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Abstract
Purpose—Everolimus is a mammalian target of rapamycin (mTOR) inhibitor approved as an
immunosuppressant and for second-line therapy of hepatocellular carcinoma (HCC) and renal cell
carcinoma (RCC). Sorafenib is a multikinase inhibitor used as first-line therapy in HCC and RCC.
This study assessed the pharmacokinetics (PK) of everolimus and sorafenib alone and in
combination in plasma and tissues, developed physiologically based pharmacokinetic (PBPK)
models in mice, and assessed the possibility of PK drug interactions.

Methods—Single and multiple oral doses of everolimus and sorafenib were administered alone
and in combination in immunocompetent male mice and to severe combined immune-deficient
(SCID) mice bearing low-passage, patient-derived pancreatic adenocarcinoma in seven different
studies. Plasma and tissue samples including tumor were collected over a 24-h period and
analyzed by liquid chromatography-tandem mass spectrometry (LC–MS/MS). Distribution of
everolimus and sorafenib to the brain, muscle, adipose, lungs, kidneys, pancreas, spleen, liver, GI,
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and tumor was modeled as perfusion rate-limited, and all data from the diverse studies were fitted
simultaneously using a population approach.

Results—PBPK models were developed for everolimus and sorafenib. PBPK analysis showed
that the two drugs in combination had the same PK as each drug given alone. A twofold increase
in sorafenib dose increased tumor exposure tenfold, thus suggesting involvement of transporters in
tumor deposition of sorafenib.

Conclusions—The developed PBPK models suggested the absence of PK interaction between
the two drugs in mice. These studies provide the basis for pharmacodynamic evaluation of these
drugs in patient-derived primary pancreatic adenocarcinomas explants.
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Introduction
Everolimus (Afinitor®, Novartis) is a small molecule inhibitor of mTOR, approved by the
FDA for treatment of renal cell carcinoma (RCC) [1]. Everolimus is a rapamycin analog
having improved oral bioavailability [2] but similar pharmacodynamics. This class of agents
target mTORC1 in the PI3 k-Akt-mTOR pathway, which acts as nutrient sensor and is
involved in cell proliferation, angiogenesis, and survival [3, 4]. Major adverse events
associated with everolimus treatment include hypercholesterolemia, hypertriglyceridemia,
anemia, fatigue, rash, infections, and gastrointestinal (GI) effects such as diarrhea and
nausea [5]. Sorafenib (Nexavar®, Bayer) is a small molecule multikinase inhibitor used for
treatment of hepatocellular carcinoma (HCC) and RCC [6, 7]. The most common side
effects associated with sorafenib treatment include dermatological events, such as hand-foot
syndrome and edema of palms and soles, and GI events, such as diarrhea and anorexia.
Hypertension is also a prevalent adverse event associated with the VEGF inhibitory action
of sorafenib [8]. Everolimus and sorafenib are molecularly targeted agents that have
inhibitory effects on compensatory cellular signaling mechanisms, which suggests the
possibility that a combination of the two drugs may be more efficacious as anti-cancer
therapy [9]. They have been tested in combination with xenograft models and in patients for
cancers such as melanoma, renal carcinoma, pancreatic adenocarcinoma, hepatic carcinoma,
thyroid cancer, and other solid tumors [10–12]. According to the clinicaltrials.gov website
(accessed 01/25/2012), multiple trials using these two drugs in combination are underway.
However, studies to date have not investigated the potential for PK interactions of sorafenib
and everolimus.

Everolimus is metabolized primarily in liver and undergoes oxidative metabolism mediated
by CYP 3A4 [13]. In mice, the drug is 12 % absorbed and the bioavailability is 5 % [13, 14].
The PK properties of everolimus are different in mice and rats in terms of red blood cell
partitioning, plasma protein binding, plasma half-life, oral bioavailability, volume of
distribution, tissue kinetics, and elimination [13, 14]. Therefore, the published PBPK model
in rats [15] is not suitable to characterize plasma, tissue, and tumor concentrations in mice.

Sorafenib is metabolized primarily in the liver and also undergoes oxidative metabolism
mediated by CYP 3A4. It can also undergo glucuronidation, which is mediated by UGT1A9
[16]. In mice, the drug is 92 % absorbed and the bioavailability is 80 %, thus indicating
rapid first-pass metabolism [16]. The PK analysis showed rapid absorption with a Tmax of
1–1.6 h, terminal half-life of 3.2–4.2 h in CD-1 mice, and dose proportionality in Cmax and
AUC at the doses tested [8]. Most preclinical information about sorafenib has been
presented in FDA submissions and posters at conferences, and little has been published.
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However, a recent population PK model that took into account the delayed solubility of
sorafenib, its limited GI absorption, and enterohepatic circulation was able to describe the
high PK variability observed in patients [17].

Everolimus is known to exhibit pharmacokinetic interactions with co-administered drugs
that increase its own exposure [15, 18]. Such interactions can lead to augmentation of
toxicity owing to high organ exposure, as seen in the kidney during co-administration of
rapamycin (everolimus analog) with cyclosporine [14]. Furthermore, because both drugs
undergo oxidative metabolism via CYP 3A4, an evaluation of the pharmacokinetics of the
drugs alone and in combination in plasma and tissues of interest can lend insights into their
potential for toxicities when combined. To that end, a PBPK model was developed to assess
data acquired in immunocompetent mice and tumor-bearing SCID mice. The effect of the
combination on PK and drug distribution into tumors and multiple tissues was evaluated. A
population approach was employed that enabled simultaneous analysis of data from the
multiple studies performed.

Materials and methods
Preparation of sorafenib and everolimus

A microemulsion of 2 % w/v everolimus (obtained from Novartis Pharma AG, Basel,
Switzerland) was diluted with pyrogen-free water to the required dose. The sorafenib dose
was prepared by dissolving its p-toluenesulfonate salt (purchased from LC Laboratories,
Wolburn, MA) in Cremophor EL/ethanol 50:50 at fourfold (4×) the dose, foil wrapped in
amber colored vials, and stored at room temperature. This stock solution was prepared fresh
every week. The solution for administration was prepared each day 1 h before dosing by
diluting the stock solution with water to provide the required dose in a volume of 10 mL/kg.
Both drugs were administered orally using a bead-tipped curved gavage needle.

Animals
Male BALB/c mice (7–8 weeks old, average weight 25–30 g) were obtained from Harlan
(Indianapolis, IN). CB17 SCID mice (7–8 weeks old, average weight 20–25 g) were
obtained from Roswell Park Cancer Institute (RPCI) (Buffalo, NY). Male SCID mice were
implanted with low-passage, patient-derived, histopathologically verified, pancreatic
adenocarcinomas as described earlier [19]. Pieces (2 × 2 × 2 mm) of donor tumors were
subcutaneously implanted under anesthesia in the abdominal wall of 4–6 week-old mice. All
procedures were approved by the Institutional Animal Care and Use Committees of the
University at Buffalo and RPCI.

Study design
Dosing—The animals used and treatment design are summarized in Table 1. For
experiments with tumor-bearing mice, two different patient-derived pancreatic
adenocarcinomas that successfully engrafted into SCID mice [19] were selected.

Treatment was initiated ∼6–8 weeks after tumor implantation, when tumors reached a
volume of 100–200 mm3. In all studies, animals were randomized into treatment groups
having similar tumor size distributions.

Sample collection and tissue sampling—At the appropriate time within the dosing
regimen, groups of three animals were sacrificed at intervals over 24 h. At sacrifice, animals
were weighed, anesthetized by ketamine/xylazine, and sacrificed by aortic exsanguination.
Blood, lungs, muscle, brain, adipose tissue, kidneys, liver, pancreas, skin, spleen, gut, and
tumor were collected. Blood was drawn from the abdominal aortic artery into syringes using
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ethylenediaminetetraacetic acid (EDTA) as an anticoagulant. Plasma was prepared by
centrifugation (2,000 g for 15 min at 4 °C) and frozen at −20 °C until further analysis. The
excised tissues were weighed and frozen in liquid nitrogen immediately after sacrifice and
stored at −80 °C until homogenization. Liver samples were dissected carefully to avoid
contamination with bile. The entire spleen, liver, brain, tumor, and pancreas were used for
drug quantification. Partial samples of skin, skeletal muscle, and adipose tissue were
analyzed. Both lungs and kidneys were analyzed. Tissue samples of small intestine were
obtained after irrigation to remove gut contents. Skeletal muscle, adipose tissue, and brain
were analyzed in Study# 1 (Table 1) and subsequently were omitted because of the minimal
drug uptake by these organs.

Determination of drug concentrations in plasma and tissues
Everolimus—Everolimus concentrations in plasma and tissues were measured using a
previously published LC–MS/MS assay [20], using a Thermo TSQ Quantum Ultra (Thermo
Scientific, Waltham, MA) in ESI positive mode. The mobile phase gradient was composed
of (A) 0.2 M ammonium formate, (B) methanol, and (C) water. The standard curve was
validated for concentrations of 2.5–100 ng/mL. Plasma samples from high-concentration
time points were diluted with blank plasma when necessary, and 200 μl was mixed with 500
μl of 1:1 methanol/water (vol/vol) and analyzed along with standards (prepared fresh for
each run) and QC samples. One ng/μl of the internal standard ascomycin was added to each
sample. Weighed tissue samples were homogenized with 0.75 mL methanol/water (1:1 vol/
vol), and the total volume was made up to 1.5 mL and processed as described for plasma
samples. The recovery from tissue samples was more than 98 %. Within-and between-day
CV % were less than 15 %, and the assay was linear over a concentration range of 2.5–100
ng/mL.

Sorafenib—Sorafenib concentrations in plasma and tissues were measured using a
previously published LC–MS/MS assay [21] in ESI positive mode. The mobile phase
consisted of 65/35 (vol/vol) acetonitrile/water with 0.1 % formic acid. The standard curve
was validated for concentrations of 0.5–100 ng/mL. Plasma samples were prepared as
described for everolimus except the internal standard was 1 ng/μl sorafenib D3, and it was
added to plasma samples in acetonitrile rather than methanol/water. Weighed tissue samples
were prepared by homogenization in methanol/water (1:1 vol/vol) as described above for
everolimus. The lower limit of quantitation was 0.5 ng/mL, and recovery from tissue
samples was more than 99 %. Within- and between-day CV % were less than 15 %, and the
assay was linear over the concentration range of 0.5–100 ng/mL.

Data transformation
Drug concentrations obtained in each tissue were converted from ng/mL to ng/g tissue by
assuming a tissue density of 1 g/mL. Tissue concentrations were corrected for residual
trapped blood using

(1)

where Ct and Ct(meas) are the corrected and measured tissue concentrations, Vmeas is the
measured volume of collected tissue, and Vvasc/Vt is the fractional vascular volume of blood
trapped in tissues as obtained from the literature [22]. The corrected tissue concentrations
were used for further analysis.
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Non-compartmental analysis
All samples were obtained via terminal sampling. Non-compartmental analysis (NCA) of
data was carried out using the sparse sampling computational option in WinNonlin (version
5.0, Pharsight Corporation, Palo Alto, CA). Maximum concentrations (Cmax) and time to
reach Cmax (Tmax) were observed values. NCA was used initially to characterize the PK
profiles after single doses, and the estimates obtained were used as initial conditions during
subsequent modeling.

Model development
Plasma and tissue data from the studies listed in Table 1 were used in constructing PBPK
models. Local models were initially tested with blood- and tissue concentration– time data.
The choice of final structural models was based upon evaluation of goodness of fits and the
Akaike Information Criterion (AIC). The parameter values obtained with local models were
used as initial estimates for the whole body model.

