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Purpose. To use recently developed mechanistic equations to predict tissue-to-plasma water partition
coefficients (Kpus), apply these predictions to whole body unbound volume of distribution at steady
state (Vugs) determinations, and explain the differences in the extent of drug distribution both within
and across the various compound classes.

Materials and Methods. Vug values were predicted for 92 structurally diverse compounds in rats and
140 in humans by two approaches. The first approach incorporated Kpu values predicted for 13 tissues
whereas the second was restricted to muscle.

Results. The prediction accuracy was good for both approaches in rats and humans, with 64-78% and
82-92% of the predicted Vug values agreeing with in vivo data to within factors of 2 and 3, respectively.
Conclusions. Generic distribution processes were identified as lipid partitioning and dissolution where
the former is higher for lipophilic unionised drugs. In addition, electrostatic interactions with acidic
phospholipids can predominate for ionised bases when affinities (reflected by binding to constituents
within blood) are high. For acidic drugs albumin binding dominates when plasma protein binding is high.
This ability to explain drug distribution and link it to physicochemical properties can help guide the
compound selection process.

KEY WORDS: in silico modelling; pharmacokinetics; physicochemical properties; physiological model;

tissue distribution.

INTRODUCTION

Two parameters frequently quoted as measures of the
extent of drug distribution within the body are the apparent
and steady-state volumes of distribution (V and Vg, respec-
tively). The difference between these parameters is that V,
estimated during the terminal phase after intravenous drug
administration, is influenced by the relative speeds of
distribution and elimination, whereas Vg is a much purer
distributional term (1), and forms the focus of this research.
Conventional methods for determining V involve intrave-
nous drug administration followed by compartmental or
statistical moment analysis of plasma concentration-time
data, or computations from drug affinities for various tissues
and organs of the body along with associated tissue and
plasma volumes. The latter is implemented less frequently
due to the immense time, resource and cost requirements
associated with experimentally determining tissue affinities,
along with the need for post-dose excision or biopsy from
multiple tissues/organs, which raises ethical issues, especially
for humans and large animals.
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Gaining an insight into the whole body distribution of
drugs prior to dose administration would help guide drug
candidate selection and assist decision making in drug
discovery. Several empirical and semi-empirical approaches
have been investigated for predicting drug distribution (2-8)
but these require in vivo data compilation for regression
analysis against physicochemical compound properties, and
distributional information cannot be subsequently gained
from inaccurate predictions.

Alternative mechanism-based methods however are
informative for both inliers and outliers. They are developed
from an understanding of the underlying distribution mech-
anisms along with physiological information and create the
potential for a priori predictions, as detailed by Davis and
Mapleson (9). Such methodologies were later refined and
investigated by Poulin et al. who developed mechanistic
equations to predict the affinity of drugs for various tissues
and organs (10,11), which subsequently permitted Vg pre-
dictions (12). However, the equations used for these tissue
affinity predictions were originally developed for small
neutral molecules so when applied to substantially ionised
compounds, which comprise many drug substances at phys-
iologic pH, significant inaccuracies were attained. More
recently, alternative equations have been developed for
predicting tissue-to-plasma water partition coefficients
(Kpu) that incorporate drug ionisation and provide a more
detailed and informative insight into tissue distribution of
such compounds (13,14). Using these newer equations
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significant improvements in the accuracy of Kpu predictions
over the equations of Poulin ef al. were observed as such the
latter equations were not further investigated in this research.

Briefly, the equations of Rodgers et al. are based on the
assumption that all drugs will dissolve in intra- and extra-
cellular tissue water, and partition into the neutral lipids and
neutral phospholipids located within tissue cells. An addi-
tional mechanism incorporated for compounds with at least
one basic pKa>7 (ionised bases and corresponding zwitter-
ions) is electrostatic interactions with tissue acidic phospho-
lipids. For other drug classes associations with extra-cellular
proteins are an essential component, where acids and weakly
basic compounds are assumed to bind primarily to albumin,
and neutral drugs to lipoproteins (13,14).

The aim of this research was to investigate the utility of these
recently developed mechanistic equations for predicting Vug
values in rats and humans, and the possibility of reducing the
number of Kpu inputs to just muscle. In addition, these
mechanistic approaches were used to explain the differences in
the extent of drug distribution both within and across the
various compound classes, i.e. bases, acids and neutrals.

MATERIALS AND METHODS

Vug values were estimated by each of two approaches
that utilise mechanistically predicted Kpu values. The Kpu
equation for compounds with at least one basic pKa>7
(Eq. 1), and that for other compound types (Eq. 2) are shown
below, but the reader is referred to the original articles for
further details (13,14).

(54) -+ (522

Kpu = n (M) W
1+Y
1+X-
kpu | T o+ (Ko PRE) ]

where P is the n-octanol:water partition coefficient for
unionised compound for all tissues except adipose (vegetable
oil:water); f is the fractional tissue volume; subscripts IW and
EW refer to intra- and extra-cellular tissue water, NL and NP
to tissue neutral lipids and neutral phospholipids, and APt
and PR to the tissue concentrations of acidic phospholipids
and extra-cellular albumin (for acids and weak bases) or
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lipoprotein (for neutrals), respectively; Kasp and Kapr are
the affinity constants of the drug for acidic phospholipids and
either extra-cellular albumin or lipoprotein, respectively; and
terms X, Y and Z account for drug ionisation as shown in
Table I.

Values for Kap and Kapgr can be obtained using Egs. 3
and 4, respectively, for which negative values can be obtained
when the affinity is low due to variability and uncertainty in
the input parameters. Under such circumstances the affinity
constants should be set to zero.

Karr Kpupc — (%i—% -f1w,3c> - 1+4Y 3
asp = <P-fNL_BC+(0,3P+0,7)-‘fN,,_B(v> AP,z 3)
1+Y
L_ 1=
Ju 1
Kapg = . 5 T 4
apR <P'fm,.P+(01if;+0-7)fNRP) [PR], )

where subscripts BC and P refer to red blood cells and
plasma, respectively; pHgc is the intracellular pH of blood
cells for which a value of 7.22 was utilised (13); fu is the
fraction of drug unbound in plasma; and Kpugc can be
calculated from fu, the blood-to-plasma concentration ratio
(R) and the haematocrit (15).

APPROACH 1 (FROM MULTIPLE TISSUE
AFFINITY DATA)

In this first approach, Egs. 1, 2, 3, 4 were utilised to
predict the Kpu values in rats and humans for 13 tissues
(adipose, bone, brain, gut, heart, kidney, liver, lung, muscle,
pancreas, skin, spleen and thymus) using residual blood
adjusted rat tissue composition data (13,14) for both species
along with species-specific fu and R values (Tables II, IIL, IV,
V). For most drugs these tissues comprise the majority
affecting the overall distribution within the body. The Vug
values were computed by inserting these predicted Kpus into
Eq. 5 and converted into L/kg by dividing by 250 g in rats and
70 kg in humans.

Vp
f_u + Z VTJ : Kpui

where Vp and Vrp; are the volumes of plasma and the ith
tissue, respectively (Table VI), and Kpuy; is the mechanisti-
cally predicted Kpu of the ith tissue (Egs. 1, 2, 3, 4).

vuss =

()

Table I. Definitions of Terms X, Y and Z in Egs. 1, 2, 3, 4¢

X Y 7
Monoprotic base 10PKa=pHnv 10pKa—pHp 10PKa—pHsc
DipI‘OtiC base" 1()PK‘12*[’HIW + 10[’K”1+]7K02*2PHIW 10[)[((’2*[)1‘][3 + 10pKal+pKa2—2pHp 10pKa2—[7H5p + 10pKal+pKa2—2pch
Monoprotic acid 10PHw—pKa 1QPHr—pKa NA

DipI‘OtiC acidb 10pH,w—pKa1 +10 2pHw—pKal—pKa2 10pHp—pKal + 102pHp—pKa1—pKn2 NA
Zwitterion 1OPK1113/\SI:*PHIW + 1OPHIW —pKaacip 10PK‘1[1A.\I; —-pHp + IOPHP*PKRALM) 10PK(’IJASI£*pHBC + 10pH/1( —pKaacip
Neutral 0 0 NA

“The pHs of plasma (pHp), intracellular tissue water (pHyw) and blood cells (pHpc) were taken to be 7.4, 7 and 7.22, respectively (13).

®In these expressions pKal<pKa2.
NA-—not applicable
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Table II. Prediction Parameters for Compounds with at Least One Basic pKa>7 in Rats and Humans”

Rodgers and Rowland

Human Rat
Compound LogP pKa“

R fu Vub, R fu Vub,
Acebutolol-RS 1.87 9.67 1.39 0.77 1.60"" - - -
Acebutolol-R 1.87 9.67 - - - 1.09 0.79 11.81
Acebutolol-S 1.87 9.67 - - - 1.01 0.73 12.19
Alprenolol 3.16 9.53 0.76 0.20 13.06 - - -
Amitriptyline 4.90 9.40 0.86 0.056 148.2 - - -
Atenolol 0.38 9.55 1.11 0.96 1.06 - - -
Betaxolol-R 2.59 9.40 - - - 2.06 0.53 39.61
Betaxolol-S 2.59 9.40 - - - 1.91 0.54 36.58
Biperiden 4.25 8.80 0.95 0.10 118.6 1.19 0.17 82.35
Bisoprolol-R 1.87 9.40 - - - 1.36 0.85 8.14
Bisoprolol-S 1.87 9.40 - - - 1.36 0.85 7.91
Bupivicaine 3.41 8.13 0.68 0.045 20.01 - - -
Caffeine 1.29 10.40 1.04 0.70 0.96"" - - -
Carvedilol 4.19 8.10 0.71 0.025 58.66 - - -
Carvedilol-R 4.19 8.10 - - - 0.81 0.019 94.22
Carvedilol-S 4.19 8.10 - - - 1.01 0.037 90.72
Chlorpheniramine 3.07 9.13 1.34 0.28 11.19 - - -
Chlorpromazine 5.42 9.70; 6.40 1.17 0.036 280.7 1.56 0.11 274.5
Clomipramine 5.22 9.38 1.05 0.068 296.3 - - -
Clozapine 342 7.70; 3.70 0.86 0.050 108.0 - - -
Cocaine 2.30 8.66 1.00 0.090 2222 1.00 0.63 4.84
Desipramine 4.45 10.32 0.96 0.19 105.3¢ - - -
Diltiazem 2.67 7.70 1.03 0.20 1522 0.93 0.22 16.59
Diphenhydramine 3.31 8.98 0.74 0.089 42.02 - - -
Disopyramide 2.58 9.40 - - - 1.00 0.24 2.68""
Doxepin 4.01 9.00 1.25 0.19 61.43
Doxorubicin 1.27 8.15 - - - 1.91 0.34 242.6%%
Ethambutol —0.40 9.50; 6.30 1.33 0.84 4.65 - - -
Etidocaine 3.45 7.80 0.59 0.060 25.42 - - -
Exaprolol 3.68 9.27 - - - 1.25 0.54 110.0%%
Fentanyl 4.05 8.99 1.00 0.16 2275 0.89 0.15 30.49
Haloperidol 3.61 8.48 1.08 0.10 173.7 - - -
Imipramine 4.80 9.50 1.07 0.13 114.0 1.67 0.24 66.04
Inaperisone 3.72 9.05 - - - 1.88 0.24 26.46
Ketamine 2.65 7.50 1.24 0.77 2.33%" - - -
Ketanserin 3.29 7.314 0.70 0.049 75.96 - - -
Lidocaine 2.44 8.01 0.87 0.35 2.96 1.27 0.38 6.89
Lorcainide 4.85 9.50 0.77 0.16 39.38 - - -
Maprotiline 4.50 10.50 1.70 0.12 358.3 - - -
Meperidine 2.72 8.64 1.11 0.38 9.62 - - -
Mepivacaine 1.88 7.76 0.91 0.23 5.11 - - -
Metclopramide 2.60 9.30 1.08 0.65 5.23 - - -
Methadone 3.93 8.94 0.77 0.13 38.98 1.00 0.25 25.79
Metolazone 1.80 9.70 1.13 0.057 28.41" - - -
Metoprolol-RS 2.15 9.70 1.14 0.90 3.85 - - -
Metoprolol-R 2.15 9.70 - - - 1.52 0.80 9.84
Metoprolol-S 2.15 9.70 - - - 1.51 0.81 9.55
Mexiletine 2.15 9.00 1.12 0.34 14.63 - - -
Morphine 0.89 8.35 1.02 0.71 3.65 - - -
Naloxone 2.10 7.90 1.22 0.59 7.29 - - -
Nicardipine 4.67 8.60 0.71 0.040 24.84" - - -
Nicotine 1.17 7.80; 3.04 - - - 0.80 0.84 1.17
Nitrofurantoin —0.47 7.20 0.76 0.39 1.47 - - -
Ondansetron 1.92 7.40 0.83 0.28 6.62 - - -
Oxprenolol-RS 2.18 9.50 0.64 0.14 6.48 - - -
Oxprenolol-R 2.18 9.50 - - - 0.75 0.29 9.67
Oxprenolol-S 2.18 9.50 - - - 0.80 0.41 9.13
Pentazocine 331 8.50 1.07 0.37 13.23 1.55 0.46 16.65
Phencyclidine 4.96 9.40 - - - 1.12 0.47 26.70
Pindolol-RS 1.75 8.80 0.81 0.41 3.85 - - -
Pindolol-R 1.75 8.80 - - - 123 0.48 9.00
Pindolol-S 1.75 8.80 - - - 1.48 0.78 11.01
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Table II. (Continued)

Human Rat
Compound LogP pKa“

R fu Vub, R fu Vub,
Prilocaine 2.11 7.90 1.25 0.61 6.09 - - -
Procainamide 0.88 9.20 0.98 0.84 2.27 1.00 0.92 1.92
Promethazine 4.96 9.60; 6.50 1.50 0.16 87.50 - - -
Propafenone 4.24 9.74 0.70 0.050 72.73 0.96 0.022 172.5
Propranolol-RS 3.65 9.45 0.80 0.11 30.09 - - -
Propranolol-R 3.65 9.45 - - - 0.77 0.044 42.62
Propranolol-S 3.65 9.45 - - - 1.29 0.20 50.67
Quinidine 3.44 10.00; 5.40 0.96 0.17 18.26 1.40 0.33 27.09
Remoxipride 2.10 8.90 0.70 0.20 3.35 1.20 0.74 6.08
Ropivacaine 2.90 8.12 0.69 0.070 7.86 - - -
Sematilide 1.36 9.50; 7.60 1.09 0.96 0.79 - - -
Sildenafil 2.75 7.60 0.62 0.040 30.00 - - -
Sotalol 0.53 9.80; 8.25 1.07 1.00 1.13 - - -
Sulpiride 0.57 10.19; 9.01 1.00 1.00 0.85" - - -
Theophylline 0.26 8.71 0.83 0.51 1.08 0.91 0.60 0.95
Timolol 1.91 9.21; 8.80 0.81 0.40 5.04 1.10 0.76 6.84
Tolamolol 2.19 7.94 0.76 0.090 29.52 - - -
Trimethoprim 1.01 7.16; 6.60 1.28 0.48 3.68" - - -
Verapamil 3.79 8.50 0.84 0.082 57.42 0.85 0.050 88.00
Enoxacin 0.10 6.10(A); 8.70(B) - - - 0.94 0.66 2.38
Lomefloxacin —0.30 5.80(A); 9.30(B) - - - 0.96 0.72 1.81
Ofloxacin —-0.39 6.10(A); 8.20(B) - - - 0.92 0.77 2.08
Pefloxacin 1.22 6.30(A); 7.60(B) - - - 0.94 0.80 3.44
Pipemedic acid —2.15 4.94(A); 7.00(B); 3.47(B) - - - 0.94 0.79 2.93

“ All values, unless otherwise stated, are experimental and taken from the literature (3-6,12,13,16,17,27,29-74). Where multiple values are

reported means have been taken.

b Experimental in vivo Vug (L/kg) in rats and humans computed from plasma volume of distribution at steady state (V) and fu, or in rats
only from experimental in vivo tissue affinities using Eq. 5, where tissue volumes were adjusted to account for body weight (250 g for a

standard rat).

“Here (A) refers to an acidic pKa and (B) a basic pKa. If no term is stated base is inferred.

d Experimental values could not be found in the literature so predictions were made using SPARC (26).
¢ Vug, value calculated using approach 1 was under-predicted by > =4 fold.

’Vu value calculated using approach 1 was over-predicted by > +4 fold.

8 Vug value calculated using approach 2 was under-predicted by > +4 fold.

"V value calculated using approach 2 was over-predicted by > +4 fold.

APPROACH 2 (USING MUSCLE AFFINITY
DATA ONLY)

On examination of in vivo experimental muscle Kpu and
Vugs (L/kg) values in rats an interesting trend emerged, name-
ly the two parameters were very similar (Fig. 1). The possibil-
ity of simplifying Eq. 5 to include only the muscle Kpu was
therefore investigated (Eq. 6), where the muscle Kpu values
were predicted using Egs. 1, 2, 3, 4 in both rats and humans
using species-specific tissue composition (Table VII), fu and
R data (Tables II to V).

Vv
_P + Kpumuscle . (6)

Vu:: = le

13
DV
1
where 27 V; is the sum of the volumes of the 13 tissues
listed in Table VI, Kpuyuscle 1S the mechanistically predicted
muscle Kpu value (Egs. 1, 2, 3, 4) and the resultant Vug, was

body weight normalised by dividing by 250 g for rats and 70
kg for humans.

APPLICATION

Both approaches were used to predict the Vug for 92
compounds in rats and 140 compounds in humans. The
accuracy of the predictions (Table VIII) was assessed by
computing the percentage of predicted values agreeing with
experimental Vug values (Tables II, III, TV, V) to within
factors of 2, 3 and 4, and calculations of the average fold error
(afe; Eq. 7) and the root mean square error (rmse; Eq. 8).

predicted

afe = 10%'2 log (hermentar) 7)

1 . . 5
= /= 10(predicted—experimental) 8
rmse \/ . E (8)

where n is the number of compounds, predicted is the
mechanistically predicted Vug (approach 1 or 2) and
experimental is the in vivo Vug.

Equation 6 was also used to investigate the sensitivity of
these Vug predictions to the physicochemical input param-
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Table III. Prediction Parameters for Compounds with at Least One Basic pKa<7 in Rats and Humans®

Human Rat
Compound LogP pKa“

fu Vub, fu Vub,
Alfentanil 2.16 6.50 0.077 6.34 0.11 6.41
Alprazolam 2.09 2.40 0.27 221 0.35 5.66
Antipyrine 0.63 1.45 0.96 0.63 - -
Chloramphenicol 1.14 5.50 0.47 2.00 - -
Chlordiazepoxide 2.44 4.73 0.053 6.48 0.15 9.69
Cimetidine 0.60 6.80 0.80 1.25 - -
Cytosine arabinoside —2.31 4.30 0.87 0.75 - -
Diazepam 2.84 3.38 0.020 52.94 0.14 41.617
Dipyridamole 2.70 6.40 0.0087 71.46 - -
Epiroprim 2.89 6.96 0.11 23.82 0.10 4773
Ergotamine 247 6.40 0.020 135.0¢7 - -
Etomidate 3.05 4.35 0.24 10.31 0.19 21.10
Famotidine -0.21 6.86 0.82 1.40 - -
Fluconazole 0.80 1.77 0.89 0.68 - -
Flunitrazepam 2.06 1.80 - - 0.25 1524/
Metronidazole —0.06 2.56 0.85 0.91 - -
Mibefradil 3.86 4.80; 5.50 0.0075 405.3 - -
Midazolam 3.15 6.01 0.037 37.70 0.059 37.73
Nizatidine -0.43 6.80; 2.10 0.71 1.69 - -
Omeprazole 2.16 4.00 0.047 7.22 - -
Pentoxifylline 0.30 0.30 1.00 420 - -
Prazosin 1.74 6.82 0.054 11.32 - -
Trazodone 3.20 6.79° 0.073 13.79 - -
Triazolam 2.42 2.00 0.13 5.27 0.28 8.00
Ceftazidime —0.49 2.53(A); 1.90(A); 3.75(B) - - 0.10 2.40
Clonazepam 2.41 10.50(A); 2.05(B) 0.15 19.73 - -
Isoniazid —0.70 10.80(A); 3.50(B); 1.82(B) 0.98 0.61 - -
Lorazepam 2.45 12.25(A); 1.30(B) 0.090 17.78 - -
Lormetazepam 2.20 10.41(A); 0.38(B)? 0.12 12.50 - -
Meloxicam 343 4.20(A); 1.10(B) 0.0060 25.00 - -
Naldixic acid 1.12 5.54(A); 3.26(B) - - 0.29 1.31
Nitrazepam 224 10.80(A); 3.30(B) 0.14 14.80 - -
Oxazepam 2.24 11.60(A); 2.03(B) 0.043 18.12 0.15 8.81
Tenoxicam 1.90 5.30(A); 1.01(B) 0.012 13.45 0.017 12.06

“ All values, unless otherwise stated, are experimental and taken from the literature (3-6,12,14,22,27,29,43-46,48-50,57-61,63,75-82). Where

multiple values are reported means have been taken.

b Experimental in vivo Vug (L/kg) in rats and humans computed from plasma volume of distribution at steady state (V) and fu, or in rats
only from experimental in vivo tissue affinities using Eq. 5, where tissue volumes were adjusted to account for body weight (250 g for a

standard rat).

“Here (A) refers to an acidic pKa and (B) a basic pKa. If no term is stated base is inferred.

4 Experimental values could not be found in the literature so predictions were made using SPARC (26).
“Vu, value calculated using approach 1 was under-predicted by > +4 fold.

TVug value calculated using approach 2 was under-predicted by > +4 fold.

eters, i.e. P, pKa, fu and R, for hypothetical neutral, acid,
weakly basic and moderately-to-strongly basic compounds
(MatLab version 7.0.1). The simulations were then correlated
with the major distributional processes accommodated by the
mechanistic Kpu equations, namely dissolution into tissue
water, lipid partitioning, electrostatic interactions with acidic
phospholipids and extra-cellular protein binding.

RESULTS

The accuracy of the Vug predictions using approaches 1
and 2 are given in Table VIII and illustrated in Figs. 2 and 3.
In general the prediction accuracy of both approaches was
good with 92 and 89% in rats (n=92) and 87 and 82% in
humans (n=140) of the predicted Vu values agreeing with
experimental values to within a factor of +3 using approaches

1 and 2, respectively. Predictions were also generally
unbiased with average fold errors for the entire datasets
ranging from 0.74 to 0.94 for both approaches in both species.
Additionally, the precision was similar between methods in
both species as shown by the rmse values.

DISCUSSION

Recently developed mechanistic Kpu equations (13,14)
have been used to predict Vug values in both rats and humans
via two methods, and the prediction accuracy was similar and
good in all cases. Using these equations significant Kpu, and
subsequent Vug, under or over-predictions inform the re-
searcher that additional mechanisms are involved in the
overall distribution of the compound of interest. Such
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Table IV. Prediction Parameters for Acidic Drugs in Rats and Humans®
Human Rat
Compound LogP pKa
fu Vub, fu Vub,
Acetaminophen 0.46 9.44 0.90 1.13 0.88 0.76
Acetylcysteine —0.60 9.50 0.22 1.53 - -
Acitretin 6.40 5.10 - - 0.010 357.0
Amobarbital 1.89 7.90 0.45 227 0.48 3.04
Ascorbic acid -1.85 4.45; 11.60 0.76 0.95 - -
Barbital 0.65 7.95 - - 1.00 0.57
5-n-alkyl-5-ethyl barbituric acids: - - - -
Methyl 0.05 8.11 - - 1.00 0.57
Ethyl 0.68 7.88 - - 0.95 0.54
Propyl 0.77 7.77 - - 0.87 0.64
Butyl 1.73 7.81 - - 0.61 1.11
Pentyl 2.24 8.00 - - 0.50 1.48
Hexyl 2.77 7.74 - - 0.19 4.95
Heptyl 3.28 7.78 - - 0.066 16.67
Octyl 3.82 7.78 - - 0.026 53.85
Nonyl 4.07 7.82 - - 0.0093 204.3
Bumetanide 291 4.50 0.0059 20.75 - -
Cefazolin 0.28 2.33 - - 0.16 1.41
Cefiximine 3.87 3.73 0.34 0.33 - -
Cerivastatin 4.65 4.35; 5.80 0.0070 42.86 - -
Colchicine 1.15 12.35 0.60 8.67¢ - -
Dideoxyinosine —-1.24 9.06 0.96 0.78 0.97 0.52
Entacapone 2.16 4.55 0.020 13.50 - -
Fenoprofen 3.70 4.50 0.010 14.06 - -
Fluvastatin 4.85 4.60 0.0079 53.08 - -
Furosemide 2.32 3.90 0.012 9.08 - -
Hexobarbital 1.74 8.29 0.53 2.06 0.62 1.13
Hydrocortisone 1.58 5.10 0.15 6.07° - -
Ibuprofen 4.06 4.70 0.0061 16.16 - -
Indomethacin 4.03 4.50 0.12 1.43 - -
Ketoprofen 2.90 4.52 - - 0.029 41.03¢
Ketorolac 3.49 3.49 0.0080 13.75 - -
Mephenytoin 1.69 8.51 - - 0.63 2.05
Methohexital 1.72 8.30 0.27 10.61¢ - -
Nicoumalone-R 1.98 4.70 0.020 9.93 - -
Nicoumalone-S 1.98 4.70 0.018 18.37 - -
Penicillin 1.64 2.70 - - 0.15 1.58
Pentobarbital 2.10 8.11 0.46 2.18 0.54 241
Phenobarbital 1.59 7.35 0.52 1.09 0.64 1.59
Phenylbutazone 3.16 4.50 0.0090 13.56 0.042 5.62
Phenytoin 2.50 8.32 0.12 5.09 0.19 7.32
Salicyclic acid 2.16 2.99 - - 0.14 1.27
Thiopental 2.93 7.53 0.18 11.46 0.13 7.85
Tolbutamide 2.39 5.29 - - 0.27 0.70
Tolcapone 3.15 4.79 0.0010 120.0 - -
Tolfenamic acid 5.20 4.30 0.0030 48.25 - -
Valproic acid 2.76 4.60 0.099 1.32 0.37 1.78

“ All values, unless otherwise stated, are experimental and taken from the literature (3,4,6,12,14,21,25,27,29,43-46,57,59-63,83-104). Where

multiple values are reported means have been taken.

b Experimental in vivo Vug (L/kg) in rats and humans computed from plasma volume of distribution at steady state (V) and fu, or in rats
only from experimental in vivo tissue affinities using Eq. 5, where tissue volumes were adjusted to account for body weight (250 g for a

standard rat).

¢ Experimental values could not be found in the literature so predictions were made using SPARC (26).
4V values calculated using approaches 1 and 2 were under-predicted by > +4 fold.

information gain cannot be obtained from empirically-based
approaches to pharmacokinetic predictions.

Situations that can give rise to under or over-predictions
of Kpu values are detailed in previous reports (13,14) and
include active transport processes, non-linear pharmacoki-
netics and binding to tissue constituents not accommodated

by the mechanistic equations. If these mechanisms signifi-
cantly contribute towards drug distribution in the whole body
then Vug predictions using these equations may also deviate
from experimental values. For example, under-predictions of
Kpu values manifested into under-predictions of the Vug (6
fold in rats) for doxorubicin, a compound which is known to
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Table V. Prediction Parameters for Neutral Drugs in Rats and Humans”

Human Rat
Compound LogP
fu Vufs fu VuﬁfY
Betamethasone 1.87 0.36 3.67 - -
2-Butanol 0.61 - - 1.00 0.73
Cloprednol 1.68 0.16 5.06 - -
Coumarin 1.39 0.85 1.51 - -
Cyclosphosphamide 0.63 0.85 0.92 - -
Cyclosporin 2.92 0.066 28.78 0.083 41.33
Dexamethasone 2.18 0.29 3.89 - -
Digitoxin 1.85 0.064 12.25 - -
Digoxin 1.23 0.74 9.12¢ 0.61 2.08
Enprofylline 0.33 0.49 1.04 - -
Estradiol 3.40 0.015 80.00 - -
Ethanol —0.26 1.00 0.54 1.00 0.78
Ethoxybenzamide 0.79 - - 0.59 0.95
Ethylene glycol —1.36 - - 1.00 0.35
Ftorafur —-0.27 - - 0.78 0.44
Griseofluvin 2.18 0.20 7.00 - -
Isosorbide dinitrate 1.31 0.64 2.76 - -
Isosorbide mononitrate —0.28 0.98 0.95 - -
Methoxsalen 2.04 0.090 7.56 - -
Methyprednisolone 1.82 0.23 6.11 - -
Prednisolone 2.02 0.11 6.29 0.60 2.28
Prednisone 1.34 0.25 3.88 - -
Propofol 3.79 0.028 176.5 - -
t-Butyl Alcohol 0.35 - - 1.00 1.00
Thiopeta 0.53 0.90 0.78 - -
Toluene 2.69 1.00 15.40 - -

“All values, unless otherwise stated, are experimental and taken from the literature (5,6,12,14,27,29,43-46,57,59,61,63,105-109). Where

multiple values are reported means have been taken.

b Experimental in vivo Vug (L/kg) in rats and humans computed from plasma volume of distribution at steady state (V) and fu, or in rats
only from experimental in vivo tissue affinities using Eq. 5, where tissue volumes were adjusted to account for body weight (250 g for a

standard rat).

“Vuy values calculated using approaches 1 and 2 were under-predicted by > =4 fold.

extensively interact with tissue DNA (16,17). A further
example is provided by chlorthalidone (data not reported ),
a basic compound known to have a high affinity for human
carbonic anhydrase, an enzyme primarily located in the

Table VI. Tissue Volumes Normalised to Body Weight for a
Standard 250 g Rat and 70 kg Human*

Tissue volumes

Tissue
Human (L) Rat (mL)
Plasma 3.15 8.13
Adipose 10.43 10.43
Bone 9.07 16.47
Brain 1.49 1.30
Gut 1.85 11.10
Heart 0.31 1.08
Kidney 0.31 2.85
Liver 2.52 14.67
Lung 0.92 1.53
Muscle 33.89 136.24
Pancreas 0.21 0.94
Skin 5.63 43.69
Spleen 0.20 0.83
Thymus 0.039 0.73

“Values taken from the literature (110,111,112)

cytosolic fraction of red blood cells (18). This enzyme affinity
results in an exceptionally high blood-to-plasma concentra-
tion ratio (R) of ca30 (18,19) and when incorporated into
Eq. 3 results in over-estimations of the affinity constant of
chlorthalidone for acidic phospholipids, which translates
into significant over-predictions of Kpu and Vug of this
compound (>50 fold for Vug; i.e. 20 vs >1,000 L/kg).
Distribution into blood cells also contributes towards the
whole body volume of distribution (20), but this compart-
ment was not incorporated into the approaches used in this
research due to the difficulty in obtaining R values for a large
database of structurally diverse compounds. In addition, for
many drugs this component is considered to have a minimal
contribution towards the Vug since, compounds that poorly
distribute into tissues are generally not significantly bound to
blood cells, and for compounds with avid tissue affinities,
with large Vug values, the percentage of the Vug attributed
to blood binding is generally small (volume of blood cells
being <2% of body weight). However, some drugs signifi-
cantly associate with blood cell-specific constituents such as
haemoglobin or carbonic anhydrase (18), and if this affinity is
high in comparison with other mechanisms then neglecting
blood cell binding may cause Vug under-predictions. For
example, the acidic drug fluvastatin (Table IV) shows
minimal intra-cellular tissue distribution but has an R value
of 1.85 in humans (21), which deviates from commonly
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Fig. 1. Correlation between experimental in vivo rat muscle Kpu and
Vug (L/kg) values. The dashed lines represent a factor of three on
either side of unity.

observed values for acidic drugs i.e. R close to one minus the
haematocrit. Here the Vug in humans was under-predicted
by a factor of ca 3 using Egs. 5 and 6 but the prediction
accuracy was improved to less than a 2 fold deviation from the
experimental Vug by incorporating a blood cell compartment.

Parameter uncertainty and inherent variability can also
influence the accuracy of Kpu predictions as discussed in
previous articles (13,14) and this in turn influences the Vug
prediction accuracy, e.g. tissue composition data uncertainty
arising from data compilation from rats of differing ages,
strains, weights and gender: experimental difficulties for
compounds that are extensively protein bound and/or highly
lipophilic: and, the inherent variability associated with all
parameters, none of which was explicitly incorporated in the
present predictions. An additional factor that can affect Vug
prediction accuracy is the accuracy of the experimental
values to which predictions are compared. As such, to
minimize errors, in vivo data was only utilised from in-
travenous studies, since bioavailability introduces uncertainty
for other dose routes. Furthermore, all in vivo values refer to
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steady-state distribution because differences between steady-
state and apparent distribution volumes can be pronounced if
significant drug elimination has occurred before distribution
equilibrium is attained. Despite such care, errors in the in
vivo Vug can still arise that may not be apparent from the
published data, e.g. sparse or inappropriate sampling time-
points, resulting in imprecise and potentially biased pharma-
cokinetic calculations. In addition, mean experimental Vug
values were used for accessing prediction accuracies and for
some compounds this average value was derived from data
showing pronounced inter-subject or inter-laboratory param-
eter variability. So when predicted point estimates of the Vug
are compared with mean in vivo data, inaccurate predictions
may be inferred but on closer inspection of the experimental
data these predictions may fall within the in vivo variability
boundaries, e.g. in rats the in vivo Vug reported for
flunitrazepam ranged from ca 5 to 21 L/kg (22) and whilst
the predicted Vuy, was ca 5 fold lower than the mean
experimental value it was close to the lower limit.

In humans a lack of available tissue composition data
necessitated the utilisation of rat information in the 13 tissue
approach for human Vug predictions. This resulted in good
predictions of Vug but it is possible that prediction accura-
cies could be further improved if human tissue composition
data were available for a sufficient number of tissues. Such
accuracies in the whole body distribution predictions in
humans from rat tissue composition information do not
automatically infer accurate predictions of the individual
tissue Kpu values in humans. In rats accurate tissue Kpu
predictions were previously demonstrated across a wide
range of structurally diverse compounds by comparing
predicted with experimentally determined in vivo Kpu values
(13,14). Such in vivo data in humans are scarce due to ethical
issues associated with the requirement for tissue excision/
biopsy. The accuracy of mechanistically predicted Kpu values
in humans therefore remains uncertain, and it is possible that
rat tissue composition data significantly over-predicts the
human Kpu’s in some tissues and under-predicts it in others
resulting in accurate Vug predictions due to the errors
cancelling each other out. This hypothesis is supported by

Table VII. Muscle, Plasma and Blood Cell Composition Data for Rats and Humans”

Component Species Muscle Plasma Blood Cell
Acidic Phospholipids Human 242 0.041 0.57
(mg/g) Rat 1.50 0.057 0.50
Neutral Phospholipids Human 0.0078 0.0021 0.0033
(fractional volume) Rat 0.0072 0.0013 0.0029
Neutral Lipids Human 0.022 0.0032 0.0012
(fractional volume) Rat 0.010 0.0023 0.0017
Total Tissue Water Human 0.745 0.95 0.63
(fractional volume) Rat 0.726 0.96 0.60
Extra-cellular Water Human 0.079 NA NA
(fractional volume) Rat 0.118 NA NA
Albumin Human 0.064" NA NA
(tissue to plasma ratio) Rat 0.064 NA NA
Lipoprotein Human 0.059" NA NA
(tissue to plasma ratio) Rat 0.059 NA NA

“Values taken from the literature (10,13,14,113-117), where the muscle composition data was adjusted for contributions from residual blood

(14).

b Assumed identical to rat.
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Table VIII. Accuracy of the Vuss Predictions Using Approaches 1 (Multiple Tissue Data) and 2 (Muscle Only) in Rats and Humans®

Rat Human
Approach 1 Approach 2 Approach 1 Approach 2
Basic pKa>7 n=43 (Table II) n=59 (Table II)
RMSE 46.9 46.1 532 473
AFE 0.95 0.86 1.10 1.48
% within 2 fold 744 72.1 54.2 59.3
% within 2-3 fold 14.0 18.6 27.1 11.9
% within 3—4 fold 4.65 2.33 10.2 18.6
% >4 fold 6.98 6.98 8.47 10.2
Basic pKa<7 n=13 (Table III) n=31 (Table IIT)
RMSE 11.4 15.8 375 47.5
AFE 0.66 0.38 0.72 0.68
% within 2 fold 76.9 38.5 64.5 58.1
% within 2-3 fold 15.4 38.5 25.8 355
% within 3—4 fold 7.69 0.00 3.23 0.00
% >4 fold 0.00 23.1 6.45 6.45
Acids n=27 (Table IV) n=29 (Table IV)
RMSE 20.3 43.7 8.63 10.3
AFE 1.09 0.75 0.76 0.68
% within 2 fold 77.8 85.2 75.9 72.4
% within 2-3 fold 18.5 7.41 13.8 13.8
% within 3—4 fold 0.00 3.70 0.00 345
% >4 fold 3.70 3.70 10.3 10.3
Neutrals n=9 (Table V) n=21 (Table V)
RMSE 6.04 10.0 6.06 8.00
AFE 1.00 0.88 0.64 0.65
% within 2 fold 100 66.7 714 714
% within 2-3 fold 0.00 222 23.8 19.1
% within 34 fold 0.00 11.1 0.00 4.76
% >4 fold 0.00 0.00 4.76 4.76
OVERALL n=92 n=140
RMSE 342 40.0 39.0 384
AFE 0.94 0.74 0.86 0.94
% within 2 fold 78.3 70.7 63.6 63.6
% within 2-3 fold 14.1 18.5 23.6 18.6
% within 34 fold 3.26 3.26 5.00 9.29
% >4 fold 435 7.61 7.86 8.57
“For RMSE and AFE calculations refer to Egs. 7 and 8.
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Fig. 2. Comparison of the in vivo Vug (L/kg) in rats with values predicted using a Approach 1 (multiple tissue data) and b Approach 2
(muscle only). The dashed lines represent a factor of three on either side of unity.
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Fig. 4 which indicates that tissue lipid levels may vary across
species (differences of up to 7 fold are illustrated). However,
uncertainties are associated with these data due to collation
from different laboratories where different methods of
varying criteria have been employed. If lipid levels are truly
different across species then it is highly likely that Kpu values
may also differ and these differences may be more pro-
nounced for the more lipophilic compounds and for ionised
bases. This highlights a need for future experiments to
investigate lipid and Kpu differences across species for a
wide array of compounds and tissues, since such data are
currently sparse and hence inconclusive.

The importance of the affinity of drugs for muscle on the
whole body volume of distribution is illustrated in Fig. 1,
where a good correlation was obtained between experimental
muscle Kpu and Vug values (expressed in L/kg) in rats. This
spurred investigations into a simplified approach for Vug
predictions that used affinity values for muscle as opposed to
multiple tissues, and appears to be a novel approach,

0O Neutral Lipid

although other researchers have alluded to the importance
of muscle in the distribution of drugs. For example, good
correlations between muscle tissue-to-plasma partition coef-
ficients and those of other tissues have been reported (11,23)
and muscle, in combination with adipose, has been shown to
represent a significant portion of the whole body steady-state
volume of distribution (23).

This good correlation between Vug and the muscle Kpu
(Fig. 1) raises the possibility of predicting the muscle Kpu
and assuming it to be identical to the Vug (L/kg). An
assumption of this approach is that the reciprocal of fu
approximates to the muscle Kpu, since Eq. 6 simplifies to
Vugs = Kptpusele - Bodyweight , but this can lead to inaccura-
cies for ionised acids since many are avidly associated with
albumin and concentrations of this protein are ca 20 fold
higher in plasma than tissue extra-cellular spaces, which
results in 1/fu >> muscle Kpu. Subsequent Vug predictions
are therefore more accurate for ionised acids when fu is
incorporated (65% (without fu) vs 81% (including fu; Eq. 6)

Neutral Phospholipid B Acidic Phospholipid
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[
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Concentration Ratio: Human to Rat
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1 Heart Muscle |L Kian Liver
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Fig. 4. Ratio of human to rat lipid concentrations in various tissues.
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Fig. 5. Correlation between the muscle Kpu and the average of the
Kpu values of 12 other tissues in rats®. * Kpu values predicted using
Egs. 1, 2, 3, 4 were used as opposed to experimental data for
consistency, since the number of experimental Kpus and tissue types
vary across compounds. ® The weighted average Kpu refers to an
adjustment for the contribution of these 12 tissues to body weight, i.e.
the weight of these 12 tissues divided by body weight. Such
adjustments were not done for muscle since in approach 1 muscle is
assumed to account for the distribution into all tissues and organs.

of the predicted Vug agreed with experimental values to
within a factor of +3 based on combined rat and human data
(n=26)), hence its utility in this research.

Using muscle as the only tissue affinity in Vug determi-
nations resulted in good prediction accuracies and the
reasons for this are deemed two-fold. Firstly, muscle accounts
for a significant proportion of total body weight, namely ca
50% (based on a standard 250 g rat and 70 kg human).
Secondly, the muscle Kpu on the whole appears to equate to
an average of the Kpu values for the other 12 tissues
investigated as shown in Fig. 5. An advantage of this muscle
approach is that species-specific muscle composition data was
used thereby removing inter-species uncertainties, but a
disadvantage is that if a drug significantly distributes into a
tissue other than muscle then this will not be accommodated
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and may lead to under-predictions of Vug, if it accounts for a
significant portion of drug distribution in the whole body.

In this research, predicted Kpu values have been used
but experimentally determined in vitro data could potentially
be utilised for the muscle-only approach since good in vitro -
to-in vivo correlations have been demonstrated by other
researchers for this tissue (24,25). A disadvantage of using
experimentally determined muscle Kpus is the requirement
for muscle tissue, which can be difficult to obtain for humans.

Compound-specific input parameters in the Vug pre-
dictions were R and fu, both of which can be determined in
vitro, and in silico LogP and pKa values. In theory, these
compound-specific parameters can be estimated before any
material is synthesized since software exists for LogP and
pKa predictions (26-28), methods are available for fu
predictions (29) and R is commonly assumed to be one for
all compounds except ionised acids, where a value of one
minus the haematocrit is deemed an appropriate approxima-
tion. In practice these predictions and assumptions deviate
from the experimental data by varying degrees, and the
impact of resultant errors on the mechanistic Vug predictions
can be seen in Figs. 6, 7, §, 9.

These simulations show that Vug increases exponential-
ly with increasing LogP, so any errors in LogP predictions
can significantly influence Kpu and subsequent Vug predic-
tions, especially when LogP exceeds 3. An exception is
compounds with at least one basic pKa>7 with an avid
affinity for acidic phospholipids (Fig. 6), i.e. having a high
Kpugc (function of fu and R) and low lipid partitioning
(function of LogP and pKa). An additional issue for highly
lipophilic drugs is the difficulty in accurately quantifying the
low drug levels in the aqueous phase, which can result in
errors in the experimental LogP determination and in turn
cause inaccurate Vug predictions. Regarding pKa, the simu-
lations illustrate that Vug (and Kpu) values will be signifi-
cantly influenced by pKa errors for compounds with at least
one basic pKa>7 and a low affinity for acidic phospholipids
(Fig. 6), along with acidic compounds of pKa ca 6 to 8 (Fig. 7).

Plasma protein binding can also have an exponential
influence on Vug as demonstrated by Figs. 7, 8, 9, where Vug
changes more dramatically with fu when plasma protein

100w _cmmmmmm ==

Predicted Vuss (L/kg)

pKa LogP (octanol:water)

Fig. 6. Simulated influence of LogP (octanol:water) and pKa on Vug values (L/kg) predicted using Approach 2 (muscle only) for a
monoprotic base, where a fu=0.01 and the blood-to-plasma concentration ratio (R)=2, and b fu=0.1 and R=0.6.
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Fig. 7. Simulated influence of a plasma fu and pKa, where LogP (octanol:water) is set to 2.5, and b pKa and LogP (octanol:water), where
fu=0.01 (same trend across fu), on Vug values (L/kg) predicted using Approach 2 (muscle only) for a monoprotic acid.

binding exceeds 90%. The plasma fu along with R are lations and subsequent Vug predictions as shown by the
important in computing the affinity of a compound with at linear correlation with R in Fig. 8. Consequently, we
least one basic pKa>7 for tissue acidic phospholipids and, recommend against setting R to the arbitrary value of one,
whilst fu could potentially be predicted, values for R are but rather it should be determined experimentally.

frequently assumed to be one. This assumption can lead to If the physicochemical property simulations are put into
pronounced errors in acidic phospholipid-drug affinity calcu- the context of distributional processes the influence of pKa

----)
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Fig. 8. Simulated influence of plasma fu and the blood-to-plasma concentration ratio (R) on Vuy values (L/kg) predicted using Approach 2
(muscle only) for basic drugs, where LogP (octanol:water)=2.5 and pKa=9.5 (expanded fu range inset).
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Fig. 9. Simulated influence of LogP (octanol:water) and plasma fu on Vug values (L/kg) predicted
using Approach 2 (muscle only) for neutral drugs (same trend for weakly basic drugs).

and LogP on Vug for compounds with at least one basic
pKa>7 (Fig. 6) can be attributed to an inter-play between
electrostatic interactions with acidic phospholipids, lipid
partitioning and dissolution. Namely, when the affinity of a
drug for acidic phospholipids is high electrostatic interactions
with acidic phospholipids dominate, but at low affinities
distribution shifts from a predominance of dissolution for
hydrophilic compounds that are primarily ionised at physio-
logical pH to lipid partitioning for hydrophobic drugs that are
ca 50% ionised within tissue cells. Looking at the simulations
for acidic drugs (Fig. 7), the changes in Vug with pKa and fu
can be attributed to lipid partitioning, albumin binding
(plasma and the extra-cellular space of tissues) and dissolu-
tion. So when an acidic drug is primarily ionised in vivo
distribution migrates from a predominance of dissolution to
one of albumin binding as plasma protein binding increases.
However, distribution of unionised acids is primarily domi-
nated by lipid partitioning for lipophilic drugs with low fu’s,
and by albumin binding for hydrophilic acids that are
extensively bound to plasma proteins. For neutral drugs
(including weak bases; Fig. 9) increases in LogP translate into
increases in the extent of lipid partitioning relative to
dissolution, but for hydrophilic compounds binding to extra-
cellular proteins (albumin for weak bases and lipoprotein for
neutrals) becomes a significant mechanism when fu is less
than ca 0.05.

While, when testing the ability to predict tissue distribu-
tion in humans the only parameters generally available
experimentally for most drugs are Vg and Vug, these
predictions should be placed into perspective with the total
objective of physiologically based pharmacokinetics, namely
to predict not only the overall extent of distribution, as
reflected by Vg and Vug, but also the time course of
distribution into individual tissues, which is globally man-
ifested in the characteristic polyphasic temporal plasma
concentration-time profile after drug administration. Here

the problem is particularly acute when attempting to model
events in a tissue with time relative to effects, and when
appreciable elimination occurs before distribution equilibri-
um with tissues is achieved, which violates the assumption
that a steady-state approximation exists when characterizing
the time course for elimination of drug from the body. Here,
information on individual tissue Kpu values must be retained
and coupled with their respective tissue sizes and blood flows,
if we are to meet this higher level objective.

In summary, we have demonstrated that Vug values can
be predicted from mechanistic determinations of Kpu values
in either 13 tissues or just muscle, and good prediction
accuracies were found for both approaches in rats and
humans. In addition, the ability to explain such differences
in the extent of tissue distribution for various compounds can
help guide compound synthesis and assist decision making in
drug discovery, and in general it can be seen that Vug values
have the ability to be higher for ionised bases.
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