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Prediction of human pharmacokinetics—evaluation of
methods for prediction of hepatic metabolic clearance

Urban Fagerholm

Abstract

Methods for prediction of hepatic clearance (CLy) in man have been evaluated. A physiologically-
based in-vitro to in-vivo (PB-IVIV) method with human unbound fraction in blood (f ;) and hepa-
tocyte intrinsic clearance (CL;)-data has a good rationale and appears to give the best predic-
tions (maximum ~2-fold errors; <25% errors for half of CL-predictions; appropriate ranking).
Inclusion of an empirical scaling factor is, however, needed, and reasons include the use of cryo-
preserved hepatocytes with low activity, and inappropriate CL;,- and f, ,-estimation methods.
Thus, an improvement of this methodology is possible and required. Neglect of f, ,, or incorpora-
tion of incubation binding does not seem appropriate. When microsome CL;,-data are used with
this approach, the CLy is underpredicted by 5- to 9-fold on average, and a 106-fold underpredic-
tion (attrition potential) has been observed. The poor performance could probably be related to
permeation, binding and low metabolic activity. Inclusion of scaling factors and neglect of f, , for
basic and neutral compounds improve microsome predictions. The performance is, however, still
not satisfactory. Allometry incorrectly assumes that the determinants for CL, relate to body
weight and overpredicts human liver blood flow rate. Consequently, allometric methods have
poor predictability. Simple allometry has an average overprediction potential, > 2-fold errors for
~1/3 of predictions, and 140-fold underprediction to 5800-fold overprediction (potential safety
risk) range. In-silico methodologies are available, but these need further development. Accepta-
ble prediction errors for compounds with low and high CL should be ~50 and ~10%, respectively.
In conclusion, it is recommended that PB-IVIV with human hepatocyte CL;,; and f ;, is applied and
improved, limits for acceptable errors are decreased, and that animal CLy-studies and allometry
are avoided.

Introduction

Background

Hepatic clearance (CLy) is an important determinant of the pharmacokinetics. Good predic-
tions of CLy; in man are essential for selecting suitable candidate drugs, and for assuring
safety in early clinical studies. Several methods for prediction of CLy (and CL) in man
exist, including simple interspecies extrapolation, allometric scaling with and without cor-
rection for brain weight and maximum life-span potential (MLP), allometric scaling with
correction for species differences in in-vitro intrinsic CL (CL;,,) and/or unbound fraction
(f,), in-vitro to in-vivo correlation, physiologically-based in-vitro to in-vivo (PB-IVIV) pre-
diction, and in-silico methods. These methodologies all have their weaknesses and
strengths, both regarding rationales, assumptions and performances. There is no global con-
sensus as to which models are most appropriate and whether these are assumed sufficiently
good, and comparisons between methods are few.

Obijectives

The objectives were to: evaluate the different approaches for prediction of CLy; in man
(including re-analysis and re-evaluation of data, results and conclusions); find/define the
most appropriate approaches; evaluate if the performances are sufficiently good for
obtaining accurate stop/go-decisions during candidate drug selection and safe and effective
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dosing in early clinical studies; and investigate if further
method development is required.

Simple interspecies extrapolation

Available data show that, in general, there are poor correla-
tions between species, and animals (rat, dog and monkey)
have a higher CL for xenobiotics than man.

Sawada etal (1985) correlated rat and human metabolic
CL and unbound CL;,, (CL, j,,) for nine weak acidic and six
weak basic drugs, and found a good correlation between rat
and human CL,, ;,., and that the rat cleared the drugs 9- to 14~
times more rapidly than man. The relationships between the
species were described by the following equations: Human
metabolic CL=0.10xrat metabolic CL%%2 (r2:0.74;
P <0.001) and human metabolic CL,, ;,,=0.13 Xrat metabolic
CL, in° (#=0.91; P<0.001).

Chiou etal (1998) found a significant correlation
(r?=0.66; P<0.0001) of plasma CL (mL min~! kg")
between man and rats for 52 extensively metabolized com-
pounds. The ratios between rat and human plasma CL aver-
aged 13 (s.d.*£22) and ranged between 0.7 and 123. A better
correlation between rats and man was observed for unbound
plasma CL (CL,) for a limited number of these substances
(r2:0.94; n=15). For one-third of the compounds, rat CL
(mL min~! kg™') was > 10-times higher than in man, and for
two compounds (4%) only, the human CL was lower than in
the rat. Ward & Smith (2004) found no apparent or only a
weak correlation between human and rat CL (usually plasma
CL). Almost half of the 103 compounds in their study were in
different CL categories (low, moderate or high) in man and
rats. These findings are supported by data obtained by Clarke
& Jeffrey (2001), who found no correlation between human
and rat liver microsome in-vitro CL;,, values for 1127 com-
pounds. CL (n=28) and non-renal CL (n=13) data in man
and monkeys (rhesus and cynomolgus macaques) collected
by Chiou & Buehler (2002) showed correlations between the
two species (r>=0.82 for both total and non-renal CL), and
that the ratio between monkey and human CL ranged between
0.2 and 20 (for both CL and non-renal CL). Ward & Smith
(2004) found a weak correlation between CL in man and
monkeys. For one-third of the 103 compounds, CL in man
and monkeys belonged to different CL categories. Similar CL
differences have been found between man and dog (predomi-
nantly beagles). Overall, the monkey tended to be slightly
more similar to man than rat or dog. For approximately half
of the 103 substances in the Ward & Smith (2004) study, CL
in dogs belonged to a different CL class than in man. The data
collected by those authors demonstrated that 80-90% of com-
pounds that were predicted (from animal data) to have low
CL in man experimentally demonstrated low CL. Correct CL
classification for drugs with moderate and high CL was
lower, approximately 20-30% and 30-50%, respectively.
Approximately 50-60% of compounds with high CL in man
had low or intermediate CL in animals, and 5-10% of com-
pounds that had low CL in man had intermediate or high CL
in animals. For substances with CL corresponding to com-
plete hepatic extraction in rats, dogs and monkeys, hepatic
extraction ratios (Eyy) in man were =0.10-0.20.

Allometric scaling

History

Mammals are quite similar with regard to various basic phys-
ical parameters and physiological processes (McMahon &
Bonner 1983; Peters 1983; Schmidt-Nielsen 1984; Ritschel
etal 1992; Davies & Morris 1993). The relationship between
skeletal size and body weight (BW) was discussed by Galileo
(Boxenbaum 1982) as early as 1637, and Rubner (1983)
explored and found a relationship between basal metabolic rate
(heat production and oxygen utilization) and body weight of
dogs. Adolph (1949) was first to recognize relationships
between 34 basic morphological, physiological and biochemi-
cal parameters and body weight of mammals. Giinter (1975)
found an empirical relationship of hepatic enzyme activity
across species, and Krasovskij (1976) observed a high correla-
tion of hepatic enzyme activity with body weight for a number
of enzymes across 12 species, including man. Walker (1978)
investigated hepatic microsomal drug-metabolizing monooxy-
genase activity in various species, and found a clear relation-
ship between enzyme activity and body size. However, in that
study man appeared to be deviant, with almost one magnitude
lower activity than predicted. It has been observed that the liver
weight, enzyme content and blood flow rate, metabolic rate
(oxygen consumption), and many other anatomical and physio-
logical variables are related by a general allometric equation:

Y=axBWP D

where Y, BW, a and b are the function to be measured (for
example CLy), species body weight, coefficient, and expo-
nent, respectively (Dedrick etal 1970; Dedrick 1973; Kleiber
1975; Davidson etal 1986; Mordenti 1986; Ings 1990; Travis
etal 1990; Campbell 1994; Lin 1995; West etal 1997; Lindst-
edt & Schaeffer 2002). The b-values for liver weight, blood
flow rate (Qp), liver enzyme content, metabolic rate, basal
and liver oxygen consumption have been reported to be 0.87—
0.92, 0.79-0.86, 0.73, 0.75, 0.73-0.76 and 0.77, respectively
(Kleiber 1932, 1961, 1975; Benedict 1938; Brody 1945; Giin-
ter 1975; Weiss etal 1977; Mordenti 1986; Campbell 1994;
Lindstedt & Schaeffer 2002). Although there is an allometric
relationship for Qy, the allometric principle overestimates the
human Qp by approximately two-thirds (Boxenbaum 1980).
This is one of the factors that could explain the poor perform-
ance of allometric scaling of CL (see below). Other explana-
tions are lack of apparent correlations between in-vitro CL;
and f, vs body weight, brain weight and MLP (Caldwell
1981; Sawada etal 1984, 1985; Davidson etal 1986;
Bogaards et al 2000; Fagerholm, unpublished data). The vari-
ance of the b-value for basal metabolic rate was estimated to
be at least 20% (Kleiber 1932; Benedict 1938; Brody 1945;
Davidson etal 1986). Hayssen & Lacy (1985) analysed basal
metabolic rates in almost 300 mammalian species, and found
an average b-value of 0.7, and noted that approximately 20%
of the species fell more than 50% above or below the line.
Adolph (1949) found that the correlation coefficient (r)
among functions was high, often above 0.9, implying that the
parameters correlate with body weight to the extent of
approximately 80%. The b-values obtained in his study



ranged between 0.28 and 1.31, with values of 0.67 to 0.75 as
most prevalent.

Lester & Keokosky (1967) and Videla etal (1975) found
that the species metabolic rate of ethanol was proportional to
BW®75. The simple and empirical allometric method has
since then been applied and widely used for interspecies scal-
ing of CLy, CL, renal CL (CLg), volume of distribution (Vp)
and half-life (tY2) of drugs (Mellet 1969; Klotz etal 1976;
Weiss etal 1977; Boxenbaum 1980, 1982; Boxenbaum &
Ronfeld 1983). According to this principle, and assuming a b-
value of 0.75, the CL and CLy per kg body weight in mice,
rats and dogs should be 8-, 4- and 1.6-times higher than in
man, respectively. When applying this method it is assumed
that not only Qp, but also the in-vitro CL;, xf, and P.S
(permeability—surface area product) have a b-value of 0.75 or
are related to body weight (if accepting that b-values for
in-vivo CLy or CL could differ from 0.75). According to
in-vitro CL,; and f-data obtained in several species (consid-
erable species differences and lack of correlation with body
weight and MLP; see above), the allometric principle must be
considered inappropriate for CLy and CL. Dedrick (1973)
emphasized early on that drug metabolism, in general, prob-
ably does not bear a relationship to body size. The allometric
drug scaling approach has then been criticized by, for
example, Yates & Kugler (1986) and Bonate & Howard
(2000), and support is given by the data and evaluations pre-
sented in this report and in studies by Ward & Smith (2004)
and Nagilla & Ward (2004). Bonate & Howard (2000) poin-
ted out that there has been a large publication bias for pro-
spective allometric scaling studies that have succeeded, that it
has been more or less impossible to find publications in
which this methodology has failed, and that it is not possible
to determine a priori for which drugs allometric scaling will
fail. They found that the average prediction results for CL
appeared to be good, with a b-value close to 0.75, but the
errors showed a large range and the CL in man for some
drugs were very poorly predicted. Note: a 2-fold error (within
50% underprediction and 100% overprediction) is often used
as a measure for a successful prediction (Houston & Carlile
1997). An accurate prediction is defined as a 1.0-fold error.