The schematic of the PBPK model used for everolimus and sorafenib is presented in Fig 1.
The model includes 9 compartments: lungs, brain, kidneys, pancreas, spleen, liver, adipose,
muscle, gut, tumor, and the carcass remainder. These compartments are linked by blood
flow (Q). The oral absorption model includes a lumen compartment to describe absorption
of drug from the GI tract, which was described using transit compartments owing to the
delayed absorption of sorafenib [11]. Drug distribution in all tissues is assumed to occur
instantaneously and homogenously, and therefore, perfusion-limited models were used to
describe tissue concentrations. In tumor-bearing mice, an additional parallel vascular bed
representing tumor was included. It was assumed that the animal physiology and drug
transport kinetics in tumor-bearing mice were identical to non-tumor-bearing mice. Mass
balance was maintained throughout the system. Plasma protein binding of everolimus and
sorafenib was not considered. Elimination of the drug from the liver was modeled as a linear
process given by Clint for both drugs.

The concentrations in plasma and tissues were described as: Plasma

(2)

Lungs:

(3)

Liver:

(4)

Small Intestine:

(5)
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(6)

(7)

Other organs:

(8)

where Q is organ blood flow, V is organ volume, K is tissue-to-blood partition coefficient, F
is fraction absorbed, ka is absorption rate constant, A1 is lumen concentration, An is amount
in the nth transit compartment, and Clint is hepatic intrinsic clearance. The subscripts on Q,
V, and K indicate specific tissues under consideration. The fraction absorbed in mice was
fixed to 12 % for everolimus and to 92 % for sorafenib based on information from the FDA
Summary Basis of Approval for both drugs [13, 16].

Tissue volumes and blood flow rates were obtained from the literature [10, 12, 22, 23] and
scaled to the experimental animal weights. All physiological parameters used in the model
are listed in Supplemental Information Table S1. An initial value for Qtu of 0.1 mL/min was
obtained from the literature for a human colon carcinoma tumor [22]. However, because
pancreatic cancers are poorly perfused [9], tumor blood flow Qtu was subsequently
estimated in the model. The organ volumes were determined by weight (assuming a density
of 1 g/mL) for lungs, brain, kidneys, pancreas, spleen, liver, and tumor. The organ volumes
were maintained the same throughout the study for all tissues except tumor; for the latter,
tumor volumes were measured throughout the study, and the observed volume for each
individual animal was incorporated into the dataset as a continuous covariate. The hepatic
clearance Clint, absorption rate constant ka, and tissue partition coefficients K were
estimated for both drugs. Data obtained from each study were treated as replicate animals
sampled as a single individual with averaged tissue volumes.

The equations for plasma and all tissues were solved simultaneously to estimate the model
parameters using Maximum a Posteriori Bayesian estimation (MAP) implemented in
ADAPT 5 [24] with an additive and proportional error variance model. Model selection was
guided using the negative log likelihood and diagnostic plots.

Results
Sorafenib and everolimus disposition were evaluated after oral administration with extensive
sampling in single- and multiple-dose studies in mice (Table 1). In multiple-dose studies,
sampling was performed after the last dose. Several parameters obtained from initial data
analysis were fixed for subsequent analysis (Table 2, Table 3). The oral absorption rate
constant ka and the blood to tissue partition coefficient for lungs Klu, were fitted to the data
obtained from Study#1, and then fixed in subsequent analyses. A value of 1.00 was obtained
for Klu,, with a CV % < 10 %. The blood flow to the tumor Qtu was estimated to be 0.017
ml/min, with a CV % < 5 %. Because Qtu was assumed to be drug-independent, this value
was used for both drugs. The population mean and inter-study variability were obtained for
all parameters, but ADAPT 5 did not report their precision.
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Everolimus
Plasma and tissue concentration versus time profiles were obtained for everolimus
administered to BALB/c, CB17-SCID, and tumor-bearing CB17-SCID mice. After oral
administration, the drug was rapidly absorbed (Fig. 2), with a Tmax of 1 h in plasma and
most tissues, but with Tmax delayed up to 6 h in adipose and skin. Everolimus was detected
in plasma and all tissues for up to 24 h after the last dose. The plasma and tissues showed
parallel elimination phases, and the Cmax in plasma and tissues was dose-proportional for all
mouse strains.

