIBIN—I Lues

syoelgns pajeasjald JINBUO) PUE [0J]UOD Ul UJUBJOIGOW—T | g, JO SOlIOUNOOBULIBUY | B]qBL

www.nature.com/psp



9mTe—Mebrofenin-Ritonavir DDI in Humans
Pfeifer et al

il

a i.v. dose

Central (blood) compartment

Qrest . orest
Tissue blood

CLup!ake,oI I CLeﬂqu,o

Extrahepatic

@ [Liver n Liver n Liver Liver Liver | @h
inlet1 inlet2 inlet3 inlet4 inlets ==

CL;:e_hl T 1T 1T 1T 17 ctm

Liver4 Liver5

Liver3

] T T T 1

Bile1 Bile2 Bile3 Bile4 Bile5

Liver1 Liver2

1,000

100

Biliary excretion (% Dose)
IS

Concentration (nCi/ml or g liver);

o
o

T T
0 30 60 90 120 150 180
Time (min)

1,000

-
o
o

Concentration (nCi/ml or g liver);
Biliary excretion (% Dose)
>

o
a

g T 1
0 30 60 90 120 150 180
Time (min)

Figure 2 Semi-PBPK model scheme (a) representing *™Tc—
mebrofenin disposition in humans (Q denotes blood flow (ml/min),
subscripts represent tissue or vascular compartments, as follows:
liver (h), bile (bile), extrahepatic (“other”) tissue (0); clearance values
are designated as CL . for influx from blood into tissue, CL ,, , for
efflux from tissue to blood, and CL,,,., for excretion from liver into
bile). Simulations based on the semi-PBPK model and observed
blood, liver, and bile curves for *"Tc—mebrofenin in subjects with
quantitative scintigraphy data for (b) subject 8 (control), and (c)
subject 17 (2 x 300 mg ritonavir). Circles represent observed blood
samples, solid lines represent simulated blood concentrations, +
symbols represent observed liver concentrations from attenuation-
corrected (quantitative) scintigraphy data of the liver region of inter-
est, dashed lines represent simulated liver concentrations, squares
represent observed mass recovered in bile (corrected for gallblad-
der ejection fraction), and dotted lines represent simulated biliary
excretion data. PBPK, physiologically based pharmacokinetic.
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The **™Tc—mebrofenin liver-to-blood ratio was calculated
using blood sampling points and corresponding liver activ-
ity from scintigraphic imaging data (Figure 1c). The peak at
40 min and subsequent decline suggested more complicated
disposition than a mammillary two-compartment model rep-
resenting blood and liver with constant first-order transfer
rates as previously described.®'42°

Pharmacokinetic modeling

A semi-PBPK model was developed to describe *°mTc—
mebrofenin activity in blood, liver, and bile (Figure 2). The
extrahepatic compartment in the semi-PBPK model repre-
sented a high-volume, slowly perfused tissue(s), with an
apparent permeability-limited uptake and egress. Param-
eters representing transport-mediated clearance mecha-
nisms were obtained by fitting the model to data from the
two subjects with available individual attenuation-corrected
liver scintigraphy data (Figure 2, Table 2; see Supplemen-
tary Material online for details). A separate model fit and
parameter set were obtained for the mean control group
data (biliary recovery, blood, and liver concentrations)
because the “representative” control subject for which
attenuation-corrected data were obtained exhibited the
highest biliary recovery of all values observed. Because
liver data across all subjects were not corrected for attenu-
ation, an attenuation correction factor was included as a
parameter in the model and estimated to scale counts/s
data to activity in nCi/g liver (Table 2).

Sensitivity analysis

Sensitivity analysis of parameter estimates on model output
was conducted as described in Supplementary Material
online, with resulting changes in predicted blood, and liver
exposure, and biliary excretion as shown in Figure 3. Blood
exposure was most sensitive to inhibition of hepatic uptake.
However, impaired hepatic uptake would also be expected
to decrease hepatic exposure and biliary excretion. No sin-
gle parameter change explained the observed increase in
%mTc—mebrofenin blood exposure in the absence of changes
in hepatic exposure or biliary excretion, indicating that a
combination of factors was necessary to describe the effect
of ritonavir. Hepatic exposure was particularly sensitive to
impaired biliary clearance (hepatocyte-to-bile), which sup-
ports the conclusions from the clinical study that ritonavir did

Table 2 Parameter estimates derived from the *™Tc—mebrofenin
semiphysiologically based pharmacokinetic model based on the scheme
depicted in Figure 2a

Subject 8 Subject 17 Mean data

Parameter® (control) (2 x 300 mg ritonavir)  (control subjects)
CL iaken 91 49 88
CLguxn 1.2 7.4 1.7

L iiary 3.3 25 2.2
CL e 9.4 7.0 15
Clggimo 6.7 3.0 23
ACF 9.1° 9.8° 10.6

“Clearance values (I/min) are designated as CL,,,, for influx from blood into
tissue, CL ,, , for efflux from tissue to blood, and CL,, for excretion from
liver to bile; ®Mean value over 180-min study period.