Allometric scaling without correction for
interspecies CL;, and f, differences

In reports where allometric scaling has been applied for pre-
diction of human CLy; and CL it is clear that this methodology
is associated with large errors and high incidence of b-values
markedly different from 0.75, and the predictions seem to be
less accurate than for other methods. Maximum observed
underprediction and overprediction errors for CL or CLy are
about 140- and 5800-fold, respectively, and approximately 1/3
to 1/2 difficult to obtain a specific value since some studies do
not present the actual values and some substances have been
used in more than one study) of all prediction errors are more
than 2-fold (Klotz etal 1976; Swabb & Bonner 1983; Bonati
etal 1984; Chung etal 1985; Mordenti 1985; Owens etal
1987; Bachmann 1989; Hayton 1989; Lapka etal 1989;
Paxton etal 1990; Mordenti etal 1991, 1996; Puigdemont etal
1991; Riond & Riviere 1990; Ritschel etal 1992; Hinderling
etal 1993; Gascén etal 1994; Jezequel 1994; Cruze etal 1995;
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Lavé etal 1995a, 1996¢, 1997a, 1999a, b; Grene-Lerouge et al
1996; Mahmood & Balian 19964, b, ¢, 1999; Obach etal 1997,
Sanwald-Ducray & Dow 1997; van Hoogdalem etal
1997; West etal 1997; Chiou etal 1998; Mahmood 1998,
1999, 2001, 2002b, 2004; Bjorkman & Redke 2000; Feng et al
2000; Hu & Hayton 2001; Liu & Chen 2001; P&hlman
etal 2001; Ward etal 2002; Luttringer etal 2003; Mahmood
etal 2003; Wajima etal 2002; Yamasaki etal 2004; Caldwell
2004; Lepist & Jusko 2004; Nagilla & Ward 2004; Ward &
Smith 2004; Bae etal 2005; Ito & Houston 2005; Shim etal
2005; Tang & Mayersohn 2005, 2006a). The compound with
the largest overprediction error (5800-fold), the protein kinase
inhibitor UCN-01, was predicted to have a CL 35-fold greater
than the Qg (Tang & Mayersohn 2006a). The observed CL
was less than a percent of the Q. This is consistent with an
even greater (infinite) underprediction of the systemic expo-
sure. Potential implications of such a misprediction are that
the compound is not selected as a candidate drug or, if the
compound is chosen, there is considerable overdosing in the
first study in man. The b-values for CL or CLy in these reports
(several hundred compounds) ranged between —1.2 and 2.2, of
which approximately 10% was greater than 1. This means that
for 10% of the substances man had higher CL or CLy values
per kg body weight than smaller animals. For approximately
one-quarter of all the compounds the b value was greater than
0.85 (as for Qp), indicating that the Ey is greater in man than
in animals for many compounds. The values of CLy and CL in
man are sometimes predicted to exceed the Qp, which is
impossible for CLy. The average b-value for 54 compounds in
a report by Chiou etal (1998) was 0.66%+0.19. For 20 sub-
stances with high plasma CL (> 8mL min~' kg~!, which is
=70% of plasma Qp in man), the b ranged between 0.52 and
0.95, which is more narrow and closer to the value for Qy than
for 34 substances with low and intermediate plasma CL, 0.14—
1.06. Hu & Hayton (2001) found that there was no correlation
between body weight and CL for 24 (21%) of 115 substances
(with CL data from at least three species), and that the
average *s.d. and range for b for the other 91 compounds were
0.74£0.16 and 0.29 to 1.2, respectively. Most of these 91
compounds (81%) had values that did not differ significantly
from 0.67 or 0.75. Ward & Smith (2004) compared the predic-
tive success of simple allometric scaling and interspecies
extrapolation for 103 substances, and found neither approach
very accurate. The study demonstrated that CL-data from sev-
eral animal species were less successful at predicting CL in
man than from an individual species, and that addition of CL-
data from a second non-rodent did not (adding dog data when
rat and monkey data were already available) or only slightly
(adding monkey data when rat and dog data were already
available) improved the predictions. Liu & Chen (2001)
developed a new allometric equation based on body surface
area and compared the predictability of human CL for 30
drugs vs the traditional body-weight-based allometric method.
The methods appeared to be comparable, with two-thirds of
predictions within 2-fold of observed values and maximum
errors of approximately 10. After this analysis had been done
another global examination of allometry was published (Tang
& Mayersohn 2006b). The results were in good agreement
with those obtained in this study. Tang & Mayersohn (2006b)
found that the mean, median and maximum prediction errors



806  Urban Fagerholm

for CL (n=114) were 3.4-fold (overprediction;>50-fold
when including data for UCN-01), 1.5-fold (overprediction)
and 54-fold (overprediction), respectively. Two-thirds of pre-
dictions were overestimations. Approximately 20% of com-
pounds with low or moderate CL were predicted to have a CL
above an acceptable limit (> 80% Ey). Thus, there is a poten-
tial risk that many suitable candidate drugs will be incorrectly
rejected when applying this methodology. Human data for
some incorrectly rejected compounds are probably missing,
and therefore, the actual number could be even higher than
20%. Sixty-eight, 32, 18, 10 and 6% of predictions had pre-
diction errors greater than 1.3-fold (a reasonable limit, at least
for low CLy-compounds), 2-, 3-, 5- and 10-fold, respectively.
As an approximation, this method has a 95% confidence
interval of one and a half magnitude (3-fold underprediction
to 16-fold overprediction). The rank order was poor. When
using the average CLy of the drugs in this data set (500 mL
min~!) as a default CLy-value the performance was only
slightly poorer than allometry. With this approach, 42% of
predictions were within 2-fold and predictions for 38% of the
compounds were better than those obtained with allometry.

Another way of scaling CLy and CL allometrically is to
include the concept of physiological time (Carrel 1931; Brody
1937; Fischer 1966). The physiological time is defined as a
species dependent unit of chronological time needed to com-
plete a species independent physiological event (Boxenbaum
1982). Humans live seven times longer than dogs, and there-
fore, one year in a dogs life and seven years in a humans’ life
are considered equivalent physiological times. Dedrick etal
(1970) was first to apply this concept in pharmacokinetics.
Attempts have been made to relate CL, ;,, CL or CLy to
MLP or brain weight, but overall, the use of these variables
does not seem to improve the predictability (Hussain etal
1993a; Mahmood & Balian 1996c¢; Lavé etal 1997a, 1999a;
Mahmood 1998, 1999, 2004; Ward etal 1999, 2002;
Bjorkman & Redke 2000; Liu & Chen 2001; Nagilla & Ward
2004). Nagilla & Ward (2004) evaluated the performances of
various allometric scaling methods, including the standard,
MLP and brain weight methods, for 103 compounds (the
same compounds as in Ward & Smith (2004)). They found
that with these approaches, 18 to 53% of human CL predic-
tions were within 2-fold, and that none of the added correc-
tion factors resulted in substantially improved results. Such a
finding is anticipated based on the apparent lack of correla-
tion between CL;,, and f, vs body weight, brain weight or
MLP (see above). Lavé & Coassolo (1998) have commented
on this approach. Mahmood (2005) disagreed with the con-
clusion by Nagilla & Ward (2004) that empirical correction
factors do not improve the allometric predictions. This is des-
pite the facts that the simple allometric approach had a higher
percentage of predictions within 2-fold than the MLP and
brain weight based methods, and that the maximum observed
overpredictions and underpredictions for standard, MLP and
brain weight methods were approximately 70- and 140-fold,
25- and 250-fold, and 30- and 220-fold, respectively.

The allometric technique has also been applied to scale the
oral CL (CL/F; where F is the oral bioavailability) and CL /F
for compounds that cannot or have not been given intrave-
nously (Mahmood 1997; Feng etal 2000; Mahmood 2002a;
Wajima etal 2003; Tang & Mayersohn 2006b). This

approach is questionable because: the allometric principle
does generally not work well for CL and CLy (see above);
there is virtually no relationship of F between species
(Sietsema 1989; Chiou & Barve 1998; Chiou & Beuhler
2002; Poggesi 2004; Fagerholm & Bjornsson 2005); the frac-
tion absorbed (f,) from the gastrointestinal (GI) tract does not
appear to follow an allometric relationship (Lennernds 1997;
Chiou & Barve 1998; Chiou et al 2000; Chiou & Beuhler 2002;
Davis & Riley 2004); species differences of gut wall enzyme
levels and patterns, and extraction exist (Cao etal 2006); and
both CL and F (which is determined by CLy;) cannot show
linear allometric relationships. It is not surprising that
Wajima etal (2003) found that more than half of the allomet-
rically scaled CL/F values for 87 drugs had an error of more
than 2-fold, and the predictive errors ranged from 74-fold
underprediction to 500-fold overprediction. Tang & Mayersohn
(2006b) demonstrated that the average and median prediction
error (overpredictions) with this approach were 4.2- and 1.5-
fold, respectively (n=24). In a draft document, the US Food
and Drug Administration (which has a mission to protect the
public health by assuring drug safety) proposes that this prin-
ciple is useful for estimating the maximum starting dose and
ensure safety in first time studies in man (FDA; http://www.
fda.gov/cder/guidance/3814dft.pdf). Their proposed default
safety factor (human dose equivalent for no observed adverse
effect levels in the most sensitive animal species divided by a
factor of 10) is considerably smaller than the observed errors
for CL/F. The rationale, assumptions and performance
strongly indicate that such an approach should not be used.

Allometric scaling with correction for
interspecies CL;,; and f, differences

To improve the predictability of the allometric scaling prin-
ciple, corrections for species differences in in-vitro CL;,, and/
or plasma f, have been included (Boxenbaum 1980; Bonati
etal 1984; Sawada etal 1985; Chiou & Hsu 1988; Paxton et al
1990; Chiou & Choi 1995; Lavé etal 1995b,1996a, b, 1997a,
1999a; Obach etal 1997; Sanwald-Ducray & Dow 1997; van
Hoogdalem etal 1997; Mahmood 1998; Richter etal 1998;
Ward etal 1999; Feng et al 2000; Terelius etal 2001; Zuegge
etal 2001; Luttringer etal 2003; Yamasaki et al 2004; Tang &
Mayersohn 2005). Chiou & Hsu (1988) found good predicta-
bility of CL,, (from rat to man) and poor predictability of CL
for 15 extensively metabolized compounds. The average
b-value for CL -data in that study was 0.66%0.09. Boxenbaum
& Fertig (1984) scaled the CL,, ;, for antipyrine in 15 mam-
malian species, including man, allometrically, and found —67
to +58% differences between observed and scaled values in
these species. van Hoogdalem etal (1997) also found an
improvement when allometric scaling of a compound was
done using CL,-data. The human CL was overpredicted 17-
and 2-fold when CL and CL, data from animals were used,
respectively. Boxenbaum (1980) and Bonati (1984) scaled the
CL,, iy for antipyrine and caffeine, respectively, but found
poor prediction of the human values. Obach etal (1997)
observed no apparent difference vs traditional allometric scal-
ing when interspecies f, differences were included in their
allometric scaling of CL for 17 substances. Similar results



were demonstrated for allometrically scaled CL, and CL for 10
substances by Lavé etal (1997a, 1999a). Ward etal (1999) also
corrected for £ differences and failed to produce adequate scal-
ing of the CL of their substance. In a study by Feng etal (2000),
b-values for CL, (n=26) and CL (n=34) were reported to be
0.44-1.47 and 0.39-2.15, respectively. For compounds with
significant variation in f,, between species, an improvement of
predictions was found when using CL,,. Likewise, predictions
were not improved for substances with similar f, across spe-
cies. Despite an overall improvement, 22% (8 of 37 com-
pounds) still had a ratio between predicted and observed CL,,
between 3.6 and 39. Tang & Mayersohn (2005) corrected
human and rat CL-values for species differences in plasma f,
and found that the fraction of compounds (n=61) with more
than 2-fold prediction error decreased from 54% for CL to 23%
for the f,-corrected CL. The maximum under- and overpredic-
tions decreased drastically. They also found that incorporation
of plasma protein binding improved the prediction of the CL of
UCN-01 (Tang & Mayersohn 2006a). Despite an improve-
ment, the overprediction error was still 1750-fold.

Lavé etal (1999a) presented cases where the CL,; correc-
tion allometric scaling approach had been used, and found
that 82% of CL predictions (n=11) had errors less than
2-fold. This was better than the traditional allometric approach
(n=38), which demonstrated that about half of the predic-
tions had an error greater than 2-fold. Lavé etal (1997a) dem-
onstrated that inclusion of in-vitro hepatocyte CL;,, data led
to more accurate predictions of CL. In that study, six of 10
compounds scaled using the traditional allometric approach
had errors greater than 2-fold, while all compounds had errors
within 2-fold when correction for CL,;, differences was
made. The CL, of one substance in that set was, however,
underpredicted by 60-fold when using this CL;,, correction
approach. Underprediction of CL, of similar size was shown
by Lavé etal (1999a). Mahmood (1998) found that inclusion
of in-vitro hepatocyte CL;, (data taken from Lavé etal
(1997a)) improved the allometric predictions. For the 10 sub-
stances presented in his report, traditional and in-vitro CL; -
corrected allometric scaling showed 40 and 80% predictions
within 2-fold error, and 12 and 2-fold maximum errors,
respectively. Zuegge etal (2001) used allometric scaling with
correction for in-vitro hepatocyte CL;,, to predict the CLy for
22 compounds, and found 68% of predictions within 2-fold
error and a maximum error of 10-fold. Yamasaki etal (2004)
demonstrated that in-vitro hepatocyte CL; -corrected allom-
etric scaling, but not allometric scaling (with and without
brain weight and MLP correction), predicted the human in-
vivo CL of a low CL compound well. Terelius etal (2001)
used allometry for both observed and scaled (from hepatocyte
data) in-vivo data, and concluded that pooling of data from
different sources (in-vivo and in-vivo) was required to accu-
rately assess the uncertainty in the predictions.

Although corrections for differences in CL;,, and/or f,
may improve the accuracy of predictions vs the traditional
allometric scaling method, this approach has some deficien-
cies. A correction for such differences is already considered
for substances with b-values significantly different from 0.75,
and in such cases, inclusion of in-vitro CL;, and f, data
would imply a double-correction. Furthermore, the CLy; for
highly extracted compounds is less dependent on CL;,; and f,,
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(more dependent on Qp) than for substances with low and
moderate CLy;, and binding to blood cells and extrahepatic
CL are generally not considered.

In-vitro to in-vivo correlation

Correlations between in-vitro and in-vivo liver metabolism
data have been used for prediction of the in-vivo CLy, but
due to a neglect of some essential factors predictions are poor
(Kroemer etal 1992; Hoener 1994; Houston 1994; Ubeaud
etal 1995; Lavé etal 1997b; Ito etal 1998; Iwatsubo etal
1997; Clarke & Jeffrey 2001; Lau etal 2002; Masimirembwa
etal 2003; Yamasaki etal 2004).

Lavé etal (1997b) showed a log—log correlation between
human hepatocyte in-vitro CL,;; and human in-vivo Ey for 19
compounds. The prediction errors for low Ep compounds
were quite large (up to 10-fold), and there was an overlap of
in-vitro CL; -values for compounds belonging to different Eyy
classes (low, moderate and high Ey). Lau etal (2002) com-
pared human hepatocyte in-vitro CL;; and in-vivo CL for 26
compounds and found a linear correlation (r2:0.87). (Note: a
linear relationship between CL;,, and CLy is, however, not
expected.) In all cases except one (where the ratio was 2.6
units), the ratios between in-vivo CL and in-vitro CL;, for
highly extracted compounds were close to 1 unit. A larger var-
iability was demonstrated for low extraction compounds,
where the ratios ranged between 0.015 and >4 units. In that
study, similar comparisons were made for rats, dogs and mon-
keys, and quite large errors were found in those species (espe-
cially for low CL compounds). Yamasaki etal (2004) found
that in-vitro hepatocyte CL;, data could not predict the human
in-vivo blood CL of their dopamine D,-antagonist well. How-
ever, they found that the in-vitro to in-vivo correlation
approach was more accurate than simple and modified allom-
etric methods. Clarke & Jeffrey (2001) compared rat in-vitro
(microsomes) and in-vivo CL for 1163 compounds, and found
a scattered picture without apparent correlation between the
two variables. A similar result was found for in-vitro half-life
(t¥2) obtained using liver 9000 g supernatant (S9) vs in-vivo
blood CL for 48 substances in rats (Masimirembwa etal
2003). The observed inaccuracies for all methods presented in
this section could, at least partly, be explained by the fact that
binding parameters and Qp were not considered.

Physiologically-based in-vitro to in-vivo
prediction

The commonly used PB-IVIV prediction approach requires a
liver extraction model that accurately describes the mixing
and convection of the blood in the liver (which is unknown),
in-vitro CL;,, and f-data, scaling factors for conversion of
in-vitro to in-vivo CL;;, and Qg-data.

Liver extraction models

Several theoretical concepts have been developed for description,
understanding and prediction of hepatic drug metabolism.
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Ideally, a hepatic extraction/metabolism model should: accu-
rately present the physiological processes that regulate hepatic
extraction/metabolism; be broadly applicable to a variety of
drugs; and contain a minimum number of parameters (Saville
etal 1992a). To have all these features in a single model is vir-
tually impossible. To be physiologically accurate, a model
must be mathematically complex and such models are difficult
to use in a predictive fashion. These also require a large
amount of data. When a mathematically simpler model is
desired, it is necessary to make some approximations and to
delete parameters assumed to be of less importance.

The well-stirred (or venous equilibrium) model (equation
1) (Rowland etal 1973) and the parallel-tube (or sinusoidal
perfusion) model (equation 2) (Winkler etal 1974), which are
mathematically simple (they contain three parameters: Qg
CL;y¢ and f, in blood (f,,;))) and easily applied, have been
commonly used and often compared in terms of their predic-
tions of hepatic elimination (Pang & Rowland 1977; Jansen
1981; Ahmad etal 1983). These two models view the liver as
two separate compartments, the sinusoid and the hepatocyte.
The physiology of the liver suggests that the extent of mixing
in the organ could fall between these extremes (well-stirred
and parallel-tube models) (Saville etal 1992a).

The well-stirred model:

CLy = (Qy X CLjy X £y p)/(Qp + CLjp X £y 1) 2
The parallel-tube model:
CLH — QH X (1 _ e—CLint X fu,bl/QH) (3)

The well-stirred model views the liver as a well-stirred
compartment, and therefore, the drug concentration in the
sinusoids is assumed to equal that in the hepatic vein (Pang &
Rowland 1977). The parallel-tube model assumes that the
liver is composed of a series of identical and parallel tubes,
along which drug concentration decreases progressively in
the direction of the hepatic blood flow (Pang & Rowland
1977). It also assumes first-order liver uptake and that the
concentration governing the uptake rate is the logarithmic
mean sinusoidal concentration (Pang & Rowland 1977). The
well-stirred and parallel-tube models are functionally equi-
valent if the Ey; is low (< 0.5), but differ at higher Eyy (Pang &
Rowland 1977; Pond & Tozer 1984; Houston & Carlile 1997,
Iwatsubo etal 1996, 1997). For compounds with intermediate
and high Ey, the well-stirred model gives a lower CLy than
the parallel-tube model (Pang & Rowland 1977; Jansen 1981;
Pond & Tozer 1984; Iwatsubo etal 1996, 1997; Houston &
Carlile 1997). As an example, for compounds with Ey-values of
0.10, 0.30, 0.50, 0.70 and 0.90 with the well-stirred model, the
corresponding parallel-tube values are 0.10, 0.35, 0.63, 0.90 and
1.00, respectively. The maximal model-dependent over/under-
prediction potential for CLy is therefore ~30%. The choice of
model has an even greater impact on the oral F for high CLy
compounds (Pond & Tozer 1984; Iwatsubo etal 1996).

In addition to Qy, CL;, and f, 3, the CLy is also a function
of vascular dispersion caused by the heterogeneity in sinusoi-
dal blood flows and interconnection between sinusoids, associ-
ation rate constant (k) and dissociation rate constant (kg;)
(for binding to components of blood and liver), diffusion,

hepatocyte permeability (P,) (active and passive) and trans-
port from liver tissue back to the blood circulation. The well-
stirred and parallel-tube models are not suitable for descrip-
tion and studies of drugs for which hepatic metabolism is
influenced or limited by these factors.

The dispersion model:

CLy=Qux(1-(a/ ((1+a)*xel@D/2DnI
—(1—a)?xel@+D/2Dxlyyy 3)

where a=(1+4RyxDy)"* and Ry="f, ;X CL;, / Qq

The dispersion model (equation 3), another commonly
used model, is mathematically more complex than the well-
stirred and parallel-tube models, and describes the hepatic
metabolic process in terms of convective flow, axial disper-
sion (mixing of blood), and disappearance of drugs by elimi-
nation, assuming a linear diffusional membrane transport
(Roberts & Rowland 1985, 1986a). Like all hepatic elimina-
tion models this model does not faithfully describe the precise
hepatic vasculature and physiology (Saville etal 1992a;
Anissimov & Roberts 2002). Nevertheless, it has been suc-
cessfully used to describe the steady-state linear elimination of
several compounds in the perfused rat liver (Roberts & Rowland
19864, b, ¢, d). The model has been proven also to be superior
to the well-stirred and parallel-tube models for highly
extracted drugs in the rat (Roberts & Rowland 1986c;
Iwatsubo etal 1996; MacGregor etal 2001). The model is
characterized by two dimensionless parameters, the disper-
sion number (Dy) and the efficiency number (Ry). These
parameters are generally obtained in liver perfusion studies in
animals. A limitation has been limited understanding and
mathematical description of the Dy (Anissimov etal 1999).
When dispersion is very high (Dy — <) or very low (Dy =
0), the profile approaches that expected for the well-stirred
and parallel-tube models, respectively (Roberts & Rowland
1986a). Rat liver perfusion data suggest that the dispersion
appears to be closer to the parallel-tube model (Dy often
0.2-0.5 (Roberts & Rowland 1986b)) than to the well-stirred
model. When the dispersion model is used for estimation and
prediction of CLy, regardless of species (including man), the
Dy-value is often set to 0.17 (as suggested for rats by
St-Pierre and Weiss (St-Pierre etal 1992)) (Iwatsubo etal 1997,
Ito etal 1998; Naritomi etal 2001, 2003; Shibata etal 2002;
Ito & Houston 2004). Dy-values in animal species other than
rats are rare, and estimates for man have not been possible to
find. According to Saville etal (1992a), larger Dy-values than
0.17 must be used for species larger than rats (the human liver
has a greater sinusoid network than the rat liver). Thus, when
setting the Dy to 0.17 for prediction of CLy in man, the dis-
persion model might overpredict the CLy, especially for com-
pounds with intermediate and high hepatic CLy;.

More complex models, which include more determinants
for hepatic extraction, have been developed (Saville etal
1992a). It has not been possible to find a model that takes all
the descriptors of hepatic drug extraction into account. These
models are most commonly used for analysis of animal liver
perfusion data (Chiou 1984; Weisiger 1985; Lee & Chiou
1989a, b; Roberts etal 1990; Schwab etal 1990; Weisiger
etal 1991; Goresky etal 1992, 2000; Saville etal 1992b;



Evans etal 1993; Hussein etal 1993b; Piekoszewski etal
1993; Proost etal 1993; Xu etal 1994; Pang etal 1995;
Mellick & Roberts 1996, 1999; Chow etal 1997; Kwon &
Morris 1997a, b; Ott etal 1997; Ott & Weisiger 1997; Hung
etal 1998, 2001, 2004; Anissimov et al 1999; Haddad & Funk
2001; Anissimov & Roberts 2002; Niro etal 2003; Sahin &
Rowland 2004; Siebert etal 2004; Liu & Pang 2005). These
creative and complex models are of great value for the under-
standing of the mechanisms determining the hepatic drug
metabolism in animals, but have rarely been used for predic-
tion of CLy. It appears that the models have been mainly cre-
ated and used in academia, and not in the pharmaceutical
industry. Haddad & Funk (2001) developed a model for pre-
diction of hepatic metabolism in the rat. In their model, the
liver was divided into seven heterogenous segments, where
each segment was subdivided into sinusoidal space, space of
Disse and the liver cells. CL;,-data were obtained using
microsomes, and initially hepatocyte P, was not included in
the model. To improve the predictability of one of the three
test compounds, hepatocyte uptake and CL,; -data were
incorporated in the model at a later stage. Development of
more complete hepatic extraction models (than the well-
stirred, parallel-tube and dispersion models) for man is lim-
ited by the difficulty (of impossibility) to obtain data on the
convective and dispersive forces and P,S (or absorption CL)
in the healthy human liver. Based on the dispersion model,
Niro etal (2003) developed a model for prediction of human
CLy that takes the radial diffusion in the space of Disse, P, of
the sinusoidal endothelium, cell density, cross-sectional sinu-
soidal and space of Disse S, and total and unbound drug in the
blood circulation and space of Disse into account. The Dy,
hepatic transit time (TTy) and space of Disse thickness were
set to 0.10, 3-5 s and 9-12 um, respectively. The Dy value was
lower than commonly used for predictions (0.17) and that sug-
gested for man (see above), the TTy, which was taken from rat
studies, was considerably lower than anticipated in man (20s;
Fagerholm, unpublished data), and the space of Disse thick-
ness was considerably thicker than that found by others, 2 ym
(rat data) (Blouin 1977; Forker & Luxon 1982). Furthermore,
the P, of the sinusoidal epithelium was calculated as the ratio
of the molecular weight-based diffusion coefficients (D) and
space of Disse thickness. Thus, it appears that it was the P, of
the space of Disse, rather than that of the endothelium, that
was calculated. In their study, bound and unbound drug were
given the same D. Since the CL; -estimates were taken from
hepatocyte experiments (the membrane P, included as a deter-
minant) it must have been assumed that the P, of the endothe-
lium plus space of Disse was lower than that of the hepatocyte
membrane. Only highly permeable substances were included
in the study, and the hepatocyte membrane P, does not appear
to limit the metabolism of such substances (rat data)
(Miyauchi etal 1993; Fagerholm unpublished data).

Hepatic blood flow rate

Commonly used estimates of Qy are 1.35 and 1.5L min!

(Rowland & Tozer 1995; Riley etal 2005). The Qy in males
and females of normal weight (70-75 and 60-65kg) is ~1.5-1.6
and ~1.3-1.4L min~! respectively (Leggett & Williams 1995;
Lindstedt & Schaeffer 2007).

Prediction of human pharmacokinetics 809
Estimation of the in-vitro CL;;
The metabolic capacity is often quantified as the CL;,,, which

is a concept introduced by Wilkinson and Shand (Wilkinson
& Shand 1975; Rowland 1984). Hepatic in-vitro CL; -data
are normally obtained using fresh or cryopreserved isolated
hepatocytes, cultured (including monolayer cultures on colla-
gen and sandwich-cultures) hepatocytes, liver slices or sub-
cellular fractions, such as microsomes and S9. Buffer, buffer
containing serum albumin, and serum are commonly used
incubation media in such experiments. Each of these systems
has their own advantages and weaknesses. Due to several dif-
ferences, these systems produce different in-vitro CL; - and
predicted in-vivo CLy;-data.

Subcellular fractions, including microsomes
In-vitro CL;-estimates obtained in experiments using sub-
cellular fractions (such as microsomes) could be misleading.
This is because some drug metabolizing enzymes normally
present in hepatocytes are lacking or are underexpressed, sev-
eral drug-binding cell compartments are lacking, or a cell
membrane to permeate through is missing (Wortelboer etal
1990; Donato etal 1993; Kern etal 1997; Lavé etal 1999a;
Obach 2001; De Graaf etal 2002; Lau etal 2002;
Goémez-Lechdn etal 2003; Masimirembwa etal 2003; Plant
2004). Microsomes only contain enzymes localized in the
endoplasmic reticulum, which for drug metabolizing enzymes
equates to cytochrome P450s (CYP450s), flavin monooxyge-
nases and UDP-glucuronosyltransferases (UGTs) (Plant
2004). Metabolites produced via other enzymes (many phase
IT enzymes) will not be found in microsome and S9 metabo-
lism studies (De Graaf etal 2002; Lau etal 2002). Therefore,
the use of subcellular fractions is generally limited to com-
pounds metabolized mainly by phase I enzymes. The absence
of a cell membrane indicates that microsomes are not suitable
for compounds with low and moderate P,. For example, the
cell membrane P, is rate-limiting for the metabolic rate of
enalaprilat in the perfused rat liver (Schwab etal 1990). Bind-
ing to various cell components influences the K, metabolic
rate and CL;;, and the lack of many of these components may
therefore give erroneous CL; -estimates. Drug—drug interac-
tion data obtained with microsomes could also be misleading.
For example, the influence of a compound with low P, and
extensive binding to various cell components on the metabo-
lism of another compound could be overestimated.

Liver slices
In-vitro CL;,-data can also be obtained using slices of the
liver. A drawback of this method is limited diffusion, and
underestimation of CL; (Ekins etal 1995; Houston & Carlile

1997; Haenen et al 2002).

Isolated hepatocytes

Hepatocytes are intact cells with an outer cell membrane
through which drugs must pass to reach the intracellular
metabolizing sites, and with a complete set of phase I and II
drug metabolizing enzymes and co-factors (Fabre etal 1990;
Cross & Bayliss 2000; Brandon etal 2003; Donato & Castell
2003; Gémez-Lechon etal 2003, 2004; Blanchard et al 2004).
These are advantages that make them closer to the in-vivo
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situation than subcellular fractions. Disadvantages with iso-
lated hepatocytes include a decline of viability, decline of
expression and activity of many specific proteins (including
the CYPs and transporters), loss of normal cell attachment
and polarity, and large surface area (S) compared with the in-
vivo situation (Schwenk 1980; Groothuis & Meijer 1996;
LeCluyse etal 1996; Liu etal 1999; Reinoso etal 2001;
Gomez-Lechon etal 2003; Blanchard etal 2004; Chandra &
Brouwer 2004). After 4h in culture in a study by
Gomez-Lechén etal (2003), hepatocytes had lost 70-90% of
their CYP mRNA levels. This decline preceded decreased CYP
content and activity. This team also showed that 75-100% of
CYP2C9, CYP2E1 and CYP3A4 activity was remaining at
24 h after culturing (Gémez-Lechén etal 2003). Skett (1994)
found that isolated hepatocytes maintained viability for
approximately 4h. The in-vitro conditions might lead to
decreased active drug transport (Schwarz et al 1979; Schwenk
1980; Blom etal 1982; Olinga etal 1998; Houle etal 2003).
Other drawbacks with isolated human hepatocytes are limited
availability, technical demand, phenotype instability and high
interindividual variability (Gémez-Lechén et al 2003).
Cryopreservation is a method available for long-term
storage of freshly isolated hepatocytes. Some critical param-
eters for successful cryopreservation are source of the liver,
choice of a suitable cryoprotectant, composition of cryo-
preservation medium, cellular density, and cooling and
thawing rates (GOomez-Lechén etal 2003). It has been
shown that serum in the freezing medium does not influence
the results (Li etal 1999), but that tight packing (cell density
5% 10° cells mL™") during cryopreservation reduces the via-
bility and metabolic activity (De Loecker etal 1998). The
metabolic activity of cryopreserved and fresh hepatocytes
has been compared, and the activity for phase I metabolic
enzymes appears to be similar or lower in cryopreserved
hepatocytes, whereas some phase II metabolic enzymes in
the cryopreserved medium demonstrate lower activity for
some substrates (Li etal 1999; Steinberg etal 1999;
Hengstler etal 2000; Railland etal 2000; Hewitt etal 2001; Lau
etal 2002; Griffin & Houston 2004; McGinnity etal 2004).
Houle et al (2003) showed that activity might decrease 60%
after cryopreservation, McGinnity etal (2004) found that
cryopreserved human hepatocytes had on average 6% lower
in-vitro CL;,, than fresh cells, and Naritomi etal (2003)
demonstrated that for two of seven substances, the in-vitro
CL,,, was more than 2-times lower in cryopreserved than
fresh rat hepatocytes. Griffin & Houston (2004) demon-
strated that, for four of 14 metabolic pathways, in-vitro
CL,,-values obtained using cryopreserved rat hepatocytes
were between 1/25 to 1/5 of corresponding values obtained
with fresh hepatocytes. Lau et al (2002) found that cryopre-
served hepatocytes from dog and monkey, but not from rats,
gave similar average in-vitro CL; -values as fresh cells.
Their cryopreserved rat hepatocytes demonstrated on aver-
age 4.7-fold lower in-vitro CL, than fresh cells, and the
maximum ratio between in-vitro CL;,, data obtained with
fresh and cryopreserved rat hepatocytes was 15. Blanchard
etal (2005) found that the recovery of viable human hepato-
cytes from three donors after 3-h preservation at 4°C or after
cryopreservation were 53-90, and 0-50%, respectively.
Sohlenius-Sternbeck & Schmidt (2005) demonstrated that

rat hepatocytes had lost 90% of intracellular glutathione
levels and more than 90% of glutathione activity after cryo-
preservation. Cryopreserved cells from man and rats showed
similar levels and activity. The relationship between viabil-
ity and activity has not been well studied. In the study by
Blanchard etal (2005) there was no apparent difference in
CL,,-values for three substances between fresh and cryo-
preserved human hepatocytes (except for a batch without
viable cryopreserved cells), which indicated that a rela-
tionship between viability and activity might not necessarily
be linear. Similar indications were demonstrated by
Goémez-Lechoén et al (2003) (see above).

Cultured hepatocytes

In contrast to isolated hepatocytes, cultured hepatocytes
develop intact canalicular networks, retain protein expres-
sion and function, re-establish polarized excretory function,
and have an apical S that is similar to that of the liver in-vivo
(Liu etal 1999; Chandra & Brouwer 2004). Maintenance of
function and differentiation for up to 4-6 weeks has been
found (Kono etal 1997; Weiss et al 2002). A proposed draw-
back with this method is that drug diffusion in the collagen
layers may affect the CL;,, (Treijtel etal 2004). The metabo-
lizing capacity of cultured hepatocytes may also decrease,
but less than for isolated cells (Griffin & Houston 2005).
A human hepatome HepaRG cell line is also available for
studies of hepatic disposition (Le Vee etal 2006). Griffin &
Houston (2005) estimated and compared CL;,-values for
seven compounds using freshly isolated and monolayer cul-
tured rat hepatocytes. They found that only two compounds
had comparable (within 2-fold) CL,, in both systems, and
that the monolayer culture gave higher CL;, for a slowly
metabolized compound (warfarin) and lower (approximately
one magnitude) CL;, for rapidly metabolized substances.
According to the protocol, the medium for isolated sus-
pended hepatocytes, but not for cultured cells, contained
small amounts of bovine serum albumin (0.03%). Since war-
farin is highly bound to albumin, the binding might be a rea-
son for the lower CL;; of this compound found with isolated
hepatocytes. A proposed explanation for the lower CL;, for
rapidly metabolized substances in monolayer culture was an
initial 50% loss of enzyme activity (relative to suspension)
during the 2-h attachment period before the experiment
(Griffin & Houston 2005). Those authors speculated that the
low CL;,-values for those substances might have been
uptake rate limited. At least four of those highly extracted
compounds are known to have high P,, and therefore, it does
not seem likely that differences in CL;,, between the systems
had been due to differences in P,S. The exposed S of isolated
hepatocytes is 3- to 7-fold greater than that of cultured hepa-
tocytes (Weibel etal 1969). Despite this S difference there
were no apparent differences in CL; -estimates obtained
with fresh and sandwich-cultured cells from dogs and mon-
keys (Lau etal 2002). A possible explanation could be that
the sinusoidal membrane has a relatively high P,. It has been
demonstrated that the canalicular membrane of hepatocytes
contains more cholesterol, which makes membranes more
rigid and less permeable (Meier etal 1984). Another expla-
nation could be that the data set did not contain compounds
with permeation-rate limited metabolism.



Incubation media

Buffer, buffer containing serum albumin, and serum are com-
monly used as incubation media in in-vitro metabolism experi-
ments. Serum is more costly and somewhat more difficult to
work with, and the disappearance of substrate is sometimes less
than in serum-free media. Advantages with this approach are
that the dissociation step (from drug-transporting proteins) is
included as a determinant for CL;,, separate f-measurements
are not required, and drug adsorption to apparatus could be
reduced. The use of serum in microsome and S9 experiments
must, however, be considered unphysiological.

Methods for estimation of the in-vitro CL;,,
The in-vitro CL;,, is commonly estimated from metabolite
formation V. and K, values (metabolite formation method;
MFM), or from the depletion of substrate (substrate depletion
method; SDM). A drawback with the MFM is that the CL;
will be underestimated if not all the metabolic processes have
been found and quantified. In contrast to the SDM, the MFM
requires that experiments are performed at several substrate
concentrations. For these reasons, the SDM is more com-
monly used. When the SDM is used, the CL;, is normally
calculated using the t¥2 (or elimination rate constant, k; ) or
the ratio between concentrations at the end and start of the
experiment, a standardized volume based on the volume of
the medium, and the cell density (see for example, Bachmann
etal (2003), Shibata etal (2000, 2002), Niro etal (2003) and
Floby etal (2004)). Under the assumption that the kinetics are
linear, the K j;, (Kjim=CL;, X Vp) of a single hepatocyte is
similar to that of a whole liver. The concentration-ratio
between terminal and initial concentrations during an in-vitro
experiment depends on both the CL;,, and the V (both bind-
ing and unbinding) of the system. A compound with negligi-
ble hepatocyte binding and high CL;, and a substance with
extensive hepatocyte binding and low CL;, could therefore
demonstrate similar remaining concentrations in the medium
at a certain time point. The Vp of the system is determined by
the volumes of the medium and cells (only a small fraction;
see below), and the binding to the cells. As a result of binding
to hepatocytes, the actual Vp, will generally be larger than the
physical volume. An increase in cell density will therefore
(generally) not produce a proportional increase of the Vp, as
expected for CL;,, (under the assumption that CL;, of one
cell is independent on the CL;, of another cell). Thus, the
Kejim 18 cell density dependent. The use of a standardized vol-
ume (such as that of the incubation medium) of the medium
and k.;,, will generate underestimated CL;,-values, espe-
cially when the binding to hepatocytes is extensive. For
example, at a cellular density of 2x 10° cellsmL~!, the CL;,
is underpredicted by 10, 30 and 80% when the partitioning to
hepatocytes is 15, 50 and 500 higher than to the medium,
respectively. Underestimation of the incubation Vp, could
therefore be a reason for underpredictions of CLy. Weak-
nesses with the SDM are uncertainty in the CL;, -estimates
for substrates with low CL,;; (Tucker etal 2001; Obach &
Reed-Hagen 2002; van Eijkeren 2002; Treijtel etal 2004),
uncertainty whether to use the terminal tY2 (equilibrium
phase) or the total disappearance of substrate (includes the
cell uptake and binding processes) for estimation of the CL;,
and substrate adhesion to surfaces. For slowly metabolized
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compounds with low partitioning coefficient, the difference
in incubation concentrations at the start and end of the experi-
ment is small. In an in-vitro study with fresh rat hepatocytes
(cell density 2x 10° cells mL™"), approximately 5+0.5, 10+ 1
and 20+ 1% (n=3) of the antipyrine content in the incubation
media (William’s E medium or serum) had disappeared (due
to hepatocyte disposition) at 0.5, 1 and 2h, respectively
(Shibata etal 2000). The CL;,, and plasma f, of this com-
pound in the rat are 7mL min~ kg_1 and ~1, respectively. The
CL,;, corresponds to an Ey of approximately 0.1. In a study
with cryopreserved human hepatocytes, Shibata etal (2002)
found less solute disappearance than with fresh rat cells. The
low metabolic rates might have been due to reduced viability
and activity of the cells. The incubation concentrations of
four slowly metabolized compounds decreased by 2z+1
(5%10° cellsmL™), 422 (5x10° cellsmL™), 4+1 (2x10°
cellsmL™") and 9+3% (1x10° cellsmL™") (n=3) during 2-h
experiments. The predicted Ey for these substances was 0.02,
0.03, 0.07 and 0.28, respectively. The CL; -data had to be
multiplied by a factor of 3—4 to get accurate predictions of the
in-vivo CL. Another cause of low solute disappearance is sat-
urated metabolism due to high concentrations. A prerequisite
for obtaining good data is that experiments are performed at
physiologically relevant concentrations.

Based upon an average hepatocyte volume of 4000 ym?
(or 4x 1077 mL) per cell (Gebhardt 1992), and a cell density
of 1, 2 and 5 million cells (mL medium)_l, hepatocytes would
occupy approximately 4, 8 and 20 per mL of the volume of
the incubation system, respectively. For a metabolically sta-
ble compound with a tissue:plasma or tissue:buffer partition-
ing coefficient of >50, >100 or >250 (depending on cell
density), the hepatocytes would eventually absorb and retain
more than half of the amount of substrate in the incubation
medium. Due to absorption into and binding to hepatocytes,
the initial tY2 (absorption and distribution phase) for com-
pounds with extensive binding is often shorter than the
terminal tY2, both in an in-vitro incubation experiment and
in-vivo. This phase contains relevant information regarding
hepatic absorption and disposition.

Correction for binding to microsomes and

hepatocytes

Attempts have been made to consider the unspecific binding
to microsomes when estimating the CL;;, (Austin etal 2002;
Grime & Riley 2006). Such binding is not necessarily reflec-
tive of the in-vivo situation (Obach 1999). For several
reasons, compensation for this unspecific binding is question-
able; unspecific binding to cell components is a determinant
of the CL of hepatocytes; the £, in a microsome incubation is
not the f, that is available for binding and metabolism (in
contrast to the f;, in blood, which is the f, available for hepatic
uptake and disposition); and microsomes and hepatocytes
have different binding compartments. Hepatocytes have a
cytosol (considerable fraction of cell volume), an outer
membrane in which compounds could reside (especially basic
compounds), and organelles, such as lysosymes and mito-
chondria, which are capable of binding lipophilic bases exten-
sively (Siebert etal 2004). Austin etal (2005) demonstrated
that the extent of binding of several compounds to micro-
somes differed up to a magnitude from that of hepatocytes.
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As demonstrated below, it is not clear when and how correc-
tions should be made.

Correction for unspecific binding to hepatocytes has also
been made (Austin etal 2005; Grime & Riley 2006). Such an
approach is also questionable. The k;,,, in an in-vitro experi-
ment is determined by the Vp, (two dimensions; binding dur-
ing the distribution phase and unbinding during the
elimination phase) and CL;, rather than by the f, and CL;.
The k,j;,, could also be determined by the dissociation rate
from binding sites. Grime & Riley (2006) demonstrated quite
large differences between in-vitro and in-vivo unbound hepa-
tocyte CL;, (rat and dog data). The fitted lines deviated from
unity, in-vitro data were generally underpredictive (up to a
magnitude or more), and two compounds with similar in-vivo
unbound CL;,, could have two magnitudes different in

in-vitro unbound CL;,,.

Scaling from in-vitro to in-vivo CL;,;

In-vitro CL;,-data need to be converted to the CL;, of a
whole liver. This is usually done by using the data for the
number of hepatocytes per gram human liver (120 x 10° cells
(g liver)_l) or the CYP450 content in hepatocytes (0.14 nmol
per million cells) or microsomes (0.32 nmol (mg microsomal
protein)™), and the liver weight (1800g in a male adult)
(Iwatsubo etal 1996). A recently established value for human
liver microsomal scaling is 40 mg microsomal protein (g
liver)™! (Hakooz etal 2006).

Estimation of f

It is quite common that the f, in plasma (f, ,)), and not the f,,;,
is used in predictions of CLy. Binding to blood cells often
occurs, especially for lipophilic bases, and therefore, a
neglect of this binding could cause poor predictions. Nor-
mally, the f, is not measured directly, but estimated from
equilibrium in-vitro f,;; and blood concentration/plasma
concentration (Cy,/Cpy)-data (f, =1, ,//(C,/Cpp) (Wilkinson
& Shand 1975; Iwatsubo etal 1997; Ito etal 1998;
Masimirembwa etal 2003). The f,}, can also be estimated
from 1/((1-Het)/f, ) + (Het/frpe)), where Het and frpc are
the haematocrit and fraction bound to/in red blood cells
(RBCs), respectively (Pang & Rowland 1977). It is assumed
that the unbound concentrations in RBCs and plasma are
equal. This approach must also presume that the f, in RBCs
(fyrpe) contributes to the f, ;) and is directly available for
hepatic uptake and disposition, and that there is no permeation-
limit across the RBC membrane. Furthermore, the fraction of
cytoplasmic water (65% of the total cell volume (Simeonova
etal 2002)) is not considered. The physical distribution volume
of f, rpc is overestimated by ~50% when the Hct is used as a
measurement for this volume. The use of this approach causes
~80% overestimation of the true f, . Considering that the
blood consists of 29% RBC cytoplasmic water (Hctx65%)
and 56% plasma water (1 — Hct), and that unbound concentra-
tions in RBCs and plasma are equal, 34% of the f, in blood
resides within the RBCs. The amount of intracellular free
drug is ~%2 of that in plasma. The time before entering the
liver for the first time may be insufficient for reaching bind-
ing equilibrium, substance might be ‘stripped’ from its bind-

ing sites during passage through the liver, and the rate of
dissociation might be too slow to maintain equilibrium along
the sinusoids. In such cases, in-vitro equilibrium estimates of

f, p1 could be misleading and cause poor predictions.

Predictions of CLy

Several groups have applied the PB-IVIV approach for pre-
dictions of in-vivo CLy and CL (Rane etal 1977; Lin etal
1978; Igari etal 1984; Bidrnhielm etal 1986; Chiba etal
1990; Singh etal 1991; Ashforth etal 1995; Hayes etal 1995;
Zomorodi etal 1995; Lavé etal 1996a, 1999a; Houston &
Carlile 1997; Izumi etal 1997; Obach etal 1997; Iwatsubo
etal 1997; Sanwald-Ducray & Dow 1997; Carlile etal 1998,
1999a; Gagner Milchert et al 1998; Ito et al 1998; Bayliss et al
1999; Matsui etal 1999; Obach 1999; Kimura etal 2000;
Obach 2000; Shibata etal 2000, 2002; Andersson etal 2001,
2004; Haddad & Funk 2001; Hirota etal 2001; Zuegge etal
2001; Kumar etal 2002; Mahmood 2002b; Soars etal 2002;
Luttringer etal 2003; Niro etal 2003; Davis & Riley 2004; De
Kanter etal 2004; Galetin etal 2004; Ito & Houston 2004,
2005; Lam & Benet 2004; McGinnity etal 2004; Blanchard
etal 2005, 2006; Riley etal 2005; Mohutsky etal 20006).
Quite often microsome CL; -data have been used and bind-
ing to blood cells has been neglected. Predictions obtained
with hepatocyte CL;, and f,-data appear to be most
accurate.

