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ABSTRACT: Having an understanding of drug tissue accumulation can be informative in the assessment of target organ toxicities; however,
obtaining tissue drug levels from toxicology studies by bioanalytical methods is labor-intensive and infrequently performed. Additionally,
there are no described methods for predicting tissue drug distribution for the experimental conditions in toxicology studies, which typically
include non-steady-state conditions and very high exposures that may saturate several processes. The aim was the development of an
algorithm to provide semiquantitative and quantitative estimates of tissue-to-plasma concentration ratios (K;,) for several tissues from
readily available parameters of pharmacokinetics (PK) such as volume of distribution (V4) and clearance of each drug, without performing
tissue measurement in vivo. The computational approach is specific for the oral route of administration and non-steady-state conditions
and was applied for a dataset of 29 Genentech small molecules such as neutral compounds as well as weak and strong organic bases. The
maximum success rate in predicting K, values within 2.5-fold error of observed K, values was 82% at low doses (<100 mg/kg) in preclinical
species. Prediction accuracy was relatively lower with saturation at high doses (>100 mg/kg); however, an approach to perform low-to-high
dose extrapolations of K, values was presented and applied successfully in most cases. An approach for the interspecies scaling was also
applied successfully. Finally, the proposed algorithm was used in a case study and successfully predicted differential tissue distribution of
two small-molecule MET kinase inhibitors, which had different toxicity profiles in mice. This newly developed algorithm can be used to
predict the partition coefficients K, for small molecules in toxicology studies, which can be leveraged to optimize the PK drivers of tissue
distribution in an attempt to decrease drug tissue level, and improve safety margins. © 2013 Wiley Periodicals, Inc. and the American
Pharmacists Association J Pharm Sci 102:3816-3829, 2013
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INTRODUCTION be predicted from description of its controlling processes, al-
though this could be a data-intensive approach. Alternatively,
it can be of interest to verify whether tissues can be treated
as well-stirred compartments, and the influences of altered de-
livery through changes in blood flow can be neglected.?'? This
premise assumes that the same physicochemical mechanisms
are present in each tissue, and hence, relationships among drug
tissue partitioning can be developed, comparably to a physio-

The distribution of drugs into tissues, that is, tissue accumu-
lation, is a recognized contributor to drug toxicity’?; however,
evaluation of tissue drug partitioning under in vivo condition
is not routinely performed in toxicology studies, partly because
it is resource-intensive. This issue can also be approached
with physiologically based pharmacokinetics (PK) modeling,

where the impacts of dosing regimen on tissue distribution can

Abbreviations used: AUC, area under the curve; BM, bone marrow; Clog P,
log n-octanol-water ratio calculated; CpKa, ionization constant calculated; Eh,
hepatic extraction ratio; CL, clearance; fu,, fraction unbound in plasma; fuy,
fraction unbound in tissue; fuceps, unbound fraction in intracellular water; Gen,
Genentech; F, bioavailability; A, elimination rate constant; K,, absorption rate
constant; K, tissue-to-plasma concentration ratio; NCA, noncompartmental
analyses; pKa, ionization constant; PO, per os; REP, erythrocyte-to-plasma
ratio; Vg, volume of distribution; V,, volume of distribution of the terminal
phase.
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logical approach. The challenge is that, being more empirical,
the well-stirred compartment model may not totally account
for the processes that determine the relationship of simple PK
observations to tissue-specific and regimen-specific drug con-
centrations; processes such as nonlinear metabolism, satura-
tion of binding, and non-steady-state distributions that depend
on the dosing regimens and the interaction among uptake, re-
distribution, and tissue-specific clearance processes. Despite
these limitations, consistent patterns of relative partitioning
into various tissues can be identified that can allow reasonable
estimate with less intensive data collection, for which the input
parameters are readily available.?-18
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Theoretical Background

The endpoint is the estimation of values of tissue-plasma ra-
tios (K;), which are the parameters commonly used to esti-
mate the degree to which a drug accumulate across tissues.
For steady-state conditions after continuous intravenous infu-
sions, consistent patterns of relative partitioning into various
tissues were made by relaying some in vitro physicochemical
properties of drugs to tissue composition data to predict the K,
values by considering the binding to tissue lipids and plasma
proteins'48; therefore, the predicted K,, values linearly corre-
lated across tissues.?® However, these in vitro-based calculation
models did not cover the exposure conditions observed in toxi-
cology studies such as oral route of absorption and non-steady-
state conditions, and performed less accurately compared with
models derived from in vivo data.l%!8 Alternatively, the in vivo
K, data may also be used to develop consistent patterns of
relative tissue distribution into various tissues for any expo-
sure condition. Moreover, several authors demonstrated that
drug tissue partitioning, and, thus, the in vivo K, values, cor-
related across tissues for several drugs.®>~” Specifically, muscle
K, values correlate with K|, values of other tissues (e.g., brain,
lung, liver, heart, skin, intestine, and red blood cells; 7> mostly
in the range of 0.60-1), irrespective of the chemical nature of
the drug and exposure conditions. The established correlation
methods enable the prediction of K, values in various tissues
under in vivo conditions on the basis of a known muscle K,
value. The linearity of the correlations between the K, values
of several tissues suggests that, as expected, the biological fea-
tures related to the binding of drugs to lipids and/or proteins are
common among tissues.?’” Recently, the principle of the correla-
tion model has been successfully extended to further examples
in veterinary, oncology, and PK studies either for steady-state
and non-steady-state conditions for various routes of adminis-
tration (i.e., intravenous, oral, or intraperitoneal).®'° Moreover,
the analyses of Jansson et al.® and Edginton and Yun!! incor-
porated descriptors of drug properties such as lipophilicity in
coming up with their K, estimates.