ACF, attenuation correction factor.
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Figure 3 Sensitivity analysis of parameter estimates determined from the semiphysiologically based pharmacokinetic model
(Figure 2; Table 2). Parameters were altered 10-fold in either direction of the values estimated for mean control data (Table 2),
and the fold-change in the predicted study end points (**"Tc—mebrofenin central compartment (blood) exposure, hepatic exposure,
and biliary excretion) were examined. Solid lines represent influx clearance (CLuptake) from blood into tissue, dashed lines represent
efflux clearance (CL_, ) from tissue to blood, and gray lines represent biliary excretion from liver into bile (CL,,. ). AUC, blood
concentration—time curve.
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Figure 4 Simulations based on the *™Tc—mebrofenin semiphysiologically based pharmacokinetic model scheme (Figure 2) for ®m"Tc—
mebrofenin (a) blood, and (b) liver concentration—time data, and (¢) cumulative % dose excreted in bile resulting from parameters describing
mean control data (Table 2) and the following changes in transport-mediated processes, alone and in combination. Mean control data
(red); 1/3 CL + 3x CL (blue); 1/2 CL and CL +2x CL and CL (dashed black); 1/2 CL (solid black); mean

uptake,h efflux,h uptake,h uptake,o efflux,h ‘efflux,0

bili
control data without extrahepatic compartment (gray). -

not significantly decrease *"Tc—mebrofenin biliary clearance. study. Decreased *"Tc—mebrofenin uptake and increased
In contrast, the model was relatively insensitive to changes in efflux back into blood from both the hepatic and extrahepatic

efflux from tissue (hepatic or extrahepatic) back into blood. compartments were required in simulations to describe the
increase in **"Tc—mebrofenin systemic exposure observed in

Simulations the presence of 2 x 300 mg ritonavir, with minimal impact

Simulations were conducted to explore various scenarios on hepatic exposure and biliary recovery (Figure 4, black

representing the potential impact of ritonavir on *mTc— dashed lines).

mebrofenin disposition. Decreased **"Tc—mebrofenin uptake

and increased sinusoidal efflux only from the hepatic com- In Vitro studies

partment (Figure 4, blue lines) adequately described blood The effect of ritonavir on adenosine triphosphate (ATP)-
and liver concentrations, but predicted a decrease in biliary dependent uptake of ®"Tc—mebrofenin by membrane vesi-
excretion. This decrease was not observed in the clinical cles prepared from human embryonic kidney cells (HEK293)

www.nature.com/psp
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Figure 5 Human sandwich-cultured hepatocytes (SCH) were incu-
bated for 10 min at 37 °C with 0.5 pCi/ml **"Tc—mebrofenin in stan-
dard (cells + bile) or Ca*-free (cells) HBSS (using B-CLEAR technol-
ogy) alone and with various concentrations of ritonavir in SCH from
three separate donors, in triplicate. (a) ®"Tc—mebrofenin accumula-
tion and biliary excretion index (BEI) in cells + bile (closed bars) and
cells (open bars) in the presence of increasing concentrations of
extracellular ritonavir. ®*"Tc—mebrofenin BEI values (above the bars)
represent mean data. (b) Ritonavir accumulation in hepatocytes
(Ca?-free HBSS) when coadministered with **"Tc—mebrofenin, rep-
resented as intracellular total concentration (C_, ), as described in
Methods section. ®*™Tc—mebrofenin and ritonavir accumulation data
are represented as mean = SEM of three separate donors in tripli-
cate (5 pmol/l data are mean + range of two donors, in triplicate).

transiently transfected with MRP2 was determined, as
reported previously.® Membrane vesicles were incubated for
3 min at 37 °C with 50 pCi/ml ®*"Tc—mebrofenin in the pres-
ence of ritonavir. Ritonavir 5 and 50 ymol/l inhibited adenos-
ine triphosphate-dependent uptake of **™"Tc—mebrofenin into
MRP2-expressing HEK293 membrane vesicles by 32 + 15
and 60 + 2% of control, respectively (mean + SD in triplicate).
By comparison, 50 pmol/l MK571, a prototypical MRP inhibi-
tor, reduced adenosine triphosphate-dependent transport of
%mTc—mebrofenin by 88 + 2%.°

The effect of ritonavir on *™Tc—mebrofenin accumula-
tion and biliary excretion in human SCH was determined
(Figure 5). Ritonavir inhibited *®"Tc—mebrofenin accumula-
tion in cells + bile and cells in a concentration—dependent
manner (Figure 5a), with an IC_, of 3.46 = 1.53 pmol/l on
total uptake (cells + bile), based on the extracellular dosing
concentration. In contrast, ritonavir had no effect on the biliary
excretion index of ®"Tc—mebrofenin in SCH, consistent with

CPT: Pharmacometrics & Systems Pharmacology

the clinical data and associated pharmacokinetic analysis
suggesting that ritonavir did not affect **"Tc—mebrofenin bil-
iary clearance. Intracellular ritonavir concentrations were esti-
mated to facilitate comparison with membrane vesicle data.
Hepatocellular accumulation of ritonavir during the 10-min
uptake study in human SCH was 5—10-fold higher than the
dosing concentration (Figure 5b), based on estimates of cel-
lular volume reported previously.*® On the basis of total cel-
lular accumulation of ritonavir (up to 100 ymol/l) in human
SCH, and the estimated IC,, value (5-50 pmol/l) against
MRP2-mediated **"Tc—mebrofenin transport determined in
membrane vesicles, ritonavir would be expected to inhibit
®mTc—mebrofenin biliary excretion in SCH. However, ritonavir
was extensively bound in lysates from human hepatocytes (fu
=0.024 + 0.006). Thus, correcting for the intracellular unbound
concentration revealed that the effective cellular concentra-
tion of ritonavir was lower than the concentration necessary
to significantly inhibit MRP2.

DISCUSSION

This work highlights how in vitro and in silico approaches,
including pharmacokinetic modeling and simulation, as well
as transport studies conducted in relevant model systems,
can be used to predict the site(s) and potential impact of
hepatic transporter-mediated DDIs in humans in vivo. Fur-
thermore, this clinical study demonstrates the utility of *"Tc—
mebrofenin as a model organic anion to evaluate DDIs in
transporter-mediated hepatobiliary clearance. To our knowl-
edge, this is the first study that uses liver scintigraphy data
to evaluate a hepatic DDI, and incorporates blood, bile, and
urine data in humans to develop a comprehensive pharma-
cokinetic model describing **™Tc—mebrofenin disposition.
Previously published data involving administration of
%mTc—mebrofenin (and other iminodiacetic acid derivatives)
in humans or animals focused on the time-activity data in
blood and liver up to 60 min.'*3'-% A two-compartment model
representing blood and liver reasonably approximated 0-60
min time-activity data in these studies.®'*2 However, extend-
ing the time course of blood and liver observations to 180
min clearly demonstrates more complex pharmacokinetic
behavior; the statistically significant, twofold increase in
%mTc—mebrofenin systemic exposure without accompanying
changes in hepatic exposure or biliary recovery observed fol-
lowing ritonavir administration (2 x 300 mg) is not consistent
with a two-compartment model. *™Tc—mebrofenin did not
accumulate in extrahepatic tissues within the y camera field-
of-view, yet the liver-to-blood ratio and incomplete recovery of
total activity in urine and bile suggested an extrahepatic com-
ponent to ®mTc—mebrofenin disposition. Therefore, a model-
ing and simulation approach was undertaken to describe
9mTc—mebrofenin disposition and elucidate the probable
sites of the ®*™Tc—mebrofenin—ritonavir interaction.
%mTc—mebrofenin rapidly and extensively distributed to
the liver. The ®*"Tc—mebrofenin hepatic extraction ratio was
0.80 + 0.16 ((mean + SD), range 0.55—-1) in control subjects,
based on the observed clearance from noncompartmental
analysis (CL,./Q,; Table 1). In contrast to previous reports
estimating hepatic extraction at ~100%,? this suggests that



®mTc—mebrofenin hepatic clearance would be susceptible to
changesin hepatic uptake. This is consistent with the observed
changes in ®®"Tc—mebrofenin disposition following ritonavir
administration, which resulted from inhibition of uptake into
both hepatic and extrahepatic sites of distribution.

Total plasma concentrations of ritonavir, measured at the
beginning and end of the 3-h study period (2 and 5 h fol-
lowing ritonavir administration) ranged from 236 to 16,100
ng/ml (0.33 to 20 pmol/l). Intestinal absorption of ritonavir
was estimated to contribute ~12,000 and 18,000 ng/ml (17
and 25 pmol/l) to the incoming portal blood for the 200 and
300 mg doses, respectively, using the previously reported
approach (k -Dose-F/Q,, where k, represents the absorp-
tion rate constant and F, represents the fraction absorbed).*
The maximum estimated portal vein concentration (up to
45 pmol/l) exceeded the IC_  for *"Tc—mebrofenin uptake
in human SCH (~3.5 pmol/l). Due to extensive protein bind-
ing of ritonavir (fu ~0.01), it is possible that unbound portal
concentrations achieved in the present study were able to
inhibit the hepatic uptake of ®™Tc-mebrofenin. Human SCH
data correlated well with the clinical data and pharmacoki-
netic modeling indicating that ritonavir inhibited **"Tc—mebro-
fenin hepatic uptake, with no effects on biliary excretion. The
current study suggests that ritonavir may inhibit the hepatic
uptake of other OATP substrates resulting in increased sys-
temic exposure, similar to previous reports.?2%% The mag-
nitude of this increase and altered exposure in hepatic and
extrahepatic tissues will depend on the substrate- and tissue-
specific involvement of transport-mediated distribution and
clearance, and the effect of ritonavir on these processes. In
addition to inhibition of uptake, parameter estimates (Table 2)
suggest enhanced hepatic basolateral efflux, which may be
explained by increased basolateral transporter expression
(e.g., MRP3 or MRP4) and/or an increase in the unbound
fraction of ®"Tc—mebrofenin in the liver.

Good agreement was found between observed CL  of
®mTc—mebrofenin (15.9 + 3.2 ml/min/kg in control group,
Table 1) and predicted CL . based on in vitro uptake in
human SCH (10.6 + 3.1 ml/min/kg, Supplementary Table S4
online). Similarly, predicted CL,, . based on data obtained in
human SCH, was 4.4 + 1.5 ml/min/kg as compared with the
observed CL,  of 12.5 + 2.5 ml/min/kg in control subjects.
The in vitro intrinsic CL . (~24 mI/min/kg Supplementary
Table S4 online) was ~50-fold lower than the correspond-
ing value (CL, . .; Table 2) estimated by the semi-PBPK
model, which agrees well with reported scaling factors for
hepatic uptake clearance in SCH.®=*° |t should be noted
that the in vitro CLuptake of ®mTc—mebrofenin in human SCH,
along with the calculated IC,; value for ritonavir inhibition of
%mTc—mebrofenin accumulation, represents the net effect of
all sinusoidal uptake and efflux transporters (e.g., at least
OATP1B1, OATP1B3, and MRP3)*'” involved in the hepato-
cellular disposition of ®"Tc—mebrofenin.

Impaired function of MRP2 in humans and Mrp2 in preclini-
cal species has been reported to delay elimination of *"Tc—
mebrofenin and other iminodiacetic acid derivatives from the
liver, with a significant increase in hepatic exposure and time
to half-maximal concentration.''82! Sensitivity analysis and
simulations using data from the current study also confirmed
that hepatic exposure was highly sensitive to biliary clearance;
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even modest (twofold) changes in this parameter should have
an apparent effect on the slope of the liver time—activity curves.
These data imply that ®*™Tc—mebrofenin clearance from liver
to bile in the current study was not influenced significantly by
ritonavir, even though ritonavir is an MRP2 inhibitor. Previous
reports of Mrp2/MRP2 inhibition by ritonavir using a nonmam-
malian model system (killifish isolated proximal tubules)® and
mammalian systems (rat and human SCH), confirmed spe-
cies- and substrate-specific interaction potential.?®> Studies
in human SCH, coupled with MRP2 membrane vesicles and
ritonavir binding to human hepatocyte lysates, corroborate the
lack of effect of ritonavir on ®*m"Tc—mebrofenin biliary excretion
observed in the clinical study, suggesting that the reported
approach using complementary in vitro systems is useful to
predict transporter-mediated DDlIs in biliary excretion. Although
total ritonavir accumulation in SCH exceeded the estimated
IC,, for “"Tc—mebrofenin transport into MRP2-expressing
membrane vesicles, extensive hepatic binding explains why
intracellular ritonavir concentrations were insufficient to inhibit
%mTc—mebrofenin excretion into bile in humans. These findings
demonstrate the importance of correcting for the intracellular
unbound concentration when translating between isolated
expression systems and whole-cell models or in vivo intracellu-
lar targets. This study also emphasizes the importance of using
appropriate in vitro systems and specific substrate—inhibitor
combinations to accurately assess DDI potential.

In this study, decreased hepatic uptake of **"Tc—mebrofenin
in the presence of ritonavir led to increased systemic exposure
but did not result in altered hepatic exposure or biliary excre-
tion. These findings are counterintuitive until one considers the
effect of ®"Tc—mebrofenin extrahepatic distribution, which is
also subject to alteration by ritonavir, based on the modeling
and simulation results. Inhibition of **™Tc—mebrofenin uptake in
both hepatic and extrahepatic sites of distribution would collec-
tively increase systemic exposure such that decreased uptake
would vyield little net change in tissue exposure (dX.__ /dt =

tissue’
C CL___ ). Recently, this concept was demonstrated for

msést‘?g}cminurr;akfhe setting of impaired transport function in liver
and kidney.*° The extrahepatic distribution of ®*™"Tc—mebrofenin
is not surprising; semi- or whole-body PBPK models have
been applied to a number of large and/or anionic drugs.*-**
An outstanding question from this clinical study is the iden-
tity of the extrahepatic site(s) of ®™Tc—mebrofenin distribu-
tion, accounting for ~10-40% of the administered dose at 180
min. Observed *"Tc—mebrofenin activity was confined to the
liver and gallbladder regions during the scintigraphic imaging,
thereby excluding other tissues within the y camera field-of-
view, which included the bulk of the torso and resident organ
systems, as potential distribution sites. Human skeletal muscle
expresses transport proteins that have been implicated in drug
distribution and toxicity.*>¢ Further studies are required to con-
firm the identity of other tissue(s) involved in the extrahepatic
distribution of *™Tc—mebrofenin.

The availability of quantitative (attenuation corrected) scin-
tigraphy data in humans marks a major advance in the use of
imaging agents to assess organ/tissue exposure. Although the
methods have existed for many years, they are underutilized
and provide a rich data set that is ideal for pharmacokinetic
modeling. The present clinical study has further characterized
%mTc—mebrofenin as a clinical probe of transporter-mediated

www.nature.com/psp



9mTe—Mebrofenin-Ritonavir DDI in Humans
Pleifer et al

i

hepatobiliary clearance, and demonstrated the need to quan-
tify **™Tc—mebrofenin in blood and urine beyond 180 min to
further characterize the terminal elimination phase. A semi-
PBPK modeling and in vitro systems approach elucidated
unforeseen mechanisms underlying a transporter-mediated
DDI at both hepatic and extrahepatic sites of *™Tc—mebro-
fenin distribution. In vitro studies confirmed the conclusions
from modeling and simulation that ritonavir inhibited ®°"Tc—
mebrofenin hepatic uptake, but not biliary excretion, at clini-
cally relevant concentrations. This complimentary set of in vivo
and in vitro studies demonstrates that reliable predictions of
transporter-mediated hepatic DDIs can be achieved when data
from appropriate in vitro models (e.g., assessment of inhibi-
tory potential in relevant systems; biliary excretion assessed
in SCH) are integrated with knowledge regarding drug dispo-
sition (e.g., hepatic and extrahepatic distribution; plasma and
intracellular binding) using a quantitative systems approach.

METHODS

Clinical protocol. A randomized, open-label, two arm, paral-
lel study approved by the University of North Carolina insti-
tutional review board, was conducted in the Clinical and
Translational Research Center. Written informed consent
was obtained from all subjects before enroliment. Healthy
male and female subjects (19-29 years of age), within 20%
of ideal body weight (51-91 kg), were admitted to the Clini-
cal and Translational Research Center the evening before the
procedure (see Supplementary Table S1 online for detailed
demographic information).

A customized oroenteric tube was positioned in the upper
small intestine, using the protocol described previously. Fol-
lowing tube placement, the balloon was inflated with 20 ml of
air, and then subjects were positioned under a y camera in the
supine position. A 2.5 mCi intravenous bolus dose of *"Tc—
mebrofenin was administered via an indwelling catheter placed
in a forearm vein; subjects randomized to the ritonavir-treated
group also swallowed two 100 mg capsules of ritonavir before
placement of the oroenteric tube, which occurred ~2 h before
%mTc—mebrofenin administration. Blood samples were collected
from a catheter placed in the arm opposite of **"Tc—mebrofenin
administration at baseline, and at designated time points up to
180 min after administration of the **"Tc—mebrofenin dose. Bil-
iary secretions were aspirated continuously via the oroenteric
catheter and pooled over predetermined intervals throughout
the study. Urine was collected at baseline and pooled over 180
min. Anterior and posterior scintigraphic images of the abdo-
men were acquired dynamically in the *"Tc window (140 KeV
+ 15%) at 1-min intervals using a dual headed y camera. Two
hours after ®*Tc—-mebrofenin administration, 0.02 pg/kg chole-
cystokinin octapeptide (CCK-8, Kinevac; Bracco Diagnostics)
was administered as a 30-min intravenous infusion. The gall-
bladder EF was calculated from the abdominal scintigraphy
images and total biliary recovery of ®mTc—mebrofenin was
corrected for EF to minimize intersubject variability associated
with gallbladder response to CCK-8 as described previously.'°
Blood, bile, and urine samples were analyzed for *"Tc—mebro-
fenin radioactivity with a sodium iodide well counter, and cor-
rected for decay (*"Tc f,, = 6.01 h). Bile samples associated
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with bulk gallbladder emptying following CCK-8 administration
at 120 min, as well as plasma samples at 0 and 180 min (~120
and 300 min after the ritonavir dose) were analyzed for ritonavir
by high-performance liquid chromatography or liquid chroma-
tography—mass spectrometry/mass spectrometry as described
previously.“4¢ ®mTc—mebrofenin activity was determined in
counts/min from the geometric mean of the anterior and poste-
rior scintigraphic images, thereby normalizing for the abdomi-
nal thickness of the individual subject. Liver time—activity curves
were generated by scaling activity in a region of interest over
the right upper quadrant to activity in the whole liver based on
the initial uptake phase, thereby excluding gallbladder interfer-
ence from the 0 to 180 min liver activity curve.

Protocol modifications. Upon approval by the University of
North Carolina institutional review board, the clinical protocol
was modified to include an increased dose of ritonavir: 300 mg
(three, 100 mg capsules) upon admission and before oroen-
teric tube placement (~14 and 2 h, respectively, before *"Tc—
mebrofenin administration). This 2 x 300 mg ritonavir regimen
was intended to increase plasma ritonavir concentrations to
a steady-state and reduce intersubject variability observed
in the group of subjects treated with the single 200 mg dose
regimen. In addition, a transmission-emission acquisition
was performed before injection of *"Tc—mebrofenin for the
final control and ritonavir-treated subjects using a cobalt-57
flood source to determine the effect of photon attenuation, as
described in Supplementary Material online.

Pharmacokinetic analysis. The area under the blood concen-
tration—time curve for ®*"Tc—mebrofenin was determined by
noncompartmental analysis using WinNonlin Phoenix, v6.1 (St.
Louis, MO). AUC_ ,,, ...and AUC___ were calculated using the
linear trapezoidal rule; extrapolation to infinity was determined
by the slope from linear regression of the last 3—6 time points.

A semi-PBPK model was developed to describe **"Tc—me-
brofenin distribution and elimination (Figure 2), consisting of
a central (blood) compartment, five-compartment liver rep-
resenting the “dispersion” model of hepatic elimination, and
extrahepatic tissue compartment. Transfer between blood
and tissue was denoted by transport-mediated clearance
processes; passive diffusion was assumed to be negligible
based on data reported previously from in vitro systems.®"”
Differential equations describing the disposition of *™Tc—
mebrofenin and the modeling procedures are detailed in
Supplementary Material online.

In vitro studies. Hepatocytes were purchased from Celsis
In Vitro Technologies (Baltimore, MD) or kindly provided by
Life Technologies (Research Triangle Park, NC), and Triangle
Research Labs (Research Triangle Park, NC) and plated on
24-well Biocoat plates (BD Biosciences, San Jose, CA) and
overlaid with Matrigel (BD Biosciences) as described previ-
ously.™ Hepatocyte donors consisted of two Caucasians and
one African-American, ranging from 46 to 59 years of age,
and body mass index from 25.6 to 29.8 kg/m2. Cell cultures
were maintained and accumulation studies were conducted
on day 7 in SCH with 0.5 pCi/ml **"Tc—mebrofenin in the
presence or absence of ritonavir, as described previously,'?
and further detailed in Supplementary Material online.



Membrane vesicles were prepared from MRP2 overex-
pressing HEK293 cells, and transport assays were carried
out by a rapid filtration method as described previously.®

Human hepatocytes from two donors were used to deter-
mine the extent of ritonavir binding to cellular components
by equilibrium dialysis as described previously.* Pellets con-
taining 10 million hepatocytes were diluted in 10 volumes
of phosphate buffer and homogenized by probe sonication.
Ritonavir was added to a concentration of 1 pmol/l, and ali-
quots (n = 3) were loaded into a 96-well equilibrium dialysis
apparatus (HTDialysis, LLC; Gales Ferry, CT) and dialyzed
against phosphate buffer for 6 h with shaking at 37 °C. Rito-
navir was quantitated by liquid chromatography—mass spec-
trometry/mass spectrometry, and the unbound fraction was
corrected for dilution as described previously:*°

1/D
-1)+1/D

Undiluted fu =

((1/fu

measured)

Where D is the dilution factor.

Statistical analysis. Statistically significant differences in
pharmacokinetic parameters across all three treatment
groups were assessed by ANOVA on ranks, adjusted using
Dunnett’s multiple comparisons test. Comparison of ritonavir
concentrations between the two ritonavir-treated groups was
performed using Wilcoxon Rank Sum. The criterion for signifi-
cance in all cases was P < 0.05.
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Study Highlights

WHAT ISTHE CURRENT KNOWLEDGE ON
THETOPIC?

Evaluation of altered intracellular drug concentrations due
to hepatic transporter-mediated DDIs is limited due to lack
of probes and methodology to assess hepatic exposure
and hepatobiliary transport function in humans.

WHAT QUESTION DID THIS STUDY ADDRESS?

This novel approach utilized the hepatobiliary imaging
agent *®"Tc—mebrofenin as a probe to evaluate clinical
DDls in hepatic transport. Modeling/simulation evaluated
sites/mechanisms of the ®*™Tc—mebrofenin—ritonavir DDI.
Quantitative scintigraphy data using imaging agents to
assess tissue exposure provided a rich data set for mod-
eling, which revealed a novel ®"Tc—mebrofenin extrahe-
patic distribution compartment. Semi-PBPK simulations
emphasized the impact of extrahepatic **"Tc—mebrofenin
distribution and transporter-mediated DDIs on systemic
and tissue exposure. In vitro data substantiated in vivo
effects and modeling conclusions.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

This work emphasized modeling, assessment of inhibi-
tory potential in relevant in vitro systems, and intracellular
unbound concentrations to predict complex hepatic DDlIs.

HOW THIS MIGHT CHANGE CLINICAL
PHARMACOLOGY AND THERAPEUTICS

We report a translational approach and suggested frame-
work for use of ®"Tc—mebrofenin as a clinical probe to
evaluate hepatobiliary transport DDlIs.

US Food and Drug Administration. Draft Guidance for Industry: Drug Interaction Studies,
Study Design, Data Analysis, Implications for Dosing, and Labeling Recommendations.
(US Department of Health and Human Services, FDA, Center for Drug Use and Evaluation
(CDER), Silver Spring, MD, 2012).

European Medical Agency. Guideline on the Investigation of Drug Interactions. (Committee
for Human Medicinal Products (CHMP), London, UK, 2012).

Funk, C. The role of hepatic transporters in drug elimination. Expert Opin. Drug Metab.
Toxicol. 4, 363-379 (2008).

Pauli-Magnus, C. & Meier, P.J. Hepatobiliary transporters and drug-induced cholestasis.
Hepatology 44, 778-787 (2006).

Hendrikse, N.H., Franssen, E.J., van der Graaf, W.T., Vaalburg, W. & de Vries, E.G.
Visualization of multidrug resistance in vivo. Eur. J. Nucl. Med. 26, 283-293 (1999).
Michael, M. et al. Relationship of hepatic functional imaging to irinotecan pharmacokinetics
and genetic parameters of drug elimination. J. Clin. Oncol. 24, 4228-4235 (2006).

Wong, M. et al. Predictors of vinorelbine pharmacokinetics and pharmacodynamics in pa-
tients with cancer. J. Clin. Oncol. 24, 2448-2455 (2006).

Chen, C.C. et al. Detection of in vivo P-glycoprotein inhibition by PSC 833 using Tc-99m
sestamibi. Clin. Cancer Res. 3, 545-552 (1997).

Ghibellini, G., Leslie, E.M., Pollack, G.M. & Brouwer, K.L.R. Use of tc-99m mebrofenin as a
clinical probe to assess altered hepatobiliary transport: integration of in vitro, pharmacoki-
netic modeling, and simulation studies. Pharm. Res. 25, 1851-1860 (2008).

. Ghibellini, G., Johnson, B.M., Kowalsky, R.J., Heizer, W.D. & Brouwer, K.L.R. A novel

method for the determination of biliary clearance in humans. AAPS J. 6, €33 (2004).

. Giacomini, K.M. et al. Membrane transporters in drug development. Nat Rev Drug Discov

9, 215-236 (2010).

. Swift, B., Pfeifer, N.D. & Brouwer, K.L.R. Sandwich-cultured hepatocytes: an in vitro model

to evaluate hepatobiliary transporter-based drug interactions and hepatotoxicity. Drug Me-
tab. Rev. 42, 446-471 (2010).

. Balon, H.R. et al. Procedure guideline for hepatobiliary scintigraphy. Society of Nuclear

Medicine. J. Nucl. Med. 38, 16541657 (1997).

. Doo, E., Krishnamurthy, G.T., Eklem, M.J., Gilbert, S. & Brown, P.H. Quantification of

hepatobiliary function as an integral part of imaging with technetium-99m-mebrofenin in
health and disease. J. Nucl. Med. 32, 48-57 (1991).

www.nature.com/psp



9mTe—Mebrofenin-Ritonavir DDI in Humans
Pfeifer et al

ol

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

. Loberg, M.D., Cooper, M., Harvey, E., Callery, P. & Faith, W. Development of new radio-

pharmaceuticals based on N-substitution of iminodiacetic acid. J. Nucl. Med. 17, 633-638
(1976).

. Swift, B., Yue, W. & Brouwer, K.L.R. Evaluation of (99m)technetium-mebrofenin and (99m)

technetium-sestamibi as specific probes for hepatic transport protein function in rat and
human hepatocytes. Pharm. Res. 27, 1987-1998 (2010).

. de Graaf, W. et al. Transporters involved in the hepatic uptake of (99m)Tc-mebrofenin and

indocyanine green. J. Hepatol. 54, 738-745 (2011).

. Bhargava, KK. et al. Adenosine triphosphate-binding cassette subfamily C member 2

is the major transporter of the hepatobiliary imaging agent (99m)Tc-mebrofenin. J. Nucl.
Med. 50, 1140-1146 (2009).

. Pinds, T., Figueras, C. & Herranz, R. Scintigraphic diagnosis of Dubin-Johnson syndrome:

DISIDA is also useful. Am. J. Gastroenterol. 86, 1687-1688 (1991).

Hendrikse, N.H. et al. In vivo imaging of hepatobiliary transport function mediated by mul-
tidrug resistance associated protein and P-glycoprotein. Cancer Chemother. Pharmacol.
54, 131-138 (2004).

Pinés, T., Constansa, J.M., Palacin, A. & Figueras, C. A new diagnostic approach to the
Dubin-Johnson syndrome. Am. J. Gastroenterol. 85, 91-93 (1990).

Hirsch, M.S. Initiating therapy: when to start, what to use. J. Infect. Dis. 197 (suppl. 3),
§252-5260 (2008).

Vourvahis, M. & Kashuba, A.D. Mechanisms of pharmacokinetic and pharmacodynamic
drug interactions associated with ritonavir-enhanced tipranavir. Pharmacotherapy 27,
888-909 (2007).

Huisman, M.T. et al. Multidrug resistance protein 2 (MRP2) transports HIV protease inhibi-
tors, and transport can be enhanced by other drugs. AIDS 16, 2295-2301 (2002).

Ye, ZW., Camus, S., Augustijns, P. & Annaert, P. Interaction of eight HIV protease in-
hibitors with the canalicular efflux transporter ABCC2 (MRP2) in sandwich-cultured rat and
human hepatocytes. Biopharm. Drug Dispos. 31, 178-188 (2010).

Gutmann, H., Fricker, G., Drewe, J., Toeroek, M. & Miller, D.S. Interactions of HIV protease
inhibitors with ATP-dependent drug export proteins. Mol. Pharmacol. 56, 383-389 (1999).
Ye, ZW., Augustijns, P. & Annaert, P. Cellular accumulation of cholyl-glycylamido-fluores-
cein in sandwich-cultured rat hepatocytes: kinetic characterization, transport mechanisms,
and effect of human immunodeficiency virus protease inhibitors. Drug Metab. Dispos. 36,
1315-1321 (2008).

Annaert, P., Ye, ZW., Stieger, B. & Augustijns, P. Interaction of HIV protease inhibitors
with OATP1B1, 1B3, and 2B1. Xenobiotica. 40, 163-176 (2010).

Krishnamurthy, S. & Krishnamurthy, G.T. Technetium-99m-iminodiacetic acid organic anions:
review of biokinetics and clinical application in hepatology. Hepatology 9, 139-153 (1989).
Lee, J.K., Brouwer, K.R. Determination of intracellular volume of rat and human sandwich-
cultured hepatocytes (Abstract ID 1595). The Toxicologist, Supplement to Toxicological
Sciences 114, 339 (2010).

Chervu, L.R., Nunn, A.D. & Loberg, M.D. Radiopharmaceuticals for hepatobiliary imaging.
Semin. Nucl. Med. 12, 5-17 (1982).

Hawkins, R.A. et al. Radionuclide evaluation of liver transplants. Semin. Nucl. Med. 18,
199-212 (1988).