A PBPK model was employed to fit the concentration versus time data for plasma and
tissues from various groups of animals and for different doses. There was no delay in the
absorption of everolimus, and therefore, the number of transit compartments was 0, that is,
the drug was absorbed directly from the GI tract. The parameter estimates, along with the
inter-study variability for the population model, are given in Table 2. The overall Clint was
estimated to be 4.07 mL/h, with 35.8 % variability between studies. The partition
coefficients of everolimus into brain and adipose were low (0.02–0.1), and partition
coefficients for muscle and skin were the next lowest (0.1–0.2). High variability was
observed in the estimates of partition coefficients for skin, which can be attributed to
difficulties in homogenization of the tissue. The partition coefficient for kidneys (0.44),
pancreas (0.58), spleen (0.36), and liver (0.45) were close to 0.5, with a low variability
between studies. Everolimus partitioned into the patient-derived primary pancreatic
adenocarcinoma explants with a coefficient of 0.48. The gut partition coefficient Kgi was
greater than 1, and the variability in the parameter was high, which was likely a result of the
high GI concentrations owing to oral dosing.

Based upon a comparison of the everolimus AUC from each study in which the drug was
given alone and in combination, there was no statistically significant difference in the PK of
everolimus when it was given in combination with sorafenib (p < 0.05 as determined by
student's t test). Parameter estimates for select PK parameters were also compared for
everolimus administered alone or in combination. Sorafenib dosing did not cause significant
variability in the hepatic clearance or tissue partition coefficient of everolimus.

The model provided reasonable fits and was able to describe well the everolimus
concentrations in plasma and various tissues. The PBPK model was adequate in
characterizing the concentrations as indicated by the good individual predictions for drug
concentrations in plasma and tissues, except for the occasional overestimation of some
profiles from the 0.5 mg/kg single dose. The concentrations were measured in tumor to
permit assessment of pharmacodynamic effects [25]. The plots of standardized residuals
versus predicted concentrations for all tissues show an unbiased distribution, indicative of
suitable fittings (Supplemental information Fig S1). With the somewhat sparse sampling,
oral dosing, and multiple studies, the present model could not be improved upon.

Sorafenib
The plasma and tissue concentration versus time profiles are shown in Fig. 3 for sorafenib
after oral administration to BALB/c, CB17-SCID, and tumor-bearing CB17-SCID mice. The
Cmax in plasma and all tissues except the tumor was dose-proportional across the strains of
mice. After oral dosing, sorafenib absorption was slow and delayed, with a Tmax of 6 h in
plasma and tissues and 1 h in the GI tract. Sorafenib was detected in plasma and all tissues
for up to 24 h after the last dose.

The PBPK model was used to fit the sorafenib concentration data for plasma and tissues
from various groups of animals and different doses. The model includes two transit
compartments and absorption rate constant ka to account for the delay in the appearance in
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plasma [17]. The fraction of dose absorbed was fixed to 92 %, as obtained from the
literature [16]. The parameter estimates and the inter-study variability for the population
model are given in Table 3. The Clint was estimated to be 6.64 ml/h, with modest variability
of 24.4 %. The partition coefficient of sorafenib into the brain (0.06), skin (0.36), muscle
(0.36), and adipose tissue (0.62) was low. The partition coefficient for kidneys (3.08),
pancreas (1.75), spleen (1.58), and liver (4.37) were very high, and variability between
studies was modest. The partition coefficient for the GI tract was high (3.85), with large
variability, which is likely because the drug was dosed orally. Although the data were
limited and variable, the concentrations in tumor were not dose-proportional as in plasma
and other tissues. Thus, two different values for the tumor partition coefficient were
obtained: 0.741 for the low dose and 2.12 for the high dose.