The application of such correlation models in toxicology was
limited because the K|, value for muscle used as input param-
eter in the correlation equations is not commonly generated.
To overcome this difficulty, Jansson et al.® proposed to combine
the correlation equations with the overall volume of distribu-
tion (V4) measured in vivo, which is a readily available param-
eter because it can be estimated from the measured plasma
concentration—time profiles by using noncompartmental anal-
yses (NCA)!2 as part of routine PK studies in drug discovery.
This will yield quantitative estimates of K, values for several
tissues based on in vivo V3 values, without conducting any tis-
sue measurement in vivo. In addition, in the early stages of drug
discovery, it could be of interest to predict whether a drug has
low or high potential for tissue accumulation, and to be able
to rank-order drugs based on this potential. In other words,
when drugs have similar V3 values, the additional informa-
tion on clearance (CL) may help to rank-order drugs; therefore,
when plasma concentration over time is increased because of
a lower CL effect, the tissue distribution should also increase,
and inversely, under non-steady-state conditions.'® Therefore,
our hypothesis was that semiquantitative (rough) estimates of
K, values under non-steady-state conditions in toxicology stud-
ies could also be made by including CL effects in addition to
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V3. The CL data are also routinely generated in drug discovery
using NCA analyses.!?

In the work described herein, an algorithm was provided for
evaluation of tissue drug distribution from readily available
PK parameters by combining semiquantitative and quantita-
tive estimates of K, values for common target organs identified
in toxicological studies, thus avoiding the need to measure ac-
tual drug levels in tissues. This algorithm expands from the
current correlation models used in the PK studies, as it was
applied for wide dose ranges that include high doses, and an
approach to perform low-to-high doses extrapolations of K, val-
ues is presented in addition to an interspecies extrapolation
approach. The current computational approach is specific for
the oral route of administration under non-steady-state con-
ditions. Finally, the utility of the proposed algorithm in drug
discovery was also challenged in a case study to predict dif-
ferential tissue distribution of two small molecule MET kinase
inhibitors from their in vivo V4 and CL values. Accordingly, Diaz
et al.! recently reported that minimal structural changes low-
ering ionization constant (pKa) for one small molecule MET ki-
nase inhibitor compared to another caused significant changes
in V4 (decreased) and CL (increased), which resulted in lowered
tissue distribution and reduced toxicity profiles in mice. Over-
all, this provides a novel tool for toxicologists to guess tissue
drug partitioning in the interpretation of toxicological data.

METHODS

Figures 1, 2, 3 illustrate the overall algorithm for tissue dis-
tribution model development and predictive assessment strat-
egy to conduct semiquantitative and quantitative assessments
in a stepwise fashion. Test set of compounds is presented in
Table 1.

OVERALL MODEL DEVELOPMENT AND
PREDICTION ASSESSEMENT STRATEGY FOR NOVEL ALGORITHM

| PREDICTING DRUG TISSUE DISTRIBUTION IN TOXICOLOGY STUDIES |

SEMIQUANTITATIVE ESTIMATES OF Kp QUANTITATIVE ESTIMATES OF Kp

EVALUATE POTENTIAL TISSUE DEVELOP A COMPUTATION METHOD
DRUG DISTRIBUTION FOR PREDICTING Kp VALUES
(LOW, MEDIUM, HIGH) BASED ON READILY AVAILABLE Vy
BASED ON READILY AVAILABLE V3 AND CL l
i COMBINE THE CORRELATION

DEVELOP QUALITATIVE GENERAL RULES MODELS OF RICHTER ET AL. (2006)
AND JANSSON ET AL. (2008)

AS ILLUSTRATED IN FIGURE 2
AS ILLUSTRATED IN FIGURE 3

VALIDATE THE RULES
VALIDATE THE RESULTING MODEL
‘ FOR THE CURRENT DATASET I FOR THE CURRENT DATASET

- PREDICTION FOR LOW DOSES
- PREDICTION FOR HIGH DOSES

- LOW-TO-HIGH DOSE EXTRAPOLATION
- INTERSPECIES SCALING

NOVEL ALGORITHM

!

CASE STUDY WITH TWO
GENENTECH COMPOUNDS

l

HOW STRUCTURAL CHANGES
AFFECT TISSUE DISTRIBUTION,
AND, HENCE, TOXICITY

Figure 1. Illustration of the overall model development and predic-
tion assessment strategy for the development of a novel semiquanti-
tative and quantitative algorithm to estimate tissue drug distribution
(Kp).
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