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ABSTRACT

Physiologically based pharmacokinetic modeling has become
a standard tool to predict drug distribution in early stages of drug
discovery; however, this does not currently encompass lysosomal
trapping. For basic lipophilic compounds, lysosomal sequestration
is known to potentially influence intracellular as well as tissue
distribution. The aim of our research was to reliably predict the
lysosomal drug content and ultimately integrate thismechanism into
pharmacokinetic prediction models. First, we further validated our
previously presented method to predict the lysosomal drug content
(Schmitt et al., 2019) for a larger set of compounds (n = 41) showing
a very good predictivity. Using the lysosomal marker lipid bis(mo-
noacylglycero)phosphate, we estimated the lysosomal volume
fraction for all major tissues in the rat, ranging from 0.03% for
adipose up to 5.3% for spleen. The pH-driven lysosomal trapping
was then estimated and fully integrated into the mechanistic
distribution model published by Rodgers et al. (2005). Predictions
of Kpu improved for all lysosome-rich tissues. For instance, Kpu

increased for nicotine 4-fold (spleen) and 2-fold (lung and kidney)
and for quinidine 1.8-fold (brain), although for most other drugs the
effects were much less (£7%). Overall, the effect was strongest for
basic compounds with a lower lipophilicity, such as nicotine, for
which the unbound volume of distribution at steady-state prediction
changed from 1.34 to 1.58 l/kg. For more lipophilic (basic) com-
pounds or those that already show strong interactions with acidic
phospholipids, the additional contribution of lysosomal trappingwas
less pronounced. Nevertheless, lysosomal trapping will also affect
intracellular distribution of such compounds.

SIGNIFICANCE STATEMENT

The estimation of the lysosomal content in all body tissues facilitated
the incorporation of lysosomal sequestration into a general physi-
ologically based pharmacokinetic model, leading to improved
predictions as well as elucidating its influence on tissue and
subcellular distribution in the rat.

Introduction

Many basic lipophilic drugs exhibit a deep distribution that is
reflected in high volumes of distribution (Vss). The partitioning into
individual tissues can however differ considerably, and it is not possible
to deduce this from the volume of distribution. Furthermore, experi-
mental determination of tissue partition coefficients (Kp) is not
a standard in drug discovery, as it is very resource-intensive. Therefore,
the development of mechanistic models that are based on the tissue
composition of the body and the physicochemical properties of the drug
was instrumental to enable early estimation of drug distribution in drug
discovery and development.

Poulin and Theil (2000) pioneered the mathematical description of
partition processes into tissue water, proteins, and neutral lipids,
focusing on the neutral drug molecules. Later, Rodgers and Rowland
expanded the tissue composition–based distribution equations by
inclusion of drug ionization and the resulting interaction of the charged
drug species with proteins and membrane constituents (Rodgers et al.,
2005; Rodgers and Rowland, 2006). In these models, the dominant
affinity of the charged species of basic drugs (pKa . 7) is considered to
be acidic phospholipids in the tissue (Yata et al., 1990). Predictions
for neutral and acidic drugs are far more accurate than for basic drugs
(Chan et al., 2018), suggesting further processes being involved in the
distribution of bases that so far are not accounted for. A potential
additional mechanism is extensive pH-driven sequestration into lyso-
somes, which can lead to enormous concentrations within the lysosome
[up to 160,000-fold compared with the cytosol (MacIntyre and Cutler,
1988a,b)]. In our previouswork, we have shown the huge impact this has
on the intracellular distribution in rat hepatocytes, with lysosomes
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holding.50% of the intracellular drug (Schmitt et al., 2019): lysosomal
trapping may therefore also have the potential to influence overall tissue
distribution and may further improve predictions of tissue distribution
for basic drugs.
Although lysosomal abundance has been qualitatively known in some

tissues for quite some time (de Duve et al., 1974; Blouin et al., 1977), the
parameterization needed for a physiologically based pharmacokinetic
model is still challenging, as their size is highly variable in different cell
types (Bandyopadhyay et al., 2014). There has been a first approach to
incorporate lysosomal sequestration in lung, kidney, and liver using
published data on lysosomal volume fractions and pH of their main cell
types (Assmus et al., 2017). This model can only be applied to well
studied tissues and does not cover other lysosome-rich tissues, such as
spleen, brain, and gut. To be able to include lysosomal trapping in all
body tissues, a surrogate for the lysosomal size is required, e.g. by
a marker that is unique for lysosomes. BMP, a lipid exclusively found
in the luminal side of the endo-/lysosomal membrane, is responsible for
endo-/lysosomal stabilization and fusion, and it promotes hydrolysis by
enhancing adhesion of enzymes and activator proteins to the inner
lysosomal membrane and cholesterol transport (Schulze et al., 2009;
Gallala and Sandhoff, 2011; Hullin-Matsuda et al., 2014). The in-
volvement in many essential lysosomal processes makes its abundance
a good surrogate for the size of the endo-/lysosomal system. We have
recently published BMP concentrations in all major rat tissues (Wang
and Schmitt et al., 2019), thereby providing reliable estimates of the size
of the lysosomal system in these tissues. This knowledge allows for
a new possibility to include lysosomal trapping into overall tissue-
distribution predictions.
The aim of this study was to further expand the mechanistic equations

of Rodgers et al. (2005) by inclusion of lysosomal sequestration as an
additional distribution process for basic drugs (pKa . 7). We have
validated our previously published approach to predict the intracellular
drug distribution to lysosomes in rat hepatocytes (Schmitt et al., 2019)
for a broad set of compounds, estimated the size of the lysosomal
compartment in various rat tissues, and integrated both into the
mechanistic equations to predict tissue partitioning. Impact on Kpu
was evaluated, comparing prediction results to the original model and
experimental data of the original data set of 28 basic compounds
(Rodgers et al., 2005). The in vivo distribution of 13 protein kinase
inhibitors (PKIs), extending the physicochemical property space of the
original data set, was used to further investigate the performance of both
models and to evaluate the influence of lysosomal trapping on Kpu
and Vuss.

Materials and Methods

Chemicals and Reagents

Afatinib, axitinib, bosutinib, cediranib, crizotinib, dasatinib, erlotinib, gefiti-
nib, ibrutinib, lapatinib, linsitinib, masitinib, motesanib, nilotinib, nintedanib,
olaparib, pazopanib, quizartinib, saracatinib, selumetinib, sunitinib, tandutinib,
and vandetanib were purchased from Selleck Chemicals LLC (Houston, TX).
Imatinib was purchased from Enzo Life Sciences AG (Lausen, Germany), and
regorafenib was obtained from Bayer AG (Berlin, Germany). Monensin sodium
was bought from Sigma-Aldrich (St. Louis, MO). Acetonitrile and methanol
were purchased from Honeywell Specialty Chemicals Seelze GmbH (Seelze,
Germany).

Animals and Treatment

Male Han:Wistar rats (Envigo, Netherlands/Janvier Laboratories, France)
of 300 6 30 g body weight were used. Animals were housed in groups of up to
three in transparent standard cages at 22�C with a 12-hour light/dark cycle.
Standard rat diet and water were provided ad libitum.

Direct Quantification of Lysosomal Drug Content

The lysosomal drug content was measured in rat hepatocytes as described in
Schmitt et al. (2019). In short, rat hepatocytes were isolated, purified, seeded on
24-well collagen-coated plates and subsequently incubated for 24 hours, resulting
in greatly reduced transporter expression as well as metabolic enzyme activity.
Drug accumulation of compounds was measured 1) in cultured control hepato-
cytes and 2) in hepatocytes with inactivated lysosomes (+25 mM monensin).
Samples were analyzed via LC-MS/MS, and the lysosomal drug content was
calculated by the difference of accumulation in the cells. The lysosomal drug
content was measured for a set of 26 test compounds at a low concentration of
5 mM to avoid lysosomal saturation during the experiments (Schmitt et al., 2019).
Experimental determination of the lysosomal drug content was done extensively
(n = 9) for nine compounds with expected low, medium, and high potential for
lysosomal trapping; other compounds were each measured twice.

Prediction of Lysosomal Drug Sequestration

The extent of lysosomal sequestration L for drugs was calculated as previously
described in Schmitt et al. (2019) using the following equation:

L ¼
Z pHcyto

pHmin

V pHð Þ ×KL pH; pKa;1; pKa;2ð Þ
VB

dpH; ð1Þ

with VðpHÞ as the volume of the lysosomal compartment at a given pH, KLas the
concentration ratio of compound between the cytosol and the lysosome depending
on the lysosomal pH from pHmin = 4 up to pHcyto= 7.2, as well as the most and
second most basic drug moiety as described byMacIntyre and Cutler (1988a). VB

represents the volume of the nonacidic compartment in a hepatocyte and dpH
defines that the pH range needs to be integrated. The extent of lysosomal
sequestration L was expressed as the percentage in lysosomes of the total drug in
the cells. Correlation of predictions and experimental results were carried out in
OriginPro 2018.

Size of the Endo-/Lysosomal System in Rat Tissues

The fractional volume of lysosomes in the liver was estimated from the
extensively characterized rat hepatocytes (Schmitt et al., 2019) under the
simplification of hepatocytes being the only cell type in this tissue, as they make
up about 93% of the cellular tissue in the liver (Blouin et al., 1977). Considering
the cellular space makes up 84.1% of the liver (Blouin et al., 1977), a fractional
tissue volume of 1.3% could be calculated for lysosomes. Lysosomal abundance
for other tissues was calculated relative to the liver based on the concentration of
the lysosome-specific marker lipid BMP (Schulze et al., 2009; Gallala and
Sandhoff, 2011; Hullin-Matsuda et al., 2014), which was recently determined by
Wang and Schmitt et al. (2019) (Table 2). As BMP levels of bone, pancreas, and
thymus were not measured, no lysosomal compartment could be calculated
for these tissues.

Lysosomal Sequestration in the Prediction of Drug Tissue Distribution

The proposed equation to predict tissue distribution of basic lipophilic drugs of
Rodgers et al. (2005) considers the pH-driven accumulation in the intracellular
water (IW), distribution to the extracellular water (EW), and the association to
neutral lipids (NLs)/neutral phospholipids (NPs) and acidic phospholipids (AP2):

KpuR&R ¼ 1þ 10pKa 2 pHIW

1þ 10pKa 2 pHp
× fIW

� �
þ fEW þ Ka × AP2½ �T × 10pKa 2 pHIW

1þ 10pKa 2 pHp

� �

                                    þ P × fNL þ 0:3Pþ 0:7ð Þ × fNP
1þ 10pKa 2 pHp

� � ð2Þ

with fIW ; fEW ; fNL; fNP as fractional volumes of the tissue, pHIW ¼ 7:0and pHp ¼
7:4 as the pH of the intracellular water and the plasma,pKa as the compound’s acid
dissociation constant, and Ka as the association constant of the compound to
acidic phospholipids with the tissue concentration ½AP2 �T . Ka is estimated from
the compound’s blood-to-plasma ratio, as described by Rodgers et al. (2005).

With the absence of active transport processes and the steady-state condition
in the model, the concentration of the unprotonated base is equal in each
compartment, thus allowing the lysosomes to be put into a direct relation to the
plasma for estimating the pH-driven sequestration as follows:
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Kpu ¼ 1þ 10pKa 2 pHIW

1þ 10pKa 2 pHp
× fIW

� �
þ fEW þ Ka × AP2½ �T × 10pKa 2 pHIW

1þ 10pKa 2 pHp

� �

                                    þ P × fNL þ 0:3Pþ 0:7ð Þ × fNP
1þ 10pKa 2 pHp

� �
þ 1þ 10pHa 2 pHL

1þ 10pKa 2 pHp
× fLyso

� �

ð3Þ

with fLysp as the fractional volume of lysosomes in the respective tissues and
pHL ¼ 5:3 as an effective pH across all lysosomes, derived from eq. 1 for

monobasic drugs under consideration of the complete pH profile in rat hepato-
cytes. All processes accommodated in the mechanistic equation are depicted
in Fig. 1.

The unbound volume of distribution was calculated according to Rodgers
and Rowland (2007) by:

Vuss ¼ VP

fu
þ+VT ;i ×Kpui; ð4Þ

with Vp as the plasma volume, Vuss as the unbound volume of distribution at
steady state, fu as the unbound fraction of drug in plasma, VT;i as the volume of
individual tissues, and Kpui as the partitioning in tissues, defined as the ratio
of the total concentration in the tissue to the unbound plasma concentration,
calculated by eq. 3.

Tissue-Specific Input Parameters

Parameters to predict the unbound tissue partitioning and the unbound volume
of distribution in rats were adopted from Rodgers et al. (2005) and Rodgers and
Rowland (2007), with the exception of the intracellular water, which was reduced
by the newly defined lysosomal compartment (Table 1).

Compound-Specific Parameters

Parameters for the original set of compounds by Rodgers and Rowland were
taken from the literature (Rodgers and Rowland, 2007). Timolol was excluded
from the comparison, as our model is only valid for monobasic compounds, and
Rodgers and Rowland treated it as a dibasic compound, i.e., with two highly basic
pKa values.

The acid dissociation constants of basic drug moieties and the drug lip-
ophilicity of protein kinase inhibitors were predicted in silico using ADMET
Predictor (Simulations Plus Inc.). Blood-to-plasma ratio (B:P ratio), unbound
fraction in plasma, and in vivo Vss were determined experimentally unless
published elsewhere.

B:P Ratio. Blood of Han:Wistar rats was drawn with K-EDTA as an
anticoagulant prior to the experiment. The fresh blood of three individual rats was
pooled and kept at 37�C. Blood working solutions were prepared from DMSO
stock solutions with final concentrations of 0.3 and 3 mM, which were
subsequently incubated for 15 minutes at 37�C. Samples of blood (n = 3) were
drawn for LC-MS/MS analysis. Plasma was obtained by centrifuging the blood at

Fig. 1. Schematic illustration of processes included in the mechanistic eq. 3 to
predict tissue distribution of basic lipophilic drugs. The tissue distribution is
estimated considering the sequestration into lysosomes, which is estimated based on
the full pH profile in hepatocytes, acidic phospholipid binding, neutral (phospho)
lipid binding, and distribution into aqueous spaces. B, Base; NP, neutral
phospholipid.

TABLE 1

Tissue-specific input parameters to predict the unbound tissue partitioning and unbound volume of distribution (Vuss) in rats, which comprises
the fractional tissues volumes of Rodgers et al. (2005) extended by a lysosomal compartment

Fractional Tissue Volumea
Tissue Concentration

of AP
Tissue
Volume

Tissue
NL NP EW IWb Lysosomesc

mg/g ml
Ref. [d] [d] [d] [d] [e]
Blood cells 0.0017 0.0029 n.a. 0.603 n.a. 0.5
Adipose 0.853 0.0016 0.135 0.017 0.00027 0.4 10.43
Bone 0.017 0.0017 0.1 0.346 n.d. 0.67 16.47
Brain 0.039 0.0015 0.162 0.606 0.0136 0.4 1.3
Gut 0.038 0.0125 0.282 0.463 0.0122 2.41 11.1
Heart 0.014 0.0111 0.32 0.453 0.0032 2.25 1.08
Kidney 0.012 0.0242 0.273 0.466 0.0173 5.03 2.85
Liver 0.014 0.024 0.161 0.560 0.0125 4.56 14.67
Lung 0.022 0.0128 0.336 0.431 0.0151 3.91 1.53
Muscle 0.01 0.0072 0.118 0.629 0.0011 1.53 136.24
Pancreas 0.041 0.0093 0.12 0.664 n.d. 1.67 0.94
Skin 0.06 0.0044 0.382 0.289 0.0016 1.32 43.69
Spleen 0.0077 0.0113 0.207 0.526 0.0527 3.18 0.83
Thymus 0.017 0.0092 0.15 0.626 n.d. 2.3 0.73
Plasma n.a. n.a. n.a. n.a. n.a. n.a. 8.13

n.a., not available; n.d., not determined.
aBased on the tissue wet weight.
bFractional tissue volume of intracellular water of Rodgers et al. (2005) reduced by new lysosomal compartment.
cCalculated by subtracting the fractional volume of extracellular water of the liver from total tissue volume and subsequently multiplying by the previously

determined fractional volume of lysosomes in hepatocytes (Schmitt et al., 2019). Fractional volumes of tissues were scaled from liver by their BMP content.
dRodgers et al. (2005).
eRodgers and Rowland (2007).
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3700 rpm for 15 minutes, and samples (n = 3) were drawn for LC-MS/MS
analysis. Four times the volume of methanol/internal standard was added to each
sample for protein precipitation prior to analysis. The mean B:P ratio was
calculated from plasma and blood samples from both working concentrations.

Plasma Protein Binding. Plasma protein binding was measured by equilib-
rium dialysis according to Banker et al. (2003), with slight changes. In short, drugs
were diluted into pooled rat plasma (n = 4) and dialysis buffer (n = 3) to final
concentrations of 3mMfor the equilibrium dialysis and into plasma vials (n = 3) to
investigate compound stability. Samples were drawn after 7 hours of incubation at
37�C. Four times the volume of methanol was added for protein precipitation.
Samples were centrifuged at 3700 rpm for 15 minutes and subsequently analyzed
via LC-MS/MS. Volume shift was corrected for by a factor of 1.09 for all
compounds.

In Vivo Pharmacokinetic Studies

To reduce animal experiments to a minimum, rat volume of distribution was
gathered primarily from assessment reports of the Food and Drug Administration,
European Medicines Agency, and Therapeutic Goods Administration, as well as
from scientific articles.

The in vivo PK studies of cediranib, imatinib, masitinib, and tandutinib were
carried out in catheterized Han:Wistar rats (n = 3). Application solutions were
prepared in either plasma or diluted PEG400-based formulations. The doses of
0.3–0.5 mg/kg were administered intravenously into the tail vein. Heparinized
blood samples were drawn after 2, 8, 15, 30, and 45 minutes and 1, 2, 4, 7, and
24 hours, and plasma was generated by centrifugation at 3700 rpm for 5 minutes.
Samples#60 minutes and the application solution were additionally diluted 1:10
in rat plasma. A calibration curve was prepared in the range of 0.25 nM to 5 mM.
To each sample, five times the volume of acetonitrile containing internal standard
was added and subsequently centrifuged at 3700 rpm for 15 minutes prior to LC-
MS/MS analysis. Pharmacokinetic calculations were done with WinNonlin
(version 6.1; Phoenix).

Analytical Method

Samples were analyzed with liquid chromatography-tandem mass spectrom-
etry using an Agilent 1290 Infinity System comprising a G4220A binary pump,
a G1316C column compartment, and G7167B multisampler linked to an AB
Sciex API4000/API5500 mass spectrometer with electrospray ionization. All
compounds were detected in positive or negative multiple reaction monitoring
mode against internal standard. multiple reaction monitoring transitions are listed
in Supplemental Table 1. An Ascentis Express C18 column (30 � 2.1 mm,

2.7-mm particle size) was used with mobile phases (A) water and (B) acetonitrile
with either 0.1% acetic acid or 0.1% ammonia. Gradients for high-performance
liquid chromatography are listed in Supplemental Table 2.

Results

Prediction of Lysosomal Drug Sequestration in Rat Hepatocytes.
Our previous studies showed good predictability of lysosomal seques-
tration in rat hepatocytes for propranolol and imipramine (Schmitt et al.,
2019). To further confirm the reliability of these predictions, the
distribution into lysosomes of rat hepatocytes was measured experi-
mentally and predicted in silico for a broad set of compounds. These
PKIs comprised a broad range of physicochemical properties. With a log

Fig. 2. (A) Experimentally determined (triangles) and in silico predicted (filled circles) intracellular distribution to the lysosome of protein kinase inhibitors and reference
compounds in rat hepatocytes. (B) Correlation of experimental results and in silico predictions. Red line represents the line of unity, dark red represents the 95% confidence
band, and light red represents the 80% prediction band. Blue symbols represent the measurement in hepatocytes of n = 3 rats, and gray symbols represent the measurement in
hepatocytes of n = 2 rats. Data for propranolol and imipramine are adopted from Schmitt et al. (2019).

TABLE 2

Concentration of BMP in rat tissues with corresponding fractional volumes
of lysosomes

Liver was taken as reference, whose lysosomal content was determined experimentally. Other
tissues were calculated relative to the liver by bis(monoacylglycero)phosphate tissue
concentrations.

Tissue BMP Concentrationa
Fractional Tissue Volume of

Lysosomes (%)

pmol/mg tissue
Blood cells ,LLOQb n.a.
Plasma ,LLOQb n.a.
Adipose 0.3 6 0.1 0.03
Brain 15 6 1.9 1.4
Gutc 14 6 6.8 1.2
Heart 3.5 6 0.6 0.32
Intestine 15 6 6.0 1.4
Intestine large 9.6 6 1.9 0.88
Kidney 19 6 2.6 1.7
Liver 14 6 3.5 1.3
Lung 17 6 5.7 1.5
Muscle 1.2 6 0.1 0.11
Skin 1.8 6 0.6 0.16
Spleen 58 6 4.8 5.3
Stomach 12 6 1.9 1.1

aTaken from Wang and Schmitt et al. (2019); data represent means 6 S.D.
bLower limit of quantification.
cGut represents the weighted mean of small and large intestine accounting for the 2.3� higher

volume of the small intestine.
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P of 1.6–6.6, all compounds possessed enough lipophilicity to cross the
lipid bilayer by passive diffusion, thus being able to reach the inner
acidic compartment of lysosomes—a prerequisite to undergo lysosomal
trapping. The basicity of compounds ranged from a pKa of 0.2 up to 9.7,
with some of the compounds possessing a second weakly basic moiety.
All physicochemical properties used to predict the lysosomal seques-
tration of the compounds are summarized in Supplemental Table 3.
The predictions for compounds not showing any tendency for

lysosomal trapping were correctly confirmed by the experimental results
(Fig. 2). Strong lysosomal accumulation ($50%) was well predicted,
with only slight deviations from the experimental results. Only
saracatinib, with 50% of the drug trapped in lysosomes, was markedly
below the predicted 69%. As lysosomal trapping increases exponentially
in the range of pKa; 6.5–7.5, predictions of moderately lysosomotropic
compounds (;20%–40% in lysosomes) showed higher deviations from
experimental results with increasing basicity. Besides good predictions
for gefitinib and dasatinib, crizotinib and tandutinib were both over-
predicted by about 25%, and lapatinib was underpredicted by
24% (Fig. 2A). Statistical analysis showed a linear relationship between
predicted and experimentally determined lysosomal sequestration for
this diverse set of compounds, with a correlation coefficient of r2 = 0.8
and no systematic over- or underprediction (Fig. 2B). In total, 68% of the
compounds had a total deviation of ,10% and 86% of ,15%. With
lysosomes having a significant influence on intracellular distribution of
basic lipophilic drugs, the incorporation of pH-driven sequestration into
the mechanistic distribution equation of Rodgers et al. (2005) should
further improve prediction results.
Estimation of the Size of the Endo-/Lysosomal System in Rat

Tissues via BMP Content. Lysosomal content was calculated based on
the lysosome-specific marker lipid BMP (see Materials and Methods
section). The lysosomal content varies greatly between the different
tissues. Adipose, muscle, and skin tissue have only a little BMP content,
which calculates to few lysosomes with fractional tissue volumes
between 0.03% and 0.16%, followed by the heart with 0.32%. Most
tissues have a similar modest calculated fractional volume of lysosomes
as the liver (about 1%–1.7%). The spleen, however, has by far the most
lysosomes based on the relative BMP content, with a fractional volume
of 5.3% (Table 2). For the first time, we have estimated the size of the
lysosomal system across many body tissues. This fulfills the main
prerequisite to be able to incorporate pH-driven lysosomal sequestration
in the mechanistic approach to predict drug tissue distribution.
Prediction of Drug Tissue Distribution Including Lysosomal

Sequestration in all Rat Tissues. We have extended the mechanistic
model by Rodgers and Rowland (2007) to predict drug tissue
distribution by inclusion of tissue-specific lysosomal compartments.
As themodel assumes an equal distribution of the unprotonated free base

across all compartments, the pH-driven lysosomal partitioning can be
calculated from plasma concentrations. For simplification, an effective
lysosomal pH was derived from eq. 1, which could reliably predict the
lysosomal distribution of a large set of compounds in rat hepatocytes.
The effective pH comprises the information gained from the full pH
profile and should not be mistaken for the widely used average
lysosomal pH.
To examine the influence of this addition, the original data set of basic

lipophilic drugs was predicted with the equation according to Rodgers
et al. (2005) and the newly developed lysosomal extended eq. 3.
In all tissues the Kpu increased by considering lysosomal trapping in

the predictions. However, in tissues with few lysosomes like fat, heart,
muscle and skin the Kpu increased by only 1%–3% on average. Because
of the considerably greater size of the endo-/lysosomal system in
intestine, kidney, liver, and lung, predictions of Kpu increased by about
10% on average. With 29% and 43% for brain and spleen, respectively,
lysosomal sequestration showed the biggest impact on those tissues
(Table 3), showing a large spread depending on compound-specific
properties. Nicotine, for instance, was predicted about 300% higher in
spleen and 100% higher in lung and kidney, whereas verapamil was not
affected in any of these tissues. Although nicotine showed the greatest
change in most of the tissues, procainamide and quinidine showed the
strongest increase (80%) in brain (Fig. 3). Interestingly, stronger
differences in Kpu changes between compounds were seen in brain
and spleen than in other lysosome-rich tissues, like kidney, liver, or lung.
In tissues with few lysosomes, theKpu prediction did not change notably
for any compound. Deviations to experimental Kpu values did not
significantly change for tissues with few lysosomes but improved for all
lysosome-rich tissues compared with Rodgers et al. (2005). Detailed
prediction results including Kpu values for all compounds across tissues
are summarized in Supplemental Table 4. Incorporating lysosomal
trapping into the mechanistic equation led to an overall improvement of
the predictions for drug tissue partition.
Tissue Distribution of Protein Kinase Inhibitors. The effect of

lysosomal trapping on tissue distribution was further examined with 13
PKIs, which showed moderate to strong lysosomal sequestration in rat
hepatocytes and could successfully be predicted by eq. 1. Those
compounds were predicted using the original equation by Rodgers
et al. (2005) and the lysosomal extended eq. 3. Because of the lack of
experimental tissue Kpu values for those compounds, the Vuss was used

TABLE 3

Fold increase in predicted Kpu of 27 basic lipophilic drugs in rat tissues by
incorporating lysosomal trapping into the mechanistic model compared with

Rodgers et al. (2005) (eq. 2 vs. eq. 3)

Tissue Fold Increase of Kpu Minimum to Maximum (mean)

Adipose 1.00–1.08 (1.01)
Brain 1.01–1.81 (1.31)
Gut 1.00–1.72 (1.11)
Heart 1.00–1.20 (1.03)
Kidney 1.00–2.09 (1.11)
Liver 1.00–1.74 (1.08)
Lung 1.00–1.94 (1.11)
Muscle 1.00–1.06 (1.01)
Skin 1.00–1.11 (1.02)
Spleen 1.01–4.09 (1.43)

Fig. 3. Impact of the newly developed lysosomal trapping term on the prediction of
tissue distribution of 27 basic lipophilic drugs. Data represent the fold increase of
Kpu calculated by eq. 3 compared with predictions of Rodgers et al. (2005). Detailed
results are summarized in Supplemental Table 4.
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as a distribution parameter to assess the quality of predictions. The data
were primarily collected from literature and complemented by in vivo
PK studies (Table 4). The lipophilicity of the tested compounds ranged
from log P 3–5, all exceeding the recommended lipophilicity of Rodgers
and Rowland (2007) of log P,3. Additionally, the compounds showed
a larger spread in their B:P ratios compared with the original data set.
With a B:P ratio of 0.48, lapatinib hardly partitions into blood cells,
whereas tandutinib (with a B:P ratio of 2.8) has a preference to distribute
into blood cells.
The predictions for Vuss covered a wide range, from 76 up to 1085

l/kg. Tandutinib, cediranib, and bosutinib showed the lowest Vuss, with
76, 90, and 93 l/kg, respectively. Most of the compounds were predicted
to have Vuss between 100 and 300 l/kg. However, sunitinib, masitinib,
and lapatinib exceeded this range, with 375, 411, and 1085 l/kg,
respectively (Table 4). The prediction of Vuss did not change notably by
including lysosomal trapping into the predictions. Results predicted
according to the lysosomal extended eq. 3 only differed by up to 1 l/kg
compared with the model by Rodgers et al. (2005) (Supplemental
Table 5). On average, predictions of Vuss deviated from experimental
results only by 1.7-fold, with cediranib and sunitinib showing the highest
deviation of 2.2-fold (Fig. 6).

Discussion

Current distribution models do not, or only partially, consider
lysosomal sequestration, which is particularly important for basic
lipophilic drugs (Poulin and Theil, 2002; Rodgers et al., 2005, Assmus
et al., 2017). To close this gap, we have validated our previously
published in silico prediction of lysosomal trapping in rat hepatocytes
(Schmitt et al., 2019) and used this approach, in combination with
published BMP tissue levels, as marker lipid for the endo-/lysosomal
system in the body tissues of the rat (Wang and Schmitt et al., 2019) to
predict Kpu andVuss for the original data set fromRodgers et al. (2005).
Comparison of the results allowed the evaluation of the overall impact of
lysosomal sequestration on these PK parameters. The predictivity of the
approach was further examined using a set of more lipophilic PKIs
whose physicochemical properties are beyond the previous range,
reflecting a more recent drug-like space.

Prediction of Lysosomal Trapping. Themore diverse data set in the
present study (Fig. 2) confirms the high predictivity of our previously
published approach to predict lysosomal trapping (Schmitt et al., 2019).
As reported for propranolol and imipramine (Schmitt et al., 2019), the
superiority of using the full pH profile of the endolysosomal system
instead of simply using an average lysosomal pH value was also found
for PKIs. The absolute deviation of predictions from experimental
results was reduced from 12% to 6% (data not shown), and the number
of underpredicted compounds went down by one-third from 18 to 12.
The underestimation for lapatinib (20% instead of 44%) may be
explained by the predicted pKa = 6.5 that was used for lapatinib. An
alternative software (Chemaxxon; Chemaxxon Ltd.), which estimates
a pKa of 7.2, would predict a lysosomal sequestration of 40%, which is
fully in line with the experimental observation and highlights the impact
of the pKa estimates.
Lysosomal Sequestration in the Prediction of Drug Tissue

Partition. With no quantified BMP in red blood cells, lysosomes are
not expected in this cell type, which is in line with the absence of any
information on lysosomes in an extensive review on red blood cells
given by (Hinderling, 1997). Accordingly, the estimation of Ka, the
association constant of the compound for acidic phospholipid from the
blood-to-plasma ratio, as recommended by Rodgers et al. (2005), still
holds. The incorporation of the lysosomal sequestration into the
mechanistic equation revealed tissue-dependent effects onKpu. Adipose
tissue, muscle, and heart were minimally affected because of the low
abundance of lysosomes. However, for lysosome-rich tissues, such
as kidney, spleen, and liver, which are generally underpredicted by

TABLE 4

Compound-specific parameters, in vivo PK, and predicted Vuss of 13 protein kinase inhibitors

Physicochemical parameters were predicted using ADMET Predictor (Simulations Plus Inc.). Unbound fraction in plasma and blood-to-plasma concentration ratios
were measured experimentally. In vivo Vss was obtained from literature or in vivo PK studies. The amount of intracellular drug located in lysosomes (% in lysosomes)
was calculated according to eq. 1.

Compound pKa
Log
P

fua B:Pa
Vss
exp.b

Vuss
exp.c

Vuss
pred.d

% in
Lyososomes

l/kg l/kg l/kg
Afatinib 8.4, 3.9 3.8 0.11 2.6 16 152 224 54
Bosutinib 8.4, 4.1 4.1 0.09 1.1 15 177 93 51
Cediranib 9.1, 3.4 4.1 0.14 1.6 5.5 41 90 54
Crizotinib 9.7, 4.1 3.6 0.04 0.94 2.9 82 130 57
Dasatinib 6.9, 3.9 4.0 0.05 1.1 6.3 140 245 31
Gefitinib 6.9, 4.1 3.8 0.04 0.8 9.2 259 142 31
Imatinib 8.2, 4.5 4.4 0.02 0.86 2.6 165 288 60
Lapatinib 6.5, 4.1 4.6 0.003 0.48 1.8 551 1085 20
Masitinib 8.1, 4.2 5.0 0.03 0.83 6.2 236 411 55
Saracatinib 8.1, 5.0 3.2 0.10 1.7 10 97 130 69
Sunitinib 9.0 2.9 0.03 1.6 5.5 171 375 53
Tandutinib 8.9, 4.6 4.3 0.37 2.8 47 127 76 62
Vandetanib 8.8, 4.2 4.5 0.14 2.3 27 189 157 57

aSources: bosutinib, FDA (2012); dasatinib, Kamath et al. (2008); gefitinib, EMA (2008a); imatinib, O’Brien and Fallah Moghaddam (2013); lapatinib, O’Brien and
Fallah Moghaddam (2013); sunitinib, EMA (2006).

bSources: afatinib, EMA (2013); bosutinib, FDA (2012); crizotinib, PMDA (2012); dasatinib, Lombardo et al. (2004); gefitinib, McKillop et al. (2004); lapatinib,
EMA (2008b); saracatinib, Hennequin et al. (2006); sunitinib, EMA (2006); vandetanib, TGA (2013).

cCalculated from experimental volume of distribution and fraction unbound in plasma.
dDetailed prediction results (i.e., Kpu of tissues) are summarized in Supplemental Table 5.

TABLE 5

Composition of liver Kpu by subcellular distribution processes calculated by eq. 3
for nicotine and propranolol-R

Compound
Partial Liver Kpu Liver

KpuIW EW AP NL/NP Lyso

Nicotine 1.2 0.2 0.0 0.1 1.1 2.5
Propranolol-R 1.4 0.2 668 0.7 1.5 671

Lyso, lysosomes.
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Rodgers et al. (2005), up to 4-fold higher Kpu values (e.g., nicotine/
spleen) were observed, leading to improved predictions. In total
about 27% (vs. 23%) of the 245 predicted Kpu values were within
1.25-fold of the experimental results. Predictions within 2-fold were
achieved for 63% (vs. 60%) of the Kpu values, whereas false
predictions with deviations of greater than 4-fold were reduced to
9% (vs. 11%).
For compounds like nicotine, Kpuwas strongly affected by lysosomal

trapping, with a contribution of up to 50% of the liver Kpu (Table 5),
suggesting significant partitioning into lysosomes and intracellular water
but low tissue binding. These compounds share a high basicity,
relatively low lipophilicity, and a low B:P ratio (Fig. 4). In contrast,
tissue distribution of compounds with similar pKa but higher lip-
ophilicity and B:P ratio is clearly dominated by lipid partitioning, in
particular phospholipid binding with little overall contribution by
lysosomal trapping. For example, despite showing strong lysosomal
trapping, the Kpu of propranolol in the liver is almost entirely governed
by its affinity for acidic phospholipids (.99%, Table 5).
Despite the strong effect of lysosomal trapping on Kpu predictions for

some compounds in some tissues, there was only a marginal impact on
Vuss. On average, Vuss predictions increased by 3%, thus not
significantly changing compared with Rodgers et al. (2005) (Figs. 5 ).
Lysosome-rich tissues in which Kpu changes were observed tend to
have rather small tissue volumes (Table 1). Spleen, with only 0.83 ml in
rat, the tissue richest in lysosomes, does not contribute much to Vuss, as
it represents only ;0.3% of the body volume. Furthermore, tissue

distribution depends not only on lysosomal trapping but also on tissue
binding.
Our liver model does not take into account sequestration by Kupffer

cells that may contain even more lysosomes than hepatocytes (Blouin
et al., 1977). Despite their low abundance (;2% of liver), they may also
contribute to lysosomal sequestration by this organ. However, because
data on their overall lysosomal content are not available, we could not
include this cell type into our model. Furthermore, our model focuses on
lysosomal trapping by pH partitioning and does not cover interactions of
drugs with the lysosomal membrane, which may also be relevant
(Colombo and Bertini, 1988; Hallifax and Houston, 2007). There are
two key differences between the approach taken here and that taken by
Assmus et al. (2017). First, although they cover lysosomal sequestration
in lung, liver, and kidney, our method incorporates the lysosomal
content of all tissues in the body, in particular spleen, brain, and gut,
which are also rich in lysosomes. Second, the lysosomal sequestration as
estimated by Assmus et al. is effectively driven by interactions with
lysosomal membranes, thus emphasizing lysosomal binding, which is
calculated analogously to the plasmamembrane binding and hence tends
to result in overpredictions as already reported by (Nigade et al., 2019).
From our perspective, using the plasma membrane as a surrogate as
applied by Assmus et al. is arguable, as the lysosomal membrane differs
greatly in its composition (Amanuma-Muto et al., 1983; Kobayashi
et al., 2002; Schulze et al., 2009). Furthermore, the acidic phospholipid
phosphatidylserine, which is an important binding site for basic drugs, is
located on the cytosolic side of the lysosomal membrane (Hullin-
Matsuda et al., 2014) and is thus not able to interact with compounds
inside of the lysosome. As no data on lysosomal membrane composition
are available, our approach applies pH-driven lysosomal trapping only.
Lysosomal membrane binding can only be included once quantitative
data of lysosomal membrane composition become available.
Tissue Distribution of Protein Kinase Inhibitors. We have

selected this class of drugs to evaluate the performance of our model
because their physicochemical properties, especially lipophilicity (log P
= 3–5), are beyond the range of the original data set tested by Rodgers
et al. (2005). Reliable predictions for such compound classes will help to
guide lead optimization and facilitate PK projections to human (Reichel
and Lienau, 2016; Petersson et al., 2019). The extended model was
applied to predict the tissue Kpu and Vuss values of these mainly basic
PKIs (Table 4). With intracellular distribution to lysosomes of up to
66% in hepatocytes, this mechanism is expected to have an influence

Fig. 4. Compound properties for which a higher influence of lysosomal trapping on
tissue distribution can be expected. Note: Applies to lipophilic bases, which
passively diffuse across membranes in their unionized form.

Fig. 5. In silico predicted vs. experimentally determined Vuss of 27 basic lipophilic drugs. Predictions were made with the original model of Rodgers et al. (2005) (A) and
with the incorporation of lysosomal trapping (B). Lines represent a factor of 2 (dashes) and 3 (dots) on either side of the line of unity (solid).
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on the intracellular drug distribution. At the level of the predicted
Kpu values, however, there was no significant change across tissues
compared with the model of Rodgers et al. (2005) (Supplemental
Table 5). This highlights once more that although strong lysosomal
trapping may occur, tissue partitioning of basic lipophilic compounds
seems to be mainly driven by membrane binding, in particular to acidic
phospholipids.
Although lysosomal trapping may not be significantly contributing to

Kpu of all basic lipophilic drugs, it cannot be neglected as a mechanism
of intracellular drug distribution ultimately affecting drug safety and
efficacy (Smith et al., 2010, Guo et al., 2018). Indeed, the unbound
intracellular concentrations that drive engagement of intracellular drug
targets (Trünkle et al., 2020) can be influenced by lysosomal trapping, as
recently demonstrated by Llanos et al. (2019), causing the prolonged
activity of palbociclib.

Conclusion

We have extended the mechanistic, tissue composition–based
equations to predict tissue distribution by inclusion of lysosomal
compartments for all body tissues of the rat, thereby further improving
the predictivity of Kpu for basic drugs undergoing lysosomal trapping.
We see our model as another step in the continuing evolution of tissue-
distribution models. It started with the seminal work by Poulin and Theil
(2002) focusing on mechanisms related to the passive drug distribution
of neutral molecules between aqueous/lipids/proteins in plasma and
tissues and was subsequently advanced by Rodgers et al. (2005) to also
include ionic interactions of charged molecules with acidic phospholi-
pids and more recently by Assmus et al. (2017) to model lysosomal
trapping in three organs. Our model extension now covers pH-related
lysosomal trapping in all major tissues of the rat and is likely extendable
to other animal species, as well as to human. Direct comparison with the
data set by Rodgers and Rowland (2007) showed an improvement of
Kpu predictions, which, however, was smaller than expected for basic
lipophilic drugs. This finding was confirmed for a set of PKIs showing
that Kpu and Vuss were not significantly changed for these lipophilic
basic compounds, mainly because of the very small lysosomal volume
even in lysosome-rich tissues and the much stronger impact of lipid and
acidic phospholipid binding to overall tissue distribution.
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