Brown, P.H., Juni, J.E., Lieberman, D.A. & Krishnamurthy, G.T. Hepatocyte versus bil-
iary disease: a distinction by deconvolutional analysis of technetium-99m IDA time-activity
curves. J. Nucl. Med. 29, 623-630 (1988).

Peters, A.M., Myers, M.J., Mohammadtaghi, S., Mubashar, M. & Mathie, R.T. Bidirectional
transport of iminodiacetic organic anion analogues between plasma and hepatocyte. Eur.
J. Nucl. Med. 25, 766-773 (1998).

Ito, K. et al. Which concentration of the inhibitor should be used to predict in vivo drug
interactions from in vitro data? AAPS PharmSci 4, E25 (2002).

36.

37.
38.

39.
40.

41
42,

43.

44,
45.

46.

47.

48.

49.

50.

©0co

van Heeswijk, R.P. et al. Time-dependent interaction between lopinavir/ritonavir and fex-
ofenadine. J. Clin. Pharmacol. 46, 758-767 (2006).

Jones, H.M. et al. Mechanistic pharmacokinetic modeling for the prediction of transporter-
mediated disposition in humans from sandwich culture human hepatocyte data. Drug Me-
tab. Dispos. 40, 1007-1017 (2012).

Ménochet, K., Kenworthy, K.E., Houston, J.B. & Galetin, A. Use of mechanistic modeling
to assess interindividual variability and interspecies differences in active uptake in human
and rat hepatocytes. Drug Metab. Dispos. 40, 1744-1756 (2012).

Abe, K., Bridges, A.S., Yue, W. & Brouwer, K.L.R. In vitro biliary clearance of angiotensin
Il receptor blockers and 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors in
sandwich-cultured rat hepatocytes: comparison with in vivo biliary clearance. J. Pharma-
col. Exp. Ther. 326, 983-990 (2008).

Higgins, J.W., Bedwell, D.W. & Zamek-Gliszczynski, M.J. Ablation of both organic cat-
ion transporter (OCT)1 and OCT2 alters metformin pharmacokinetics but has no effect
on tissue drug exposure and pharmacodynamics. Drug Metab. Dispos. 40, 1170-1177
(2012).

Watanabe, T., Kusuhara, H., Maeda, K., Shitara, Y. & Sugiyama, Y. Physiologically based
pharmacokinetic modeling to predict transporter-mediated clearance and distribution of
pravastatin in humans. J. Pharmacol. Exp. Ther. 328, 652-662 (2009).

Poirier, A., Funk, C., Scherrmann, J.M. & Lavé, T. Mechanistic modeling of hepatic trans-
port from cells to whole body: application to napsagatran and fexofenadine. Mol. Pharm. 6,
1716-1733 (2009).

Jones, H.M., Parrott, N., Jorga, K. & Lavé, T. A novel strategy for physiologically based
predictions of human pharmacokinetics. Clin. Pharmacokinet. 45, 511-542 (2008).

Kawai, R., Mathew, D., Tanaka, C. & Rowland, M. Physiologically based pharmacokinetics
of cyclosporine A: extension to tissue distribution kinetics in rats and scale-up to human.
J. Pharmacol. Exp. Ther. 287, 457-468 (1998).

Takeda, M. et al. Evidence for a role of human organic anion transporters in the mus-
cular side effects of HMG-CoA reductase inhibitors. Eur. J. Pharmacol. 483, 133-138
(2004).

Knauer, M.J. et al. Human skeletal muscle drug transporters determine local exposure and
toxicity of statins. Circ. Res. 106, 297-306 (2010).

Rezk, N.L., Crutchley, R.D., Yeh, R.F. & Kashuba, A.D. Full validation of an analytical method
for the HIV-protease inhibitor atazanavir in combination with 8 other antiretroviral agents and
its applicability to therapeutic drug monitoring. Ther. Drug Monit. 28, 517-525 (2006).

Jung, B.H., Rezk, N.L., Bridges, A.S., Corbett, A.H. & Kashuba, A.D. Simultaneous de-
termination of 17 antiretroviral drugs in human plasma for quantitative analysis with lig-
uid chromatography-tandem mass spectrometry. Biomed. Chromatogr. 21, 1095-1104
(2007).

Leslie, E.M., Mao, Q., Oleschuk, C.J., Deeley, R.G. & Cole, S.P. Modulation of multidrug
resistance protein 1 (MRP1/ABCC1) transport and atpase activities by interaction with di-
etary flavonoids. Mol. Pharmacol. 59, 1171-1180 (2001).

Kalvass, J.C. & Maurer, T.S. Influence of nonspecific brain and plasma binding on CNS
exposure: implications for rational drug discovery. Biopharm. Drug Dispos. 23, 327-338
(2002).

CPT: Pharmacometrics & Systems Pharmacology is an
open-access journal published by Nature Publishing

Group. This work is licensed under a Creative Commons Attribution-
NonCommercial-NoDerivative Works 3.0 License. To view a copy of
this license, visit http://creativecommons.org/licenses/by-nc-nd/3.0/

Supplementary Information accompanies this paper on the Pharmacometrics & Systems Pharmacology website
(http://www.nature.com/psp)

CPT: Pharmacometrics & Systems Pharmacology



