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AbstractÐMetabolism of xenobiotics occurs mainly in the liver, but in addition, the lungs and kidneys
may contribute considerably. The choice of the animal species during drug development as a predictive
model for the human condition is often inadequate due to large interspecies di�erences. Therefore, a
universal method for the preparation and incubation of human and animal liver, lung and kidney tissue
is being developed for drug metabolism and toxicity testing using precision-cut organ slices. Human tis-
sue was obtained from surgical waste material. Slices were made from rat and human liver, kidney and
agar-®lled (1.5%, w/v) lung tissue using a Krumdieck tissue slicer and incubated in six-well plates. The
morphology and the ATP content show that viability is maintained during 3 hours of incubation.
These organ slices show a variety of phase I (hydroxylation, oxidation and O- and N-deethylation) and
phase II (glucuronidation and sulfation) metabolic routes using lidocaine, testosterone, 7-ethoxycou-
marin and 7-hydroxycoumarin as substrates. The metabolic patterns and rates were found to be di�er-
ent for the various organs and species studied. The use of human tissue slices will enable us to collect
more human-speci®c data on drug metabolism and toxicity. This may lead to a more adequate choice
of animal species used during drug development and will result in a considerable reduction in the use
of experimental animals. # 1999 Elsevier Science Ltd. All rights reserved
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Abbreviations: 7-EC= 7-ethoxycoumarin, 7-HC = 7-hydroxycoumarin; 7hc-GLUC= 7-hydroxycou-
marin glucuronide, 7hc-SULF= 7-hydroxycoumarin sulfate; CYP = cytochromes P-450, MEGX=
monoethylglycinexylidide; UW= University of Wisconsin organ preservation solution.

INTRODUCTION

Metabolism of many xenobiotics, including drugs

and toxic compounds, occurs mainly in the liver.

Therefore, until now, in vitro studies on metabolism

of xenobiotics were usually performed using liver

preparations, such as microsomes, isolated hepato-

cytes, slices or isolated perfused livers. It becomes,

however, increasingly evident that other organs,

such as lung, kidney and intestine can also contrib-

ute considerably to the metabolism of xenobiotics.

This may not only be important for the clearance

of drugs from the body, but may also result in

organ-selective toxicity. During drug development,

animal experiments are obligatory to study metab-

olism and toxicity before administration to humans

is allowed. Usually the rat and the dog are selected

in the ®rst instance. Also, most of the fundamental

research on drug metabolism and research is per-

formed in the rat. From the presently collected

research data, however, it becomes increasingly

clear that the di�erences in metabolic pro®les and

toxic reactions between species can be quite large.

These di�erences include not only the kind of

metabolites that are formed, but also concern the

contribution of the various organs in the body in

the process of clearance and toxicity. These species

di�erences appear to be almost speci®c for the com-

pound under study, and despite extensive research,

structure±metabolic pro®le relations are di�cult to

establish. In particular, extrapolation of results

obtained in animal experiments to the human situ-

ation is precarious.

Therefore, it is of the utmost importance to

develop an in vitro test system with human and ani-

mal tissue to predict organ-speci®c drug metabolism

and toxicity in man in an early phase of drug devel-

opment, and to establish possible species di�erences

therein. The development of the technique of prep-

aration (Krumdieck et al., 1980) and use of organ

slices from liver (Smith et al., 1985), kidney (Ruegg

et al., 1987) and lung (Stefaniak et al., 1988) caused
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an increasing use of animal and human liver slices

in studies on drug metabolism and toxicity. This

technique is generally accepted as a good model to

obtain human-speci®c data (Bach et al., 1996;

Olinga et al., 1998a; Parrish et al., 1995; Vickers,

1994). Slices are relatively easy to prepare and they

remain viable for at least 24 hr. Recently, even

maintenance of viability and drug metabolic ca-

pacity of liver slices up to 3±4 days was reported,

enabling studies on induction and toxicity (Gokhale

et al., 1997; Price et al., 1998). Moreover, human

and animal liver slices can be cryopreserved with

maintenance of their biotransformation capacity for

at least 3 hr after thawing (de Kanter and Koster,

1995; de Kanter et al., 1998).

Kidney slices have also been used extensively for

toxicity and uptake studies, (for a review, see

McGuinness et al., 1993); however, human kidney

tissue is used less frequently for drug metabolism

studies (Connors et al., 1996; Vickers, 1994).

Kidney slices can be prepared from cortex and

medulla selectively (Ruegg et al., 1987), enabling

the study of regioselective drug metabolism, which

is important for the prediction of drug±drug inter-

actions. Also, lung slices have been used success-

fully in metabolic and toxicity studies (Fisher et al.,

1994; Vickers et al., 1997). The preparation of lung

slices necessitates the infusion of low melting agar

to give the tissue enough solidity to enable slicing

(Stefaniak et al., 1988).

In this paper we describe initial experiments

aimed to develop a test system with human and rat

liver, lung and kidney slices to identify species and

organ speci®c metabolism. We prepared slices from

human tissue that was obtained as surgical waste

resected from tissue obtained from cancer patients

during surgery. The viability of these slices during

incubation is determined by ATP content and mor-

phology. These parameters are generally considered

as being the most sensitive viability parameters

(Blackmore et al., 1997; Gokhale et al., 1997;

Vickers et al., 1997). Moreover, we assessed the

metabolic rate and pattern of four model substrates:

lidocaine, testosterone, 7-ethoxycoumarin (7-EC)

and 7-hydroxycoumarin (7-HC). These substrates

are selected because they have been used before to

characterize metabolic capacity of human liver slices

since they show a variety of phase I (hydroxylation,

oxidation, N- and O-deethylation) and phase II

(sulfation and glucuronidation) metabolic routes,

and because a large number of cytochromes P-450

(CYP) isoenzymes is involved (see Discussion). This

report describes some preliminary results on drug

metabolism and viability, using rat and human

liver, kidney and lung slices.

MATERIALS AND METHODS

Materials

The following compounds were obtained from
the sources indicated: lidocaine from Centrachemie
(Etten-Leur, The Netherlands); 7-EC and testoster-

one from Fluka (Buchs, Switzerland); 6b-, 16a-,
11b-hydroxytestosterone, androstenedione, and 7-
HC from Sigma (St Louis, MO, USA); University
of Wisconsin organ preservation solution (UW)

from Du Pont Critical Care (Waukegan, IL, USA);
Williams' medium E (with Glutamax-I) from Gibco
BRL (Paisley, UK). Monoethylglycinexylidide

(MEGX) was a kind gift of ASTRA (SoÈ dertaÈ lje,
Sweden) and 7-hydroxycoumarin glucuronide (7hc-
GLUC) and 7-hydroxycoumarin sulfate (7hc-

SULF) were kind gifts from Mr P. Mutch, Glaxo
Wellcome Research and Development (Herts, UK).
All other chemicals were of analytical grade and

were obtained from commercial sources.

Organs

Human lung and kidney tissue was obtained
from patients subjected to surgery for carcinoma.
All lung donors were male (aged 56±82 yr). Kidney

donors were all female (aged 49±63 yr). Tumour-
free tissue that was considered as surgical waste was
used. Human lung and kidney material was stored
in ice-cold Krebs±Henseleit bu�er (Olinga et al.,

1998b) until the start of the slicing procedure (total
cold storage period: max 2 hr). Human liver tissue
was obtained from redundant donor tissue after

split liver transplantation that was perfused with
ice-cold UW, as described previously (Olinga et al.,
1998b). Liver donors were both male and female

(aged 7±69 yr). The research protocols were
approved by the medical ethical committee and con-
sent from the patients was obtained.

Animals

Male Wistar rats were housed in standard cages

and had free access to food and tap water. Rats
were anaesthetised by halothane, NO2/O2, and the
liver, kidneys and lungs were excised and placed in

UW on ice.

Preparation of slices

The lung trachea (rat) or the biggest bronchiole
available (human) was cannulated and lungs were
instilled with 1.5% (w/v) low melting agarose sol-

ution containing 0.9% (w/v) NaCl at 378C and
allowed to gel on ice. Tissue cylinders from liver,
kidney and lung were prepared with an 8 mm diam-

eter motor-driven coring tool as described before
for liver (Smith et al., 1985) and kidney (Ruegg
et al., 1987). From the cylinders, precision-cut

organ slices were prepared as described (Smith et al.,
1985). Kidney slices were prepared perpendicular to
the cortical±papillary axis to distinct cortex and
medulla derived slices (Ruegg et al., 1987). The wet
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weight of liver and kidney slices was 15±20 mg
(thickness 270±360 mm), lung slices were 20±25 mg

(thickness 360±450 mm). Slices were stored in ice-
cold UW until incubation.

Incubation

Slices were individually submerged in 3.2 ml
Williams' medium E in a well of a six-well culture

plate, which was placed in a plastic container and
gassed with humidi®ed 95% O2/5% CO2, and sha-
ken back and forth (90 times/min) in a cabinet at

378C. Metabolism of lidocaine (5 mM), testosterone
(0.25 mM), 7-EC (0.05 mM) and 7-HC (0.5 mM) was
studied during 3 hr (lidocaine incubations with liver
slices: 1 hr). Incubation, sampling, handling and

analysis was performed as described earlier (de
Kanter et al., 1998).

Viability

Slice ATP content was determined in homogen-
ates [containing 70% methanol (v/v) and 2 mM

EDTA], using ATP Bioluminescence Assay Kit
CLS II from Boehringer Mannheim. Slices were
®xed in 10% formalin for histopathological analy-
sis. Para�n sections (5 mm) were stained by haema-

toxylin and eosin staining.

RESULTS

Viability

Rat and human kidney cortex para�n-embedded
sections of slices incubated for 3 hr contained glo-

meruli, proximal and distal tubuli, whereas medulla
slices lacked glomeruli and mainly collecting tubes
and tubules of the loop of Henle were visible (not
shown). There were no signs of damage in slices

incubated for 3 hr compared with slices directly
after slicing. Sections of lung slices exhibited open
alveoli and small bronchioli, and no damage was

seen after 3 hr of incubation of both rat and human
slices (not shown).
ATP levels in lung slices were assessed directly

after slicing and after 1, 3 (lung, 2±4), 15 and 24 hr
(lung, 6) of incubation. ATP levels in lung slices

showed a two- to ®vefold increase during 3 hr of in-
cubation (Fig. 1). After 3 hr, a plateau level is

reached that was maintained during the incubation
period (until 24 hr) in slices from human lung 6.
After 3 hr, the ATP content of human kidney and

liver slices increased in the same way to a plateau
of 88228 pmol ATP/mg protein (six human kid-
neys) and 42218 pmol ATP/mg protein (two

human livers).

Metabolism

Human lung and liver and rat lung, liver and kid-
ney medulla slices metabolized lidocaine (5 mM) to

an N-deethylated metabolite, monoethylglycinexyl-
idide (MEGX). The data are shown in Fig. 2. No
MEGX formation was found using rat kidney cor-

tex slices.
Metabolites in rat lung and kidney cortex and

medulla formed after 3 hr of incubation with

0.25 mM testosterone are given in Fig. 3(A),
together with the levels of three of the metabolites
found in liver slices. In rat liver slices also 2a-, 6a-,
7a-, 15a-, 16b- and 19-hydroxytestosterone were
formed (not shown). In rat lung and kidney, mainly
androstenedione was formed in addition to small
amounts of 16a-hydroxytestosterone. The data from

human lung (n = 1) and liver (n = 3) are given in
Fig. 3(B). In the samples of the human lung, two
extra peaks appeared in the HPLC chromatogram,

which could not be identi®ed with the standards
used routinely. Apart from these two metabolites,
human lung slices mainly formed androstenedione

and small amounts of 16a-hydroxytestosterone, but
no 6b-hydroxytestosterone, which is one of the
main metabolites found in human liver. Preliminary
data from slices from human kidney showed that

the same metabolites were found as in human lung
slices.
In Fig. 4, the data are given for the formation

rate of 7-HC, 7hc-GLUC and 7hc-SULF after incu-
bation for 3 hr with 0.05 mM 7-EC. Rat and human
kidney and rat lung slices showed no detectable

metabolic activity of 7-EC. In Fig. 5, the formation
rate of 7hc-GLUC and 7hc-SULF after incubation

Fig. 1. ATP levels in lung slices of individual lungs during incubation (means of three slices2SEM).
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with 0.5 mM 7-HC. Human lung 6 and 7 showed no

metabolic activity when incubated with 0.5 mM 7-
HC.

DISCUSSION

The results of this study show that organ slices
can be prepared successfully from the non-malig-
nant parts of human surgical waste tissue of human

lung and kidney cancer patients as was shown pre-
viously for liver (Olinga et al., 1998b). They main-
tain good viability during incubation and can

successfully be used for drug metabolism studies,
since they perform a variety of phase I reactions,
such as the N-deethylation of lidocaine, hydroxyl-

ation and oxidation of testosterone, and the O-
deethylation of 7-EC. Moreover, all organs show
phase II conjugation reactions: the sulfation and/or
glucuronidation of 7-HC.

The data on morphology indicate that the slices

remain viable for at least 3 hr of incubation. Lung
slices showed increase in ATP levels up to 3 hr and

maintenance of ATP levels for 24 hr (Fig. 1). This
pattern of an initial recovery period followed by a

constant plateau level of ATP was found earlier in

lung (Vickers et al., 1997), liver (Smith et al., 1985)
and kidney slices (Stubenitsky et al., 1995), and is

readily explained by resynthesis of ATP, lost during
the cold storage period that is inevitable between

excision of the organs and slicing. In a previous
study we compared the viability of human liver

slices obtained from surgical waste from cancer
patients with those from donor tissue (Olinga et al.,

1998b). We concluded that slices prepared from
liver tissue after partial hepatectomy have some-

what decreased metabolic capacity, probably due to
the warm ischaemia during surgery, but are still

useful to study drug metabolism patterns. In ad-
dition, our data on morphology and ATP content

Fig. 2. Lidocaine (5 mM) metabolism during 3 hr of incubation towards MEGX is shown for both rat
(n = 3, panel A) and human (panel B) organ slices (means of three slices2SEM).
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in lung and kidney slices do not show severe

impairment of viability.

With respect to drug metabolism, the data clearly

show that the three di�erent organs di�er in their

relative activities of the various biotransformation

reactions, and in addition that clear interspecies

di�erences are present.

Lidocaine metabolism in human lung amounts to

about 50% of liver values when expressed per mg

protein, whereas in rat lung the activity is only 5%

Fig. 3. Testosterone (0.25 mM) metabolism during 3 hr incubation towards hydroxytestosterone and
androstenedione is shown for both rat (n = 1, panel A) and human (panel B) organ slices (means of

three slices2SEM).

Fig. 4. 7-EC (0.05 mM) metabolism during 3 hr incubation towards 7-HC, 7hc-GLUC and 7hc-SULF is
shown for both rat (n = 1, panel A) and human (panel B) organ slices (means of three slices2SEM).
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of liver values. On a protein basis human lung slices

have a twofold higher metabolic rate compared

with rat lung slices, whereas human liver has only

20% of rat liver activity. CYP3A4 is responsible for

lidocaine metabolism into MEGX in human liver

(Sotaniemi et al., 1995), and possibly also in human

lung because CYP3A4 is found to be present in

human lungs (Anttila et al., 1997). In rat liver,

MEGX is formed by CYP2C11 and CYP2B1, and

possibly by CYP3A2 and CYP1A2 (Imaoka et al.,

1990), while in rat lung and kidney CYP2B1 is

involved (Tanaka et al., 1994). Surprisingly, rat

renal cortex slices did not form detectable amounts

of MEGX, whereas signi®cant amounts of MEGX

were formed in medulla slices. Apparently the iso-

enzyme responsible is not present in the cortex.

Renal cortical slices from the same rats did show

testosterone and 7±HC metabolism, indicating that

the lack of MEGX formation is not due to lack of

viability.

Striking di�erences both quantitatively and quali-

tatively were found between human and rat organs

with respect to testosterone metabolism. In human

lung slices, two unidenti®ed metabolites were

detected that were not found in human liver slices

nor in any of the rat organs. Human liver slices

mainly form 6b-hydroxytestosterone and androste-

nedione, and minor amounts of 2b-hydroxytestos-
terone whereas rat liver slices form relatively little

6b-hydroxytestosterone but produce several other

metabolites, among others androstenedione and

16a-hydroxytestosterone. In human liver, the

known CYP isoforms involved in testosterone

metabolism are CYP3A3/4/5 (formation of 2b- and
6b-hydroxytestosterone) and CYP2C9/19 (androste-

nedione formation) (Waxman et al., 1991;

Fig. 5. 7-HC (0.5 mM) phase II metabolism during 3 hr incubation towards 7hc-GLUC and 7hc-SULF
is shown for both rat (n = 1, panel A) and human (panel B) organ slices (means of three

slices2SEM).
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Yamazaki and Shimada, 1997), while CYP4B1,

which is present in human lung but not in human
liver, is found to be able to catalyse 6b-hydroxytes-
tosterone formation (Waxman et al., 1991).

However, we did not ®nd 6b-hydroxytestosterone in
human lung slice incubations.
In rat liver, many CYP isoenzymes are involved

in testosterone metabolism, among them are the fol-
lowing CYP isoenzymes (formed hydroxytestoster-

ones in parentheses): 1A1 (6b), 1A2 (6b), 2A1 (7a),
2A2 (6b, 7a), 2A4/5 (7a), 2B1 (6b, 16a, 16b, andros-
tenedione), 2B2 (16a, androstenedione), 2C7 (2a,
16a, 7a), 2C11 (2a, 16a, androstenedione), 2C13
(6b), 3A1 (6b, 15b), 3A2 (6b), 3A4 (15b) (Gokhale
et al., 1997; Yamazaki and Shimada, 1997), and

references therein.
The main CYP isoforms in rat lung are CYP2B1

and CYP4B1 (Hoet et al., 1997). Probably CYP2B1
is involved in the formation of the main metabolite,
androstenedione, in rat and human lung, as it is in

liver. This might be the case in kidney too, where
the same metabolic pattern is observed as in lung.
Quantitatively similar amounts of testosterone

metabolites were found in human liver and lung
slices, whereas in rat lung slices metabolism of tes-

tosterone is only 20% of that in liver. The for-
mation rate of the main metabolite,
androstenedione, in human liver is 30% of that in

rat liver. The contribution of kidney cortex is some-
what higher than of the medulla, the lung slices
exhibit the lowest activity.

When slices are incubated with 0.05 mM 7-EC,
integrated phase I and phase II metabolism takes

place: O-deethylation to 7-HC, followed by glucuro-
nidation and sulfation of the newly formed hydro-
xylgroup. The total phase I metabolic rate (7-

HC + 7hc-GLUC + 7hc-SULF) in human liver is
about 50% of that in rat. In contrast, some human
lungs show detectable 7-EC metabolic activity while

rat lung slices do not. This is in accordance with
data from human lung microsomes (Shimada et al.,

1996) but not with a report about rat lung slices,
which did show metabolic activity of 7-EC (Price
et al., 1995). This might be explained by rat strain

di�erences; Price et al. used Sprague±Dawley rats,
whereas Wistar rats were used in the present study.
Wheeler and Guenthner (1991) found that total

CYP per mg microsomal protein in rat lung is 20
times higher than in human lung. This suggests that

the speci®c isoenzymes involved (1A1/2 and 2E1;
Shimada et al., 1996) in N-deethylation of 7-EC is
present in higher amounts in human than in rat

lung. Rat liver was the only organ that formed ap-
preciable amounts of sulfate conjugate. Rat lung
and kidney cortex showed no detectable metabolism

of 7-EC. In the human lungs that we tested, total
phase I metabolism was present in two individuals,
but absent in two other lungs. From the ATP data

(Fig. 1) and the presence of MEGX formation in
slices from lung 4, one can conclude that this was

probably not due to a low viability but to interindi-
vidual variation.

When slices were incubated with 0.5 mM 7-HC,
mainly glucuronides were formed, which can be
explained by the much higher 7-HC concentration

than during incubation with 7-EC and the much
higher Vmax for glucuronidation than for sulfation
(Mulder et al., 1984). Again, human liver slices

show 50% lower activity than rat liver slices, and
rat lung slices did not show any activity.
Taking all the data together, one can conclude

that the contribution of the three organs in man
and in rat shows a rather unpredictable pattern.
The relative contribution of the three organs within
one species is di�erent per substrate and parallelism

is hardly found between rat and human organs.
Although the data are far from complete, one could
only speculate that for the substrates tested, rat

liver is more active than human liver, but that the
reverse is true for lung: human lung is more active
than rat lung. This supports the necessity of using

human organ slices in order to predict human
metabolism in vivo.
In conclusion, slices are a powerful tool to study

human and organ speci®c metabolism in vitro. To
determine the contribution of the three organs to
the total body clearance, data on the intrinsic clear-
ances per organ should be calculated using not only

data on Vmax and Km of the various metabolic
routes and the blood ¯ow through the organs, but
also on the net uptake rate of the substrates into

the cells.
The use of human organ slices during drug devel-

opment could result in a safer ®rst administration

to man and in a reduction in the number of exper-
imental animals used.
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