There was no statistically significant difference in the PK of everolimus when given alone or
in combination with sorafenib, based upon student's t test (p > 0.05) of the AUCs from each
study in which the drug was given alone and in combination. Alterations in everolimus PK
when administered with sorafenib were also tested in the model, and selected individual
parameter estimates were compared. No evidence of pharmacokinetic interaction was found,
and dosing in combination did not cause significant variability in the hepatic clearance or
everolimus tissue partition coefficients.

The PBPK model provided reasonable overall fits and was able to describe sorafenib
concentrations well in plasma and other tissues, with the exception of some of the GI
concentrations (Fig. 3). The model adequately characterized the concentrations as noted by
the good individual predictions for concentrations of sorafenib in plasma and tissues. The
plots of standardized residuals versus predicted concentrations for all tissues show an
unbiased distribution, indicative of suitable fittings (Supplemental Information Fig. S2).

Discussion
Concomitant administration of drugs utilizing common pathways of absorption, distribution,
metabolism, or elimination can lead to alterations in the PK of either drug. The present
analysis characterized the concentration–time profiles for everolimus and sorafenib in
plasma and various tissues after oral administration of the drugs alone and in combination.
This information is essential to predict tissue toxicities due to drug accumulation or other
interactions that could affect efficacy of the drug combination.

Tumor blood flow in the PBPK model was obtained initially from Baxter et al. [22] as used
in other PBPK models [26]. That study employed a 86Rb uptake method [27] and measured
blood flow to a human colon carcinoma xenograft in nude mice. Thus, the published value
of 0.1 mL/min could be inaccurate for the poorly vascularized, patient-derived primary
pancreatic adenocarcinoma explants. Therefore, Qtu was also estimated in our analysis of the
everolimus data, and consequently fixed for subsequent analysis. The blood flow was
estimated from the data was fivefold lower, 0.017 mL/min (Supplemental Information Table
S1), underscoring the poorly perfused nature of patient-derived primary pancreatic
adenocarcinoma explants [9].

The results indicate extensive distribution of everolimus and sorafenib into various tissues.
Model-estimated partition coefficients (Kp) were close to values calculated by non-
compartmental analysis. All tissue concentration–time data could be described well by the
perfusion-limited model. It was assumed that everolimus and sorafenib are eliminated by
metabolic biotransformation occurring primarily in the liver. This assumption was based on
the fact that a negligible amount of either drug was detected in the urine in mice [13, 16].
Sorafenib is thought to undergo enterohepatic circulation (EHC) in humans based on the
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appearance of secondary peaks in the plasma concentration versus time profile [16]. Such
EHC has been incorporated in a model to describe human PK of sorafenib [17] but was not
included in our PBPK model for sorafenib owing to the limited sampling schedule.

Overall, sorafenib distributes more extensively into the tissues compared to everolimus, as
expected based on the physicochemical properties of the drug such as lower molecular
weight (637) compared to everolimus (958), lower log P (4.1) compared to everolimus (5.9),
the weakly basic nature of the drug, and the comparatively lower polar surface area
(sorafenib −92.4 vs. everolimus −205) (obtained from Pubchem Compound http://
www.ncbi.nlm.nih.gov/pccompound/).

The sorafenib plasma concentrations observed here are consistent with the plasma PK in
mice published in the FDA submission [16]. The Cmax and AUC after a single sorafenib
dose which we obtained compared well with published results [14]. There are no published
data available for PK of sorafenib in tissues, except for brain [4]. The K estimated here
(0.06) agrees well with the calculated value of 0.02 for brain resulting from iv dosing [4].
The partition coefficients (K) estimated for brain, muscle, and adipose in our study were
essentially identical to those calculated from published data for single doses [14], whereas
the K estimated for kidneys, liver, spleen, lungs, and GI were two times higher than the
tissue/plasma AUC ratio calculated from previous single-dose studies.

The partition coefficients of both drugs for the GI tract are high compared to other tissues.
Such GI accumulation would be consistent with the occurrence of diarrhea and nausea in
patients, which are the most common adverse clinical events associated with both drugs [5,
28]. The relatively higher partitioning of both drugs into liver and kidney might provide a
PK basis for their effective use in hepatic and renal carcinomas.

Metabolism-related PK interactions were possible for sorafenib and everolimus but were not
observed. The concomitant administration of everolimus with the strong CYP inhibitor
ketoconazole increased AUC 15-fold in humans [29]. The moderate CYP inhibitors
erythromycin, verapamil, and cyclosporine increased AUC 2.7–4.5 fold [15, 18, 30], and the
weak inhibitor atorvastatin caused no change in everolimus AUC [31]. In vitro studies with
human liver microsomes indicate that sorafenib is a moderate inhibitor of several CYP
isoenzymes including CYP3A4, CYP2C19, and CYP2D6 [16]. In advanced melanoma
patients, a PK interaction study with various CYP isoenzyme substrates such as midazolam,
omeprazole, and dextromethorphan revealed no clinically significant changes in the
exposures of these substrate probes or of sorafenib. There was also lack of clinically relevant
adverse events or change in Cmax and exposure when administered concomitantly with a
CYP3A4 inhibitor ketoconazole [32]. Induction of CYP3A protein in the liver of mice
following extended dosing was investigated using immunoblot analysis, but no evidence of
change in CYP enzymes was observed for either drug, alone or in combination (data not
shown).

Extensive studies were conducted in both immunocompetent and SCID non-tumor-bearing
mice as a baseline for comparison with tumor-bearing SCID mice (Table 1). Each study
provided concentration versus time profiles for the various mouse models, duration of study,
dosing regimen (single drug/combination; single- or multiple-dosing), drug doses, and
presence of tumor. Population modeling enabled us to incorporate all these factors and
evaluate potential variabilities arising from differing experimental conditions. The
variability of the parameters reflects variability between studies. Due to limited sample
sizes, we tested only the effect of single agent versus combination dosing on the estimated
partition coefficients and clearances, as well as the effect of dose upon partition coefficient
of sorafenib into tumor. Combining drugs did not have any significant impact on these
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parameters for either drug. An increase in dose increased the partition coefficient of
sorafenib in tumors, thus altering tumor exposure. Tumor volumes in the study varied across
treatment groups and also changed during the time course of the study. The population
modeling approach enabled the inclusion of all these data jointly in the model.

The non-linearity in sorafenib partitioning into tumor may be the result of saturation of
efflux transporters that are known to be involved in its distribution. Sorafenib is a weak P-
glycoprotein (P-gp) substrate in vitro [33], and breast cancer resistant protein (BCRP) and P-
gp at the blood brain barrier have been shown to play a dominant role in the efflux of
sorafenib [4].

Involvement of P-gp in the disposition of everolimus also has been suggested [34, 35].
However, our data were unable to detect any changes in the disposition of everolimus at the
doses tested.

In conclusion, population PBPK models were developed for everolimus and sorafenib in
mice to account for the time course of drug concentrations in blood, an extensive variety of
tissues, and in patient-derived pancreatic tumors. Concurrent administration of the two drugs
did not cause a significant change in the PK of either agent. There was significant non-
linearity in the tumor partition coefficient (i.e., tumor uptake) of sorafenib, with higher doses
yielding greater-than-proportional drug concentrations in the tumor. This observation raises
the possibility that anti-tumor pharmacodynamics may not be dose-proportional. The lack of
PK interactions suggests feasibility for evaluating the therapeutic efficacy of this two-drug
combination in pancreatic cancer, and the non-dose-proportionality of sorafenib tumor
deposition may have therapeutic ramifications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Whole body PBPK model for everolimus and sorafenib in mice. All organs are
represented by a rectangular compartment and interconnected via blood flow Q
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Fig. 2. Everolimus concentration–time profiles from studies 1, 2, 5, and 6 in mice (Table 1).
Symbols represent mean (SD) of experimental data and lines represent predictions
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Fig. 3. Sorafenib concentration–time profiles from studies 1, 2, 5, and 6 in mice. Symbols
represent mean (SD) of experimental data and lines represent predictions
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Table 1
Study designs for PK studies

Study number Animal model Dosing Dosing frequency Sampling (h
after last dose)

1 BALB/c (n = 18) Sorafenib (20 mg/kg) OR

Everolimus (5 mg/kg)

Single dose 0.5, 1, 4, 6, 10,
24

2 SCID (n = 18) Sorafenib (10 mg/kg) AND

Everolimus (0.5 mg/kg)

Single dose 0.5, 1, 4, 6, 10,
24

3 SCID (n = 18) Sorafenib (10 mg/kg) AND

Everolimus (0.5 mg/kg)

5 days ON, 2 days OFF for 3
weeks

0.5, 1, 4, 6, 10,
24

4 SCID (n = 9) Sorafenib (20 mg/kg) AND

Everolimus (1 mg/kg)

5 days ON, 2 days OFF for 3
weeks

1, 6, 24

5 SCID (tumored) (n =
18)

A. Sorafenib (10 mg/kg)

B. Everolimus (0.5 mg/kg)

C. Sorafenib (10 mg/kg) & Everolimus
(0.5 mg/kg)

5 days ON, 2 days OFF for 5
weeks

1, 6, 24

6 SCID (tumored) (n =
18)

A. Sorafenib (20 mg/kg)

B. Everolimus (1 mg/kg)

C. Sorafenib (20 mg/kg) & Everolimus (1
mg/kg)

5 days ON, 2 days OFF for 5
weeks

1, 6, 24

7 SCID (tumored) (n =
18)

A. Sorafenib (10 mg/kg)

B. Everolimus (0.5 mg/kg)

C. Sorafenib (10 mg/kg) &Everolimus
(0.5 mg/kg)

D. Sorafenib (20 mg/kg) &Everolimus (1
mg/kg)

5 days ON, 2 days OFF for 5
weeks

1, 24

n indicates number of samples available for each drug
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Table 2
Parameter estimates for everolimus pharmacokinetics

Parameter (Units) Parameter description Mean CVa (%)

Clint (ml/h) Hepatic clearance 4.07 35.8

Klu Partition coefficient lungs 1.00 Fixed

Kbr Partition coefficient brain 0.018 6.36

Kmu Partition coefficient muscle 0.105 9.36

Kf Partition coefficient adipose 0.097 6.67

Ksk Partition coefficient skin 0.232 63.1

Kkid Partition coefficient kidney 0.435 20.6

Kpan Partition coefficient pancreas 0.582 50.5

Ksp Partition coefficient spleen 0.361 40.9

Kliv Partition coefficient liver 0.452 36.9

Kgi Partition coefficient GI 1.43 90.3

ka (1/h) Absorption rate constant 9.45 Fixed

Fa Fraction absorbed 0.12 Fixed

Ktu Partition coefficient tumor 0.480 45.3

Kcar Partition coefficient carcass 5.67 135

a
Coefficient of variation of the estimate; reflects inter-study variability
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Table 3
Parameter estimates for sorafenib pharmacokinetics

Parameter (units) Parameter description Mean CVa (%)

Clint (ml/h) Hepatic clearance 6.64 24.4

Klu Partition coefficient lungs 1.00 Fixed

Kbr Partition coefficient brain 0.06 4.11

Kmu Partition coefficient muscle 0.356 5.13

Kf Partition coefficient adipose 0.624 3.83

Ksk Partition coefficient skin 0.361 55.4

Kkid Partition coefficient kidney 3.08 20.0

Kpan Partition coefficient pancreas 1.75 40.2

Ksp Partition coefficient spleen 1.58 48.0

Kliv Partition coefficient liver 4.37 29.8

Kgi Partition coefficient GI 3.85 131

ka (1/h) Absorption rate constant 3.83 Fixed

Fa Fraction absorbed 0.920 Fixed

Ktu_Low Partition coefficient tumor-low dose 0.741 3.63

Ktu_high Partition coefficient tumor-high dose 2.12 3.63

Kcar Partition coefficient carcass 3.71 113

a
Coefficient of variation of the estimate; reflects inter-study variability
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