Data obtained using microsomes

The PB-IVIV approach with microsome in-vitro CL; -data
generally underpredicts the in-vivo CLy, and is apparently no
more accurate than allometry (see Table 1). Plausible reasons
have been presented above. The underprediction potential is a
possible cause of failures in early clinical studies (insufficient
exposure). In studies where binding to plasma proteins and
blood cells have been considered, the PB-IVIV method has
underestimated the in-vivo CL in man by 5- to 9-fold on aver-
age (including compounds with both low and high Ey). The
maximum under- and overpredictions found are 106- and
10-fold, respectively.

Obach etal (1997) predicted the human in-vivo CL of
eight compounds with this approach. They assumed that
hepatic phase I metabolism was the dominating elimination
process. Data on binding to plasma proteins and RBCs were
included or excluded, and the well-stirred and parallel-tube
liver models were applied. The various approaches demon-
strated on average 60% predictions within 2-fold error, and
quite large maximum errors. When f-data were included in
the equations, large underpredictions (magnitudes) were
observed for all the highly protein-bound (f,<0.04) com-
pounds. The average-fold prediction errors for SDM and
MFEM were 9 and 8, respectively. There were no apparent dif-
ferences in accuracy compared with allometry.

Two years later, Obach (1999) used human microsome in-
vitro CLy;, (SDM) and f, ,-data, and the well-stirred and par-
allel-tube models to predict the in-vivo non-renal CL (after
intravenous dosing) for 29 substances in man. The in-vivo
non-renal CL was generally underestimated to a large extent.
The average and maximum (under)-prediction errors were
6.5-, 6.5- and 5-fold, and 15-, 19- and 10-fold for bases,
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neutrals and acids, respectively. For bases and neutrals, pre-
dictions were improved when f ;,-data were not considered.
In contrast, predictions of acids were worse. The average and
maximum prediction errors for bases, neutrals and acids
when neglecting f,},; were 1.6-(mainly underpredictions),
2.1- and 15-fold (mainly overpredictions), and 5-, 3.5- and
59-fold, respectively. Attempts were made to correct for both
f, p1 and f,, in the microsome incubation mixtures (f, ;,.). The
CLy of most compounds were underpredicted with this
approach. Average and maximum errors were 2-3-fold and
4-11-fold, respectively. Overall, the ranking was poor.

Ito & Houston (2005) used human microsome CL; -data,
f, p-data and the well-stirred model to predict the human in-
vivo CLy for 33 drugs. The CLy; was underpredicted for all
except one compound. The average-fold error was ~4.5,
~15% of the compounds had less than 2-fold error, and the
maximal underprediction was ~30-fold. Inclusion of an
empirical scaling factor (6.2) that took the underprediction
into account, led to improved predictions. Good predictions
were demonstrated for approximately one-third of the com-
pounds. An error greater than 2-fold was found for ~30% of
the compounds, the error range was 25-fold, and the rank
order was poor. Corresponding data for simple allometry
were ~45% and ~180-fold, respectively.

Iwatsubo etal (1997) and Ito etal (1998) compared human
microsome in-vitro CL;,, (MFM) and in-vivo CL;, (calculated
using CL in-vivo and f, ,-data, and well-stirred, parallel-tube
and dispersion equations) for 29 substances, and found a poor
correlation. The in-vivo CL,; for substances with low CL;,
were underpredicted (maximum 106-fold; greater than
10-fold error for 17% of the substances (mainly acids)), and
more than a 3-fold error for 50% of the compounds. The max-
imum overprediction error was 10-fold.

Naritomi et al (2001) used the in-vitro to in-vivo pharma-
cokinetic prediction approach with correction of the human
microsome in-vitro CL;; (SDM) with a scaling factor (ani-
mal in-vivo CL;,/animal in-vitro CL;,). They compared
uncorrected and corrected (vs rat and dog data) human
microsome in-vitro vs in-vivo CL; -values for eight model
compounds (with Ey 0.03-0.87 in man). The in-vivo CL;,
was estimated using in-vivo CL (assuming negligible extra-
hepatic elimination), Qy, plasma f,,Cy,/C,;, and the well-
stirred, parallel-tube and dispersion models. Human correc-
tion factors ranged between 0.3- and 27-fold, and the ratio
between animal and human scaling factors ranged between
approximately 0.5 and 4. The average (median) ratio
between in-vivo CL;; and in-vitro CL; for the well-stirred
model in man was 6.5 (5). No apparent differences between
the liver extraction models were observed. The effect of
binding to microsomes was evaluated, and it appeared that
inclusion of this parameter did not improve the overall accuracy
of the predictions.

Underpredictions of in-vivo CL were also demonstrated in
studies where binding to blood cells was neglected. Carlile
etal (1999a) underpredicted the human in-vivo CL;,, of four
acid CYP2C9 substrates by 3- to 20-fold. They calculated the
in-vivo CL,; from oral exposure data, assumed that the first-
pass and equilibrium Ey were similar, and that the in-vitro
CL;,, was estimated in the absence and presence of 2%
bovine serum albumin.
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Andersson etal (2004) used in-vitro microsome CL;;,
plasma and microsome binding data, and the well-stirred
model for prediction of human in-vivo CL (estimated from
plasma exposure data after oral dosing) for acid CYP2C9-
substrates. They found large predictive errors, overprediction
when plasma f, was not considered, and underprediction
when plasma and microsome f;, were taken into account.

Mahmood (2002b) did not consider binding to plasma pro-
teins and blood cells when predicting the in-vivo human CLy
of 16 randomly selected drugs from human liver microsome
in-vitro CL;-data. The CLy was overpredicted for 70% of
the compounds, more than 50% of the predictions had more
than 2-fold errors, and the maximum error was more than 10-
fold. The results were comparable with those of simple allo-
metric scaling.

Data obtained using liver slices

In general, the in-vitro CL; -data obtained with liver slices
are lower than for hepatocytes and they underpredict the in-
vivo CLy (Worboys etal 1995, 1996a, b, 1997; Houston &
Carlile 1997; Carlile etal 1999b; Andersson etal 2001; De
Kanter etal 2004). One possible explanation is the limited
diffusion of compounds into the slices (Ekins etal 1995;
Houston & Carlile 1997; Haenen et al 2002).

Data obtained using hepatocytes

The PB-IVIV approach with hepatocyte in-vitro CL; -data
and f, 1, have generated good predictions of the CLy in the
rat. Shibata etal (2000) obtained in-vitro CL; -data of 18
compounds (mainly eliminated by hepatic metabolism) using
fresh rat hepatocytes (viability greater than 90%) suspended
in rat serum or William’s E medium. The dispersion model
and SDM were used, and plasma f, (non-serum data only)
and C,,/C,;-data were taken into account. To be able to quan-
tify the CL;,, for substances with low metabolic rates, the cell
density was increased by 3- or 5-fold (from 1 to 3 X 10° cells
mL~! with serum, and from 0.2 to 1Xx 10° cells mL~! with
William’s E medium) and the incubation time was 2 h. The %
drug disappearance and cell density were used to estimate the
CL;, (CL;p=kgim X cell density). They found a good correla-
tion (r2=0.94) between predicted in-vivo blood CLy (serum
method data) and observed in-vivo plasma CL (obtained from
intravenous pharmacokinetic data), small predictive errors
(according to the correlation figure in their paper errors gen-
erally appear to be less than 50% and negligible for about half
of the compounds), correct classification (low, moderate and
high CL), and appropriate rank order. The relationship
between predicted in-vivo blood CLy and observed in-vivo
blood CL (or CLy) data was, however, not shown. I used
available C;/C.; and in-vivo plasma CL data to calculate the
in-vivo blood CL, and found that for many compounds, espe-
cially those with high CL, the CL was overestimated. For the
three compounds with the highest CL, the blood CL was
overpredicted by a factor of approximately 2. A possible rea-
son for this could be a twofold use of C,,/Cp;-data in the dis-
persion model. The Cy,/C;,) was used for estimation of the Ry,
and multiplied with the estimated blood CL. After compensa-
tion for this, the correlation and relationship between pre-
dicted in-vivo blood CLy and observed in-vivo blood CL was
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similar to that demonstrated for predicted in-vivo blood CLy
vs observed in-vivo plasma CL (see above). The 20-25%
overprediction found for seven of the compounds might have
been due to the use of relatively high Qy (70 vs 56 mL min™"!
kg™'; 425%). If 56mL min~' kg~! had been used the CL
would not have been overpredicted. Instead, the CL for some
compounds would have been underpredicted. Such an under-
prediction is likely to occur when extra-hepatic elimination
occurs. Many of the test substances had a CL exceeding the
Qp. The relationship between predicted in-vivo blood CLy
from non-serum method data and observed in-vivo blood or
plasma CL data were not shown. The in-vitro vs in-vivo
CL,,-data for the both methods were shown and compared,
and it appeared that the predictability of the serum and non-
serum methods was comparable for most substances. The
similar results obtained with serum and serum-free media
(with f,-correction) indicated that the dissociation of these
test compounds had not been limiting (permissive binding).
One exception was that the CL;;; of tolbutamide, which is a
highly albumin bound low CL compound, was one magnitude
lower with the serum method. This indicates that non-equilib-
rium might exist for its binding.

Predictions of CLy in man with a similar approach are,
however, not as good as for the rat. Possible reasons to poor
predictions include: use of cryopreserved human hepatocytes
with low viability and activity (probably the main reason);
use of liver extraction models that do not correctly reflect the
dispersion in the human liver (underprediction potential with
the well-stirred model and overprediction potential with the
parallel-tube and dispersion (with a Dy of 0.17) models);
incorrect estimation of the in-vivo CLy (underestimation due
to a neglect of extrahepatic elimination); underestimation of
CL,;,, due to the assumption that the V, in hepatocytes is sim-
ilar to their physical volume; insensitivity of in-vitro methods
to accurately estimate low CL;,.; 80% overestimation of f
because of the assumption that the f, ggc is directly available
for hepatic uptake and disposition; the assumption that bind-
ing equilibrium exists for all compounds, including those
with slow association and/or dissociation rates; and different
TTy of blood components and unbound molecules (the TTg
for f,}, is longer than for the bound fraction, and therefore,
there is an underprediction potential for high CL;,-
compounds with high f, ;). It has not been possible to find a
prediction study where fresh human hepatocytes and f, ,-data
have been used.

Shibata etal (2002) predicted the human in-vivo CLy and
CL;,; for 14 drugs (nine bases, four neutrals and one acid)
from in-vitro CL;-data obtained with cryopreserved human
hepatocytes suspended in human serum. In consistency with
their previous study with rat hepatocytes, the incubation time
was prolonged (2h), the SDM was used, the cell density for
low CL;,, compounds was increased (5 x 10° cells mL™"), Cy/
C,; was considered, and the PB-IVIV prediction approach
with the dispersion model (Dy=0.17; value valid for rats)
was used. The % drug disappearance and cell density were
used to estimate the CL;,, (CL;, =k, X cell density). As in
their previous rat study, they corrected for Cy,/C,; twice. In
contrast to the results for predictions in the rat, the predictions
generally resulted in considerable underestimation. When an
empirically estimated scaling factor (the estimated biological

number of hepatocytes in a liver was multiplied by a factor of
3-4) was included, good predictions were obtained. The
ratios between predicted CLy (corrected) and observed CL
ranged between 0.57 and 2.3. Nine and six compounds (64
and 43%) had prediction errors <1.3- and <1.2-fold, respec-
tively. The largest errors were found for low Ey-compounds,
and the acid and neutral low CLyz-compounds generally had
larger errors than bases. Predicted Fy-data correlated well
with observed oral F-data. For 57% (8/14) of the compounds,
the predictive error was less than 1.05-fold, and for 79%
(11/14) the error was <1.5-fold. Possible explanations for the
underpredictions have been presented above. Appropriate
rank order was found for 10 of the substances, and the
remainder had switched places with compounds of adjacent
placing and similar CLy (between 1 and 12% CLy-differ-
ence). The cell viability was estimated to be 45-60%, which
was considerably lower than in the rat study (>90%) where a
lower maximum cell density was used (3 vs 5x 10° cells mL™).
A recent study demonstrated that cryopreserved human hepa-
tocytes consistently underpredicted the in-vivo CL;, of five
CYP3A4-substrates, and that it might have been due to loss
of metabolic activity (Hallifax et al 2005). Shibata et al (2002)
assumed that hepatic metabolism was the major route of elim-
ination and the oral absorption was complete, and that CLy
and 1-Ey were equal to CL and oral F, respectively. However,
nine of 14 compounds had incomplete GI absorption (f,-val-
ues in man 0.80-0.99) (Palm etal 1997; Kansy etal 1998;
Wessel etal 1998; Balon etal 1999; Pérez etal 2004), and
extrahepatic elimination has been found for at least four of
the test drugs (Thummel etal 1997; Goodman Gilman 2001;
von Richter etal 2001; Glaeser et al 2004). Verapamil is sub-
stantially metabolized by CYP3A4 in the human gut wall
mucosa, especially during absorption (Thummel etal 1997;
von Richter etal 2001; Glaeser etal 2004). At least four other
compounds in the study are metabolized by CYP3A4 (Thum-
mel etal 1997; McGinnity etal 2004), which indicates that
considerable gut wall metabolism might occur for these as
well. Propranolol (one of the drugs studied) has an Ey that
exceeds the f ;) (Shand etal 1973), and propranolol and lido-
caine (another drug studied) dissociate fast from al-acid
glycoprotein and slowly from albumin (Pardridge etal 1983).
Improvements of in-vivo CLy estimations could probably
have given more accurate predictions.

Niro etal (2003) used in-vitro CL;, and f; ,-data, and the
well-stirred and a modified dispersion model (radial diffu-
sion, cell density and areas incorporated) to predict the
human in-vivo CLy of six drugs (two acids, two neutrals and
two bases). Drug disappearance from suspensions (SDM;
CL,, calculated as k;,, X volume of the cell suspension) of
human cryopreserved hepatocytes (cell density 2 X 10° cells
mL™") was measured up to 6 h (a comparably long time). Cell
viability studies were carried out to ensure adequate viability.
These viability results were, however, not shown in their
paper. The predictions based on their dispersion model were
more accurate than those based on the well-stirred model.
This is a bit surprising, since the liver extraction models are
not expected to differ much for prediction of CLy for drugs
with low Ey (Roberts & Rowland 1986a, b, c; Iwatsubo et al
1997). Ey-values for the drugs used in this study ranged
between approximately 0.01 and 0.20, and within this range,



Ey-estimates from the well-stirred and parallel-tube models
(the two extremes) are not expected to differ more than 1%.
The well-stirred model underpredicted the CLy of the three
drugs with highest (but still low) Ey by 30-50%, and gave
approximately 30% lower CLy values than the dispersion
model for four of the test compounds. For the dispersion
model, the difference between predicted and observed CLy
ranged between approximately 40% underprediction and 50%
overprediction, and predicted values were on average only a
few per cent higher than for the actual values. The average
fold-error was approximately 1.25. Inclusion of a scaling fac-
tor of approximately 1.4 for the well-stirred model would
give as good predictions as the dispersion model. Low/
decreased metabolic activity of the cryopreserved hepato-
cytes is one of the possible explanations to the underpredic-
tions of CLy with the well-stirred model. In case this is true,
the dispersion model is overpredictive. The model assump-
tions and choice of a space of Disse thickness could possibly
explain why the modified dispersion model gave higher CLy-
values than the well-stirred model. For example, they used a
Dy that was lower than commonly used for predictions (0.10
vs 0.17; this difference is however assumed negligible), a
TTy that was considerably shorter than anticipated in man
(3-5 vs 205), and a space of Disse thickness that was consid-
erably thicker than found by others (9—12 vs 2 ym) (Blouin
1977; Forker & Luxon 1982). Furthermore, the P -estimates
of drug and drug—protein complexes across the sinusoidal
endothelium were both set to equal the D of the drug divided
by the space of Disse thickness. A simulation of different
thicknesses of the space of Disse showed that 12 m gave
approximately 40-50% greater CLy-values than 9 um, and
interestingly this difference is similar to the difference
between the two hepatic extraction models used in the study.
Apparently, their dispersion model is sensitive to the choice
of diffusion and S-values.

Naritomi etal (2003) applied the same approach as they
used for microsome-data (see above). Four of the nine com-
pounds (human Ey 0.03-0.76, including conjugated sub-
stances) in the paper from 2001 were included. This time,
only the well-stirred and dispersion models were applied,
and in-vitro studies were performed using fresh rat hepato-
cytes, and cryopreserved rat and human hepatocytes. It was
assumed that drug binding to blood components had equili-
brated momentarily upon entering into the portal blood, that
no extrahepatic elimination occurred, and that no excretion
of intact and metabolized drug occurred from the intestines.
Ratios between observed and predicted human hepatocyte
in-vitro CL; ranged between 2.2- and 136-fold and 2.8- to
199-fold for the well-stirred and dispersion models, respec-
tively. The corresponding ranges found when the scaling
factor was included were 1.3- to 8.1-fold and 1.9- to 11-
fold, respectively. Thus, the in-vitro CL;,-data always
underestimated the in-vivo CL;;;, and the maximum errors
were quite large. The effect of binding to rat hepatocytes
was investigated, and for some substances, the in-vitro CL;
corrected for hepatocyte binding was not in agreement with
the in-vivo CL,,,. For seven compounds, the in-vitro CL;,
obtained using fresh and cryopreserved rat hepatocytes were
very similar. For two substances, however, the in-vitro CL;

int
was more than 2-times lower when using cryopreserved cells.
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Soars etal (2002) used the well-stirred model, and human
hepatocyte (fresh and cryopreserved; 4 million cells mL™";
90-min incubation; with 2 g L~ human serum albumin) and
microsome (incorporating blood-to-plasma partitioning ratio,
and plasma and microsome f-data) in-vitro CL; -data
(SDM) to predict to human in-vivo CL for 11 glucuronidated
compounds (glucuronidation responsible for 10-90% of in-
vivo CL). The concentration of human serum albumin was
approximately 20-times lower than in-vivo. The blood-to-
plasma partitioning ratio was assumed to be 1 for basic and
neutral compounds and 1-Hct for acids. They found that the
use of microsomes, but not fresh hepatocytes, led to consider-
able underprediction of the in-vivo CL. A significant correla-
tion between predicted and observed human in-vivo CLy
(r>=0.79; P<0.005) was demonstrated for eight investigated
substances when using fresh human hepatocytes suspended in
buffer containing human serum albumin. The presented fig-
ure shows that the CLy; for two of the low Ey; compounds was
not well predicted (approximate 10-fold error), and that the
predicted and observed CLy for two of the substances with
high Ey (which are less dependent on CL;; and binding than
on Qp) differed by approximately 30%. Viability data was
not presented. The correlation between in-vitro CL;,, data
obtained using fresh and cryopreserved human hepatocytes
appeared to be good (r>=0.80; P<0.001). The interindividual
variability for in-vitro CL;,, appeared to be quite large, both
for fresh and cryopreserved human hepatocytes.

Zuegge etal (2001) applied the well-stirred liver model
and hepatocyte in-vitro CL;,, (SDM) data to predict the
human in-vivo CLy for 22 extensively metabolized drugs.
The liver was assumed to be the main metabolizing organ,
and drug binding to blood cells and plasma proteins was
neglected. Sixty-four and 77% of predictions had errors less
than 2- and 3-fold, respectively, and the maximum fold-error
was estimated to 6.

In a study by McGinnity etal (2004), the in-vitro CL;; of
50 neutral and basic marketed drugs were determined in fresh
human hepatocytes (SDM), and used to predict the human in-
vivo CLy. The well-stirred model was used. Binding to
plasma proteins was not considered, and the distribution
between blood and plasma was assumed to be unity. The lin-
ear regression of the data showed a modest correlation
(r*=0.48, P<0.05). The prediction error was within 2-fold
for two-thirds of the compounds, and the maximum over- and
underpredictions were 11- and 3.4-fold, respectively.
Approximately one-third of predictions were acceptable
(<30% error for low CLy-compounds and <10% error for
high CLy compounds). Furthermore, the mean and median
errors were 95 (overprediction) and 68% (overprediction),
respectively. The average overprediction errors for sub-
stances with low and high Ey; were 2.2- and 1.4-fold, respec-
tively. The prediction of CLy; of neutral compounds appeared
poorer. The mean and median overprediction errors for these
substances (n=20) were 2.3- (2.5-fold for those with low Ey;
overprediction in 75% of cases) and 1.8-fold, respectively.
Fifty-nine per cent of these predictions had an error <2-fold.
With this approach, nine of 29 compounds (31%) with
intermediate and high CLy could potentially have been
incorrectly stopped from further development (predicted
Ey>80%). There was no apparent relationship between
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enzymes responsible for metabolism and predictability, and
the rank order was poor (80 and 40% differed >3 and > 10
placings; 22 placings maximum difference). The overpredic-
tion potential and rather poor accuracy might have been due
to the assumptions regarding drug binding. The re-evaluation
demonstrates a higher average prediction error for com-
pounds with low f, ;. The finding that predictions for neutral
compounds were poorer is consistent with their comparably
low f, ;- The median and average f, y, for neutrals were 3-
and 4-times smaller than for bases, respectively. Acids gener-
ally have lower f, 1,;, and therefore, this approach is expected
to be even less suitable for this class of compound. The per-
formances of cryopreserved human and dog hepatocytes
were also investigated using 14 drugs from the set. These
cells retained on average 94 and 81% of the CL;, in fresh
cells, respectively.

In a later report, Riley et al (2005) collected human hepa-
tocyte in-vitro CL,; -data for 17 acids, 18 bases and 21 neu-
trals from its own and other groups, and corrected for both
f, b1 and £ 3, when predicting (well-stirred model) CLy. The
CLy of most compounds were underpredicted and the rank-
ing was comparably poor. The average and maximum pre-
diction errors for acids, bases and neutrals were 5-, 1.8- and
5-fold, and 18-, 4- and 19-fold, respectively. Only 24, 67 and
33% of predictions in each group were <2-fold. I inserted a
scaling factor (multiplied predicted in-vivo estimates by the
average prediction error) to investigate improvement and
found that prediction errors were still quite large (average
1.6- to 2.7-fold, maximum 2.8- to 10-fold, 47 to 89% <2-
fold error). Similar results were found for compounds with
low Eg.

Cryopreserved human hepatocytes in suspension were
used in a study by Bachmann etal (2003) to predict the in-
vivo CLy of six substances from in-vitro CL; -estimates.
Experiments were 6-h long, the cell density was 1 x10° cells
mL~!, the SDM was used, and the CL;,, was calculated as
K¢jim X volume of the cell suspension. The in-vitro CL;,, was
measured either in human serum or serum-free media, and the
well-stirred model was used. Blood cell binding was not
taken into account, and plasma protein binding was not taken
into consideration for data obtained in serum-free media. Cel-
lular viability was measured, and the relative percentage of
viable cells (vs untreated cells) was used as a correction fac-
tor to normalize measured drug concentrations. The differ-
ence between predicted and observed in-vivo CLy when
serum was used ranged between approximately 30% under-
prediction and 50% overprediction, and the average of differ-
ences between predicted and observed values was only a few
per cent. The corresponding range for data obtained with
serum-free media was 50% underprediction to 10% overpre-
diction, and again, the average difference between predicted
and observed values was small. It was concluded that predic-
tions based on serum and serum-free media were equivalent.

Blanchard etal (2006) used cryopreserved human hepato-
cytes incubated in 100% serum and in serum-free medium to
predict the in-vivo CLy of six substances (basic and neutral
compounds metabolized by a variety of phase I and II
enzymes and with a wide range of CLp) in man. In-vitro
CL,,-values were derived using SDM, and the well-stirred

int
model was used. When incubations were performed with serum

it was assumed that the binding to hepatocytes was similar to
that in serum, whereas plasma and hepatocyte f,-values were
considered when studies were performed in the absence of
serum. Binding to blood cells was neglected or Cy/Cp,; was
set to unity. Average and maximum prediction errors and
percentage with <2-fold error with serum were 1.7- (mainly
underpredictions) and 2.1-fold and 67%, respectively. Corre-
sponding values for serum-free medium were 9- (mainly
underpredictions) and 28-fold and 17%, respectively.

Zuegge etal (2001) used hepatocyte in-vitro CL;,; (SDM),
the well-stirred model and a correction factor (relationship
between in-vitro CL;;; and in-vivo CL) to predict the human
in-vivo CLy for 22 extensively metabolized drugs. They
assumed that the liver was the main metabolizing organ, and
neglected drug binding to blood cells and plasma proteins.
Sixty-four and 96% (all except one compound) of predictions
were within 2- and 3-fold of observed values, respectively,
and the maximum fold-error was 15. Overall, this approach
seemed to be a bit more accurate than the other tested meth-
ods (allometric scaling with CL,; -correction, uncorrected
PB-IVIV prediction and an artificial neural network (ANN)
method).

Other methods

In-silico and statistical methods are also available for predic-
tion of CLy;. Results demonstrate that further development is
required.

Schneider etal (1999) combined in-vivo CL and hepato-
cyte in-vitro CL data for 22 extensively metabolized com-
pounds, and utilized multiple linear regression (MLR)
models, partial least squares regression (PLS) and ANN for
evaluation of their ability to predict the in-vivo CL in man.
Plasma protein binding was not considered. They found that
dog hepatocyte data, and rat and dog in-vivo data were uncor-
related with human in-vivo CL, and did not contribute signif-
icantly to the prediction models. In a study by Zuegge etal
(2001), the predictability of a supervised ANN method was
compared with allometric scaling with correction for inter-
species in-vitro CL; -differences, and PB-IVIV (hepatocytes)
prediction with and without a scaling factor. This method was
apparently not more accurate than any other of the methods,
and it showed the highest maximum error (22-fold). Gobburu
& Shelver (1995) applied an ANN method to predict the
pharmacokinetic properties, including CL, of a series of (-
blockers, and were able to predict the pharmacokinetics for
these as well. Hussain etal (1993a) developed an ANN tool
for the prediction of CL for 14 compounds in humans and
examined the performance vs allometry. The ANNs were
apparently no better than the allometric approach. Wajima
etal (2002) applied three types of regression methods to pre-
dict CL for 68 drugs in man, and compared the performance
vs allometric scaling methods without correction for in-vitro
CL;,~ and f,-differences. It was demonstrated that a MLR
method using animal CL data and calculated structural
parameters (molecular weight, clogP, and number of hydrogen
bond acceptors) predicted the human CL better than allomet-
ric methods. With the MLR and allometric methods, approxi-
mately two-thirds of the predictions had less than 2-fold



error, and the maximum errors were 10- and 70-fold (over-
prediction), respectively. Wajima etal (2004) also used a
method for human CL prediction where it was assumed that
plasma concentration—time profiles were similar among spe-
cies, and that normalized curves from various species could
be superimposed. Species differences in CL;,, and f, were
not considered. CL values for two of the four test compounds
had less than 2-fold errors and the maximum error was esti-
mated to be 2.8. Various in-silico methods are available for
prediction of binding of drugs to metabolizing enzymes and
metabolic activity (Ekins & Obach 2000; Ekins etal 2000,
2002, 2003; Roberts 2001; Tucker etal 2001; Boobis etal
2002; Ekins & Rose 2002; Ethell etal 2002; Ekins 2003;
Lombardo etal 2003; van de Waterbeemd & Gifford
2003; Balakin etal 2004; Bugrim etal 2004; Crivori etal
2004; Hansch et al 2004; Henderson & Guzzo 2004; Penzotti
etal 2004; Poggesi 2004). None of the in-silico methods
seemed to produce accurate predictions of human CLy and
CL, and therefore, these need to be developed further. Ekins
& Obach (2000) used pharmacophore modelling and quanti-
tative structure activity relationship (QSAR) techniques to
predict human hepatocytes in-vitro CL;,, for 29 drugs with
different physicochemical properties, and found quite large
predictive errors. Ekins (2003) also used a partitioning
model based on human liver microsomal CL; -data of more
than 800 structurally diverse molecules to predict the in-vitro
CL,,- He found that the model was able to generate a statisti-
cally significant ranking for 41 drugs in a test set, but the
95% confidence intervals were large (£1.5 magnitude), sug-
gesting low accuracy to predict the CL, in man. Jolivette &
Ward (2005) evaluated the potential of calculated two-
dimensional molecular properties (molecular weight, molar
refractivity, log octanol-water partitioning coefficient, polar
surface area (PSA), number of hydrogen bond donors and
acceptors, and rotatable bound count) to predict the extrapo-
lative success or failure of rat, dog and monkey data to
project the CL of 103 compounds in man. Compounds with
like animal and human CL categorization (low, moderate,
high) were considered qualitatively successful, and com-
pounds with a predicted human CL with less than 2-fold
error were considered quantitatively successful. In rats, dogs
and monkeys, the qualitative success was 68, 66 and 73%,
respectively. The corresponding quantitative success values
were 44, 48.5 and 68%, respectively. Differences in some
molecular properties were found between successful and
failed predictions, and application of the findings could
enrich the predictability of the human CL to some extent.

Conclusion

The objectives were to evaluate the different approaches for
prediction of CLy in man, find/define the most appropriate
approach, evaluate if the performance was sufficiently good
for obtaining accurate stop/go-decisions during candidate
drug selection and safe and effective dosing in early clinical
studies, and investigate if further method development was
required.

Several methods for prediction of CLy (and CL) in man
are available, including simple interspecies extrapolation,
allometric scaling with and without correction for brain
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weight and MLP, allometric scaling with correction for spe-
cies differences in in-vitro CL;,, and f,, in-vitro to in-vivo
correlation, PB-IVIV prediction with and without inclusion
of a scaling factor, and in-silico methods. The performances
of the most commonly used approaches are shown in Table 1.

A PB-IVIV method with f,;,; and hepatocyte CL;,-data
has a good rationale and appears to give the best predictions.
Available data indicate a high potential of this method to
obtain accurate candidate drug stop/go-decisions, and select
safe and effective clinical dosing strategies. Another advant-
age is that the method enables prediction of CLy in different
populations. Predictions in the rat obtained with rat f, ,; and
fresh hepatocyte CL;,-data showed that prediction errors
generally were <50% and negligible for about half of the
compounds, and that CL classification and rank order were
appropriate. PB-IVIV predictions obtained with human f;,
and cryopreserved CL;,-data demonstrate maximum ~2-fold
errors, 25% errors for half of predictions, and appropriate
rank ordering. Inclusion of an empirical scaling factor (3—4)
was, however, needed when CL; -data obtained with cryo-
preserved human hepatocytes were used. Possible reasons for
the underpredictions and need to include a scaling factor
include: use of cryopreserved hepatocytes with low viability
and metabolic activity; use of a CL; -estimation method that
assumes that Vp in hepatocytes equals that of the physical
volume of the cells (underprediction for compounds with
high partitioning coefficients); underestimation of the in-vivo
fyp1 for compounds that bind slowly to blood components;
and overestimation of the CLy from in-vivo pharmacokinetic
data (neglect of extrahepatic CL). Other reasons for poor or
deviating PB-IVIV predictions are the use of: liver extraction
models that do not correctly reflect the convection and mix-
ing of blood within the liver; a method that assumes that the
fy rpc is directly available for hepatic uptake and disposition
(80% overestimation of f,,); the assumption that different
blood components have similar TTy; neglect of binding to
blood cells; and insensitivity of in-vitro methods to obtain
accurate CL; -estimates when metabolic rate is slow
(Eg<0.05). Thus, an improvement of this methodology is
possible and required. A neglect of f,; or incorporation of
fuinc does not seem to be the way to solve this. Such
approaches are both physiologically incorrect and give com-
parably large prediction errors and poor ranking.

When microsome CL,; -data are used with the PB-IVIV
approach, the CLy; is underpredicted by 5- to 9-fold on aver-
age, and a 106-fold underprediction has been observed. The
poor performance could probably be explained by lack of
complete sets of membranes to permeate through, cell com-
ponents to bind to, and metabolizing and transporting
enzymes, and low metabolic activity. Inclusion of scaling fac-
tors, and neglect of f;y, for basic and neutral compounds
improve microsome predictions to some extent. The ration-
ales and performances are, however, not satisfying.

Allometric methods incorrectly assume that the determi-
nants for CLy relate to body weight, brain weight and/or
MLP, and consequently, they have poor predictability. Sim-
ple allometry has an average overprediction potential,
>2-fold errors for ~one-third of predictions, >1.3-fold (30%)
errors for ~two-thirds of predictions, 140-fold underpredic-
tion to 5800-fold overprediction (potential safety risk) range,
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and b-values ranging between —1.2 and 2.2. Improvements
have been achieved when correcting for species differences in
CL,, or f,. These are generally modest and the approach
lacks a valid rationale.

In-vitro CL; to in-vivo CL correlations have not gener-
ated accurate CL predictions, and this could be explained by
the fact that binding to blood components and Qg have not
been considered.

In-silico methodologies are available, but these need fur-
ther development.

Insufficient exposure (and lack of sufficient and retained
pharmacological activity) in early clinical studies could
potentially have been due to underpredictions of CL with
allometry, and cryopreserved hepatocyte, microsome and
liver slice CL;,-based PB-IVIV. Underprediction of systemic
exposure, which is common with allometry and when
neglecting binding to blood components, is a potential safety
and attrition risk factor.

A 2-fold prediction error could be sufficient for leading to
attrition, and misinterpretation of the pharmacokinetic pro-
file, elimination routes and interaction potentials. Allometry
could give CLy- or CL-values close to or above the Qy (thus,
no or negligible predicted oral F) despite good in-vitro stabil-
ity, and thereby suggest a rejection of suitable candidate
drugs. The oral F for compounds with high CLy is very sensi-
tive to CLj, X1, 1, prediction errors and the choice of liver
extraction model. Maximum prediction errors of ~50% at low
CLy and ~10% at high CLy; are desirable and reachable.

In conclusion, it is recommended that PB-IVIV with human
hepatocyte CL;,, and f,; is applied and improved, limits for
acceptable errors are decreased, and that allometry and animal
CLy-studies are avoided. With this approach, high quality
CLy-predictions, and improved candidate drug selection, lead
optimization, ethics (reduced use of animals), safety, and
development programmes are achievable.
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