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ABSTRACT:

The time course for distribution of five compounds (caffeine, tol-
butamide, phenytoin, ondansetron, and diazepam) was studied in
precision-cut rat liver slices. Transport of these compounds dif-
fered greatly, with caffeine being distributed rapidly, but not accu-
mulating above the media concentration. Although tolbutamide
similarly was not accumulated within the tissue, its uptake rate
was slower. The rate of phenytoin, ondansetron, and diazepam
distribution (with appropriate corrections for metabolism) was
slower still; yet, these drugs were accumulated within the cells of
the slice to a concentration ~15-fold that of the media. Examina-
tion of the physicochemical properties of these compounds dem-
onstrated that the extent of accumulation positively correlated
with lipophilicity, whereas the rate of uptake was not statistically
correlated with log D.

The extent of accumulation within the slice was assessed by an
apparent volume of distribution parameter (ranging from 26 to 195
pl/slice). Using cell:media partition coefficients determined in
hepatocytes and the intra- and extracellular spaces within the slice
(as measured with the markers tritiated water and sucrose), it was
possible to predict apparent volumes of distribution for each drug

in the liver slice. Comparison of observed and predicted apparent
volumes of distribution gave ratios of 0.34-1. Intrinsic clearance
values for these five drugs are available for slices and cells (slice:
cell intrinsic clearance ratios 0.05-0.43; Worboys et al., Drug
Metab. Dispos. 24, 676-681, 1996). Drugs that demonstrate low
intrinsic clearance ratios also have low apparent volume ratios,
thus indicating that reduced drug uptake and clearance in slices,
relative to hepatocytes, are interdependent. Both phenomena may
be rationalized by the existence of a drug concentration gradient
within the slice. At very high drug concentrations, V,,,,, operates,
and the consequence of the gradient is minimal. Therefore, it is
possible to speculate upon the fraction of hepatocytes within the
slice contributing to clearance by considering V,,., values. For six
pathways of metabolism, V,, ., in slices averages 35% of the cor-
responding parameter in isolated hepatocytes. This is most likely
due to limited oxygen and compromised metabolic function of the
core cells. These distribution phenomena severely complicate the
possibility of using a scaling factor based on the theoretical num-
ber of slices obtainable from a liver to predict in vivo intrinsic
clearance.
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Liver slices are proving a usefih vitro system for establishing been modified to allow separation of slices from media to examine thed.
routes of metabolism; several investigators (1-3) have been ableate and extent of distribution in precision-cut rat liver slices of the§
correlate the relative importance of specific pathways of metabolidive drugs previously characterized for their metabolite kinetics. Thec,
in slices with that observeith vivo. Previously, we have investigatedcontrasting physicochemical properties of these drugs are shown &

the kinetics of metabolism of caffeine, tolbutamide, phenytoin, oitable 1. In addition, the reference markeid,0 and [“C]sucrose (9,

N
o

dansetron, and diazepam in liver slices (4—6), and found the clearadfg were used to obtain estimates of slice intra- and extracellulap3

in slices to be lower than that in isolated hepatocytes when both seedimes to assist the interpretation of the drug distribution data.
of data are expressed per million cells. Theseitro systems differ

Materials and Methods

in regard to their tissue architecture, maintained in slices, but lost in

the hepatocyte isolation procedure; only isolated hepatocytes aré&hemicals. Phenytoin was purchased from Aldrich (Gillingham, Dorset,

incubated in direct contact with the drug in the media. Although th&<)- Caffeine and tolbutamide were purchased from the Sigma Chemical

outer cells of a slice are directly exposed to media, the cells in the

interior of the slice are only exposed to drug when it has traveled
through, or around, the outer layers of cells. Recently, this phenom-

enon has been visualized using a fluorescent dye (7).

TABLE 1

Physicochemical properties of caffeine, tolbutamide, phenytoin,
ondansetron, and diazepam

A method routinely used to investigate drug transport in hepato- Drug pKa Log D7 4 Molecular Weight
cytes uses silicone oil to separate the cells from the media by differ- caffeine (neutral) 0.8 —0.07 194.2
ences in their densities (8). In the present study, this procedure hasrolbutamide (acid) 5.4 0.52 270.3

Phenytoin (weak acid) 8.3 2.20 274.3

P.D.W. was the recipient of a Glaxo Studentship. Ondansetron (base) 7.4 1%2 293.0

" Present address: Department of Medicinal Chemistry, Merck Sharp & Dohme Diazepam (weak base) 3.3 280 284.7

Research Laboratories, Harlow, Essex CM20 2QR, UK.

Send reprint requests to: Dr. J. Brian Houston, Department of Pharmacy,
University of Manchester, Manchester M13 9PL, UK.

2 Data from ref. 21.
b Data from ref. 22.
¢ Data from ref. 23.
9 Data from ref. 24.
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Company (Poole, Dorset, UK)*{C]Caffeine (specific activity= 59.4 mCi/ detected in a slice was required for phenytoin, diazepam, and ondansetron
mmol) and }“C]phenytoin (specific activity= 48.6 mCi/mmol) were obtained incubations. Incubations of 10 and %M phenytoin, 10 and 10@M diaze-
from DuPont (Stevenage, UK){C]Tolbutamide (specific activity= 54.0 pam, and 10 and 100M ondansetron were performed as previously described
mCi/mmol), [*C]diazepam (specific activity= 57.0 mCi/mmol),*H,0 (spe- for 25 min. Reactions were terminated after 25 min by transferring the media
cific activity = 1 mCi/ml), and £“C]sucrose (specific activity= 627.0 mCi/ and slice to a plastic scintillation vial and snap-freezing in liquid Mials
mmol) were obtained from Amersham (Little Chalfont, UK). Diazepam wasaere thawed at room temperature and 400nedia removed for metabolite
gift from Roche Products Ltd. Ondansetron affiCjondansetron (specific analysis. Slices were homogenized in the remaining@@0fedia using a MSE
activity = 75.1 mCi/mmol) were gifts from Glaxo Research and Developmernitlitrasonic disintegrator, and a 4Q@ aliquot of homogenate removed for
The radiochemical purity of these compounds exceeded 98%. Dow Cornimgtabolite analysis. Phenytoin, diazepam, and ondansetron metabolites were
550 silicone oil (1.07 g/ml) and Dow Corning 510/50 cs silicone oil (0.99 g/mkuantified after conjugate hydrolysis and solvent extraction as previously
were purchased from BDH (Poole, Dorset, UK). All other general laboratodescribed (5, 6).
chemicals were purchased from BDH and were analytical grade. All solventsData Analysis. The uptake of markefH.,0 or [*“C]sucrose, was calculated
were of HPLC grade. as a percentage of that initially in the media by dividing the radioactivity
Animals. Male Sprague-Dawley rats (250-300 g), obtained from Charlesithin the slice by the radioactivity initially added to the media. For tolbut-
River (Margate, Kent, UK), were allowed free access to water and food (CRaMide, caffeine, phenytoin, ondansetron, and diazepam, the amount of drug or
pelleted diet, Agro Foods, Peniston, UK). Housing conditions were: 22C,  drug-related material within the slice was determined from the radioactivity
40-70% relative humidity, and a 12-hr light/dark cycle. counted and the specific activity of each compound incubated. Metabolism of
Slice Preparation and Incubation. Slices were prepared and 1 ml incu-tolbutamide and caffeine was negligible (metabolites accounted for 0.9 and
bations of caffeine, tolbutamide, phenytoin, and ondansetron performedQii3%, respectively, of the total drug-related material in a slice—data not
24-well tissue culture plates as previously described (4). As a result sfiown) over the incubation times used herein, and the radioactivity within
extensive binding to the plastic well plates, diazepam incubations were pslice represents the amount of drug within the slice. However, in the case sg
formed in an analogous fashion in glass scintillation vials. Slices were addgltenytoin, ondansetron, and diazepam, a correction for metabolite retentioi
to wells containing buffer and the following marker/drug: ®H,0 with  within the slice was required. HPLC analysis determined the amount o@
[*“C]sucrose (aqueous mixture of 0.12Zi *H,0, 0.032uCi [**C]sucrose); metabolite(s) in 40Qul of media and in 40Qul of homogenate. These values ]
ii) 250 and 1000uM tolbutamide {0.05u.Ci [*“C]tolbutamide (2ul ethanol) were used to calculate the amount of metabolite(s) within a slice. =
and tolbutamide (2.5l dimethylformamide)};iii) 25 and 600uM caffeine To determine the amount of intact drug within a slice, the amount of 8
{0.04 uCi [**C]caffeine (2ul ethanol) and caffeine (@l water)}; iv) 10 and metabolite(s) was subtracted from the amount of total drug-related materialg.
50 uM phenytoin {0.04u.Ci [*“C]phenytoin (2ul ethanol) and phenytoin (2.5 The amount of metabolite(s) retained within a slice was determined after ag_
wl ethanol)};v) 10 and 10QuM ondansetron {0.0%Ci [*“Clondansetron (&l 25-min incubation, and previous studies have demonstrated linearity of me;
water) and ondansetron (g water)}; andvi) 10 and 100uM diazepam {0.1 tabolite formation with time for each of these compounds (5, 6). Therefore, th%
uCi [**C]diazepam (2l ethanol) and diazepam (28 dimethylformamide)}. amount of metabolite(s) in the slice could be calculated at each time point. ‘g’
Unless otherwise stated, duplicate incubations were performed at each tim®rug/marker uptake was time-dependent, showing an apparent exponentig
point. Except when slices were being introduced to or removed from weliscrease to a plateau value. Therefore, the time course of uptake at each me(%
vials, plates and vials were kept covered at all times to minimize medi®@ncentration studied could be described byAhg,” and ak,,,for the uptake Q
evaporation. Incubations were terminated by transferring slices with forcepsiimcess (eq. 1). These parametergfandk,,) were determined using the @
1.5 ml Eppendorf tubes containing 258 silicone oil mixture (1:1 Dow Siphar nonlinear regression program (Simed, Créteil, France) using a Weight:%i

Corning 550:Dow Corning 510/50 cs silicone oil, v/v), followed by immediaténg factor of 1. )]
9 g y g
centrifugation at room temperature (1,000 sec). This resulted in the slice ot E
being deposited at the bottom of the tube with associated aqueous buffer A= Ay (1 — 797 (1) <
remaining on Fhe surfac_e of .the 0_”' . . .. For the two markers and five drugs used in this study, a volume of§
Initial experiments using single incubations every 1.5 min over 30 min W'tgistribution parameter was used to relate fg, to C,.. In the case ofH,0 32
250 uM tolbutamide, 25uM caffeine, 10uM phenytoin, 10uM diazepam, . e L0
; . ’ _and [“C]sucrose, this was calculated by converting the percentage value in they
and 10“M ondansetron were performed to determine approprla_te_tlme Po"gﬁce to the 1 ml incubation volume. Th¥,,, for tolbutamide, caffeine, E,
for use with each compound (data not shown). After these preliminary 'm"ﬁienytoin, ondansetron, and diazepam was calculated by the standard phé—-
tigations, duplicate incubations over 0.5-10 min with caffeine; 1-25 min Witrl?Iacokinetic approach (11), as described in eq. 2 N
tolbutamide, phenytoin, and ondansetron; and 2.5—-60 min with diazepam were ' o
performed. Duplicate incubations with the markék,0 and [“C]sucrose Anax S
were performed over 1-25 min. Vapp= <. (2) &

Sample Analysis Buffer and oil were aspirated from tubes, and slices were
transferred to 20 ml glass scintillation vials. After the addition of 0.5 ml The distribution of drug in the slice was also investigated with a physio-
Soluene-350, vials were capped and slices solubilized at 50°C for 4 hr (in {agical model approach using the values ¥r and V. water spaces in the
case of®H,0O and [“C]sucrose incubations, slices were digested at roofiver slice, obtained from the distribution volumes for the marker compounds.
temperature overnight). Control samples containing either one slice aloneB@sed on mass balaneg, can be related t€,,,, which is assumed to equal the
one slice with marker/drug (but not centrifuged through oil) were processedantracellular concentration.
triplicate with the samples to provide blank samples and samples to determine

the exact amount of marker/drug initially added to each incubation. After being T \t/afp' Cnm t: XeC' Cmt + Xic ) C‘Ct
allowed to cool at room temperature, 10 ml scintillant was added to each vial otalamoun moun moun 3)
of drug of drug of drug

and the contents immediately mixed. Samples were mixed a further 2 times,
left at room temperature in the dark for 24 hr for chemiluminescence reactions
to decline, and radioactivity counted for 5 min. Using this method of analysishus, the slic&k,, may be calculated as:
the minimum detectable concentrations of total drug-related material (pmol/
slice) were: 9.5 and 227.8 for 25 and 60WI caffeine, 83.0 and 331.9 for 250
and 1,000uM tolbutamide, 5.2 and 26.2 for 10 and a®/ phenytoin, 3.1 and
31.0 for 10 and 10QuM ondansetron, and 1.5 and 15.1 for 10 and 100
diazepam, respectively. 2 Abbreviations used are: A,.,, maximal uptake amount; k,, apparent up-
Metabolite Assay.The previously described method of analysis determinegke rate constant; C,,,, concentration in media; V,,,,, apparent volume of distri-
the total radioactivity within a slice. To determine the extent and rate of drugtion; V., intracellular volume; V.., extracellular volume; C,.,, concentration of
uptake, a correction for the contribution of metabolite(s) to the radioactivityrug intracellularly; K, cell:media partition coefficient; CL;, intrinsic clearance.

extracellularly intracellularly

% _ Vapp - Vec

Kp - Cm Vic (4)
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and the slice volume of distribution as: into liver slices. It was determined that after a 25-min incubation with
phenytoin (10 and 5@M), the retained hydroxymetabolite was con-
Vapp= Vec T Vic* Kp (5)  centration-independent, thus averaging 48% of the total formed (table
3). For ondansetron, 0.134 0.053 and 0.61@-= 0.196 nmol of total
Results metabolites were retained within a slice after a 25-min incubation with

The nonmetabolized reference indicatot4CJsucrose andH,0 10 and 100uM ondansetron, respectively, accounting for 17.5 and
were used to provide estimates of the extracellular and total wa#%-4% of the total formed, respectively. In the case of diazepam,
spaces, respectively, within the liver slice (table 2). The space oc&i941 + 0.249 and 3.10Lt 2.142 nmol of total metabolites were
pied by the low molecular weight market*C]sucrose (9.9ul) Present in slices after the incubation of 10 and 10 diazepam,
includes vascular and interstitial volumes and any adherent waterggpectively (22.5 and 29.2% of the total metabolites formed).
the surface of the slice, and accounted for 46% of the total sliceFor ondansetron and diazepam, compounds metabolizechul-
volume estimated byH,O (21.4 ul). The difference of 11.5ul tiple pathways, the extent of retention of each metabolite varied but
between the volumes occupied by these markers provides an estinfil10t show concentration dependence (table 3). For ondansetron, the
of the intracellular volume of a slice. It has been demonstrated ttfaftent of retention was least with 7-hydroxyondansetron (15%) and
hepatocytes account fer65% of the cells in the liver, although they dreatest for the demethylated metabolite (37%). For diazepam, the
occupy 80% of the cellular volume (12, 13). Using this 80% figurdlor-metabolite was retained to the greatest extent (39%), the 4'-
the volume of hepatocytes in a slice can be estimated atlq@8 x  hydroxy the least (19%), and the 3-hydroxy metabolite was interme-
11.5ul). We have previously determined slice hepatocellularity to béiate (26%).

2.05 X 10° cells/slice (5), equating to 4.5l/10° hepatocytes. This Typical uptake-time profiles for diazepam based on total radioac-g
determination is in agreement with estimates of hepatocyte volumethity before and after correcting for the contribution of diazepam =
other workers (8’ 14, 15) usirf’g{zo and E4C]dextran or f4c]inu|in metabolites in the slice are illustrated in flg 3. Similar prOﬁ'eS were §
(dextran and inulin occupy the same water spaces as sucroseg@erated for phenytoin and ondansetron (not shown). Estimates %
markers. These workers reported values of 2.pHeng protein re- Vapp@Ndkyp,for the five drugs (table 2) showed a 7- and 8-fold range, 5
spectively; therefore using the figure of 0.6510° cells/mg protein respectively. In general, larger volumes of distribution were associ3
(16), the hepatocyte volumes can be estimated as 3.8:44.0° cells. ated with smaller rate constants. No differences in these paramete%

The distribution 0f*H,O was very rapidK = 0.977 min'%), with ~ between the two concentrations used for each drug were observed &
equilibration between the slice and media being complete within 2-3 Discussion %
min (fig. 1). The equilibration of *C]sucrose was slower, taking

15-20 min with a rate constant of 0.285 min(fig. 1). This slower i : : . R |
uptake reflects the passage of this marker through the slice nvarix d€scribed in terms of a simple exponential process. Uptakd@is &
the paracellular route. very rapid (half-life<1 min) and rates of drug uptake differ substan- o

! . . ) ) S
The time course of uptake for caffeine and tolbutamide into a “V(gfally_(half-llves of 1'4__10'7 mln_). _Whgreas the time profiles fpr
slice is shown in fig. 2. Both compounds are metabolized very slowﬁ?ﬁg'ne and tolbutamide were similar in nature to th_e mgr_ker_ timey,
(4, 5); therefore, for these uptake data, it was not necessary to Cor&rgglles,_there was no apparer?t plateau valug for radioactivity n thﬁ

for metabolism by the slice. We have previously shown that hydrox?-henyto'nj ondansetron, and diazepam gxperlmepts (as exempllflgd
tolbutamide was not retained within the tissue (4) and the lowoiren 9. 3). T_h's proved to be due to metabolite retention of these rapidiyg
of tolbutamide would have resulted in negligible amounts of metabolffétabolized drugs. o _ .

being present in a slice. Caffeine is also a low turnover compound (5),Retentlon of hydroxyphenytoin within the slice we0% of the

and the extent of metabolite retention within the slice was conside@ﬁwunt of metabolite produced. The corresponding percentages &

negligible. The rate constants for uptake of these two drugs were im(ép_dansetron and diazepam metabolites were 20 and 26%, respeg:

mediate to that observed withi,O and [“Clsucrose (table 2) tively. TheN-demethylated products of these two drugs exhibited the<
Phenytoin, ondansetron aznd diazepam are high tur.nover caeatest retention (~40%), whereas the retention of the hydroxylate&

. N
pounds (5, 6); therefore, it was necessary to correct slice radioactiypipducts of ondansetron and diazepam wels and 20% of the total 2
for retained metabolite(s) to characterize the process of drug upté?@n

. . . o
The process of drug/marker uptake into the liver slice can beS
2

S[euIn

ed, respectively. We have previously determined that hydroxy-'0_5
tolbutamide was not retained within the slice after incubation with
0.125-2.5 mM tolbutamide, wherea$50% of the hydroxycoumarin
formed in a 0.5uM ethoxycoumarin incubation was retained, the
Parameters describing the uptake of caffeine, tolbutamide, phenytoin, proportion decreasing at higher substrate concentrations, 8.3% at 100
ondansetron, diazepam, and water space markers in liver slices ;M (4). These observations demonstrate that metabolite retention is

TABLE 2

Drug/Marker Vap? Kape? Ky not constant between drugs and may vary for different substrate
ul min-1 concentrations. In addition, in the case of drugs with multiple path-
34,0 214+ 11 0.977+ 0.080 . ways, individual metabolites may be reFalned to.dlff_erlng deg'rees.
[1C]Sucrose 9.9+ 0.3 0.285+ 0.035 _ Therefore, the phenomenon of. met.abollt‘e re.tentlon. is qf part!cular
Caffeine 26.5+ 1.9 0.501* 0.046 1.4 importance for all drug metabolism investigations using liver slices.
Tolbutamide 27.4- 0.9 0.211+ 0.025 15 All of the drugs studied herein distributed into the liver slice to a
Phenytoin 166.8- 49.2 0.095+ 0.022 13.6 greater extent tharfH,O (table 2), thus producing a final slice
Ondansetron 195.2 53.6 0.065+ 0.020 16.1 concentration in excess of that in the media. Although caffeine and
Diazepam 180.% 44.3 0.154+ 0.044 14.9 tolbutamide achieved a final concentration only slightly higher than

aValues are expressed as mearsD for the two markers (N- 4) and for that in the media, phenytoin, ondansetron, and diazepam accumulated
the five drugs (N= 8). No difference between parameters determined at th¥ithin the slice to achieve much higher concentrations than that
two drug concentrations was observed. present in the media. There are many factors influencing hepatic drug

PK, calculated using eq. 4. uptake and transport (17), including the molecular weight, charge
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25 +

AMOUNT (%)

1 t
t +

15 20 25

TIME (mins)
Fic. 1. Slice uptake profiles fotH,O () and [**C]sucrose (<) in liver slices.
Data from a typical animal. Incubations at 11 time points were performed in dupl®alie. linesindicates the best fit using eq. 1.

AMOUNT (nmol/slice)
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0 5 10 15 20 25
TIME (mins)
Fic. 2. Slice uptake profiles for 25aM [*“C]tolbutamide (0J) and 25uM [*“C]caffeine (©) in liver slices.

Data from typical animals. Incubations at 8 time points were performed in dupli8atiel lineindicates the best fit using eq. 1.

distribution, and lipophilicity of the compound. Caffeine—which ha3hese authors concluded that the high intracellular concentrations
a relatively low molecular weight, is nonionized, and has adadose observed were due to binding rather than active transport. Similarly,
to O (table 1)—shows rapid uptake with little accumulation. Tolbutwe find ondansetron and diazepam to be extensively concentrated
amide and phenytoin have similar molecular weights and are acidicvifithin slices; both compounds are lipophilic (Iegvalues of 1.62 and
nature, yet the former compound distributed relatively quickly, b8, respectively). Therefore, it seems that the high lipophilicity of
was not concentrated within the slice, whereas phenytoin was apgarenytoin, ondansetron, and diazepam is responsible for their exten-
ently transported slowly but achievedg of ~15. These compounds sive accumulation in liver slices. The relatively slow uptake rate for
differ substantially in terms of their lipophilicity, with lod@ 4, these lipophilic compounds will be discussed later.

values of 0.52 and 2.40 for tolbutamide and phenytoin, respectively It is possible to determine a sli¢g, for each drug from th¥/,,,and
Thus, the more lipophilic drug is taken up into a slice slower, althoughater spaces. However, this cannot be estimated simply by taking the
it is concentrated within the cells. Previous studies using isolateatio of theV,,,for the drug and the intracellular slice volume (11.5
hepatocytes have shown that phenytoin uptake is a saturable procebsjue to the complication that some of the drug will be present in the
although unaffected by various inhibitors and temperatures (18xtracellular spaces of a slice. Therefore, assuming that the extracel-
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TABLE 3

Retention of phenytoin, ondansetron, and diazepam metabolite(s) in liver slices

Compound

Metabolite

Amount of Metabolite in Slice

P % of Drug-Related % of Total Metabolite
nmo Radioactivity Formed
uM
Phenytoin (10) Hydroxyphenytoin 0.07580.0289 5.3 46.6- 14.3
Phenytoin (50) Hydroxyphenytoin 0.15810.0506 2.1 49.7 16.7
Ondansetron (10) 7-Hydroxydesmethylondansetron 0.60980090 0.6 17.5- 15.8
7-Hydroxyondansetron 0.0866 0.0401 5.7 14.8-7.0
Desmethylondansetron 0.03760.0168 25 33.9- 15.9
Ondansetron (100) 7-Hydroxyondansetron 0.3680.1083 2.2 15+ 5.1
Desmethylondansetron 0.30220.1146 2.1 41.2£17.4
Diazepam (10) 4Hydroxydiazepam 0.2730+ 0.1850 14.9 165+ 5.3
3-Hydroxydiazepam 0.0819+ 0.0304 4.5 26.7+ 8.7
N-Desmethyldiazepam 0.1862+ 0.0615 10.1 38.7+7.3
Diazepam (100) 4'-Hydroxydiazepam 0.6496+ 0.5410 4.0 22.3+ 16.8
3-Hydroxydiazepam 1.0454+ 0.8205 6.4 24.9+ 20.0
N-Desmethyldiazepam 1.4064+ 0.9549 8.6 38.8+ 314
#Mean data+ SD (N = 4).
4
™ -
35 +
.
]
3 4
g 25 - . o o
3 o
£
£ 21 a
£ .
>
S 15 |
< - -
o
1 4
05 +
0 T t t + 1
0 10 20 30 40 50 60
TIME (mins)

Fic. 3. Slice uptake profile for 1M [*“C]diazepam (), total drug-related materiai§, and metabolite formation€).

Data from typical animals. Uptake incubations at 8 time points were performed in duplicate. Metabolite formation is the mean value from triplicate incubation:

performed in four animals.

TABLE 4
Comparison of C}, in slices and isolated hepatocytes ang,Mobserved in slices and predicted from isolated hepatocytes
CL,..2 V,
Compound Lo app
Slices Hepatocytes Slice:Hepatocyte Ratio Slices Predicted from Hepatbcytes  Slice:Hepatocyte Ratio

Caffeine 0.6 1.4 0.43 26.5 26 1.0
Tolbutamide 0.4 1.6 0.25 27.4 25 1.1
Phenytoin 6.5 37 0.18 166.8 240 0.69
Diazepam 8.6 82 0.10 180.7 527 0.34
Ondansetron 5.0 112 0.05 195.2 470 0.42

2 Data from ref. 5.

P Using eq. 5 and,, data from ref. 20.
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Fic. 4. Relationship between the ratio of (ilin slices and isolated hepatocytes and the apparent sligg (&) and k,,, (B) for caffeine, tolbutamide, 5

phenytoin, ondansetron, and diazepam.

lular volume consists of water spaces in which drug cannot achievetady (table 4). The differences between Mg, values in slices
concentration greater than that in the surrounding mediq, @n be predicted from hepatocytes and observed in this study can be assessed
determined fromV,,, using the extra- and intracellular slice volumefrom the ratios listed in table 4. Caffeine and tolbutamide have ratios
according to eq. 4. close to one, but the lipophilic drugs (phenytoin, ondansetron, and
The K, values for tolbutamide and caffeine were 1.4 and 1.%liazepam) have loweY,,, values than is predicted from isolated
respectively (table 2), demonstrating that their distribution is primarilyepatocyte studies. Thus, for these three latter drugs, a concentration
restricted to the water spaces of a slice, with little tissue binding. Thisadient would seem to exist across the slice, with the net effect being
is in agreement with studies in isolated hepatocytes (19, 20) in whiah average cellular concentration below that achieved in isolated
K, values of 1.4 and 1.3 were obtained for caffeine and tolbutamidegpatocytes and a reduc¥g,,,
respectively. In contrast, phenytoin, diazepam, and ondansetron wer#/e have previously compared the kinetics of metabolism of tolbu-
concentrated to a level within the cells of the slicd5-fold higher tamide, caffeine, phenytoin, ondansetron, and diazepam in liver slices
than that in the media, indicating extensive tissue binding. Again, thasd isolated hepatocytes (5). For all of these compounds, Glige
is consistent with the literature on isolated hepatocytes (18, 19). Ma&ues were always less than comparable values in cells (table 4).
specifically, we have determineld, in hepatocytes for phenytoin, Possible relationships between sk, (expressed as a ratio to that
ondansetron, and diazepam of 40, 60, and 55, respectively, usingitheells), V,,, andk,,, were investigated for tolbutamide, caffeine,
same methodology as used herein for liver slices (20). Using tigsephenytoin, ondansetron, and diazepam. The correlation between the
values and eq. 5/,,,values were predicted for the five drugs undeCL,, ratio and bothV,,, and k., (fig. 4) is significantly different
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Line shown is drawn by eye on the basis that maximal activity for a slice is 35% of the hepatocyte value (see fig. 5 and text) when distribution is complete

from zero (Pearson’s correlation coefficients ©0.881 and 0.907, a clearance ratio 0f-0.1, as exemplified by ondansetron and diaze-
respectively;p < 0.05). Because the correlation is positive kg, pam (assuming a slice thickness of 20 cells). Data with caffeine and
and negative folV,,, this would indicate that the highest relativetolbutamide suggest that the maximum number of cells contributing to
clearances are obtained with compounds that distribute rapidly, lol¢arance is not the entire slice hepatocellularity. Although\jg,
are not concentrated within the slice. Surprisingly there was fior these drugs is consistent with complete distribution throughout the
significant correlation betweddq,,,and logD of these drugs, although total water spaces, the clearance ratio averages 0.35. Thus, only
Vapp Was significantly correlated with lo® (Pearson’s correlation one-third of the cells are actively contributing to clearance. The
coefficient= 0.889;p < 0.05). obvious reason for this would be the limited oxygen and perhaps
The present data also allows speculation on the proportion of cadlsmpromised metabolic function of the core cells. Further evidence
within the slice that may contribute to slice clearance. The minimufuar this claim is provided in the form of th€, ,, values for cells and
number of cells would be the surface cells only, which would result slices (expressed per million cells in fig. 5). Data on six pathways,
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which show saturable kinetics in boih vitro systems, indicate that 3. U. G. Sidelmann, C. Cornett, J. Tjornelund, and S. H. Hansen: A compar-
slices consistently show a maximal rate of metabolism in one-third of  ative study of precision cut liver slices, hepatocytes, and liver micro-

cells. TheV,,., parameter is insensitive to a concentration gradient somes frpm the Wistar rat using metronidazole as a model substance.
within the slice Xenobiotica26, 709-722 (1996).

. . . 4. P.D. Worboys, A. Bradbury, and J. B. Houston: Kinetics of drug metab-
Itis of interest that the drugs that demonstrate Dly, ratios are olism in rat liver slices. Rates of oxidation of ethoxycoumarin and

also the drugs with low,, ratios (fig. 6). These drugs—phenytoin, tolbutamide, examples of high- and low-clearance compouDdsg
ondansetron, and diazepam—also have a lower rate constant for \etab. Dispos23,393-397 (1995).

uptake than would be expected, based on their Dogalues. For 5. P.D. Worboys, A. Bradbury, and J. B. Houston: Kinetics of drug metab-
example, Ichikaweet al. (19) have shown that, for tolbutamide and olism in rat liver slices. Il. Comparison of clearance by liver slices and
diazepam (logD values differ by 5-fold), there is a difference in freshly isolated hepatocyteBrug Metab. Dispos24,676—681 (1996).
isolated hepatocyte permeability of 13-fold. In neither case was mef- P- D Worboys, A. Bradbury, and J. B. Houston: Metabolite kinetics of
abolic clearance limited by the cellular uptake processes. A similar ~ ondansetron in rat, comparison of hepatic microsomes, isolated hepa-
situation has been shown for phenytoin (18), and would be expected tocytes and liver slices, witt vivo disposition.Xenobiotica26, 897—

for caffei dond b . h dios, 907 (1996).
or caffeine and ondansetron. However, in contrast, the present stu u;.ssl Ekins, G. I. Murray, M. D. Burke, J. A. Williams, N. C. Marchant, and

in slices show a strong interrelationship between uptake rate and G . Hawksworth: Quantitative differences in phase | and Il metab-
clearance. We have previously (5) speculated that delayed accessibil- olism between rat precision-cut liver slices and isolated hepatocytes.
ity of substrate prevents equilibrium concentrations being established Drug Metab. Dispos23, 1274-1279 (1995).

in all cells of the slice and hence a reduced clearance results. THs S. Miyauchi, Y. Sawada, T. Iga, M. Hanano, and Y. Sugiyama: Compar-
explanation for reduced clearance was supported by incredged ison of the hepatic uptake clearances of fifteen drugs with a wide rangeg
values in slices relative to hepatocytes. Present data also support this ©f membrane permeabilities in isolated rat hepatocytes and perfused rds

. . . : : livers. Pharm. Res10, 434—440 (1993). S
speculation. Using the previously published isolated hepatdcly,

P 9 P yP . S patdcie 9. C. A. Goresky: A linear method for determining liver sinusoidal and 8
values and the 0.35 factor for the ratio of slice:isolated hepatocyté ! g
. . . . extravascular volume#m. J. Physiol204,626—-640 (1963). =
C_Li_m, a theoretical sliceCL,,, can be calculated. If this numper IS10. K. S. Pang, F. Barker, A. J. Schwab, and C. A. GoreskZ]Urea and 8
divided by theV,,, then a theoretical rate constant for metabolism by 58Co-EDTA as reference indicators in hepatic multiple indicator dilu- o
the intact slice can be calculated assuming a single compartment tion studiesAm. J. Physiol259, G32-G40 (1990). g_

model for the kinetics in the slice: 11. T. N. Tozer: Concepts basic to pharmacokinetics. In “Pharmacokineticss
Theory and Methodology” (M. Rowland and G. Tucker, eds.), pp. ol
. 29-51. Pergamon Press, New York, 1986. International Encyclopaedia’

0.35X CL;y (isolated hepatocytes

= i ( P y Q_ (6) of Pharmacology and Therapeutics Section 122. %
Vapp 12. R.J. Chenery: The utility of hepatocytes in drug metabolism stueies. %

Drug Metab.11, 217-265 (1988). Q
For caffeine and tolbutamide, rate constants of 0.019 and 0.0B3& R. Gebhardt: Metabolic zonation of the liver: regulation and implications‘;
min~?, respectively, are obtained. Because these values are an order for liver function. Pharmacol. Ther53, 275-354 (1992). >
of magnitude less than thie,,, determined with slices (0.501 and14. H. Baur, S. Kasperek, and E. Pfaff: Criteria of viability of isolated liver ﬁ

pp . ) f

0.211 min %, respectively), it would seem that uptake does not ratg- _ Cells-Hoppe-Seyler's Z. Physiol. Che®56, 827-838 (1975). .M
o - 1?. D. L. Eaton, and C. D. Klaassen: Carrier-mediated transport of oubain |r%,
limit the metabolism of these two drugs. In contrast, the rate constants isolated hepatocytes. Pharmacol. Exp. The205, 480488 (1978) S
for dl?zepam, phenytoin, and ondansetron are 0.159, 0.078, and 0.2015 5 cayiile, K. Zomorodi, and J. B. Houston: Scaling factors to relatea

min~ -, respectively, which are comparable with the skgg, values drug metabolic clearance in hepatic microsomes, isolated hepatocyte®
(0.154, 0.095, and 0.065 mif, respectively). Thus, for these drugs, and the intact liver, submitted for publication. S
metabolism would seem to rate-limit the uptake process. 17. D. K. F. Meijer and G. M. M. Groothuis: Hepatic transport of drugs and g
In conclusion, the distribution properties of drugs within liver slices proteins. In “Oxford Textbook of Clinical Hepatology, vol. 1" (N.
severely complicate the possibility of scaling clearance data from this ~ Mcltyre, J.-P. Benhamou, J. Bircher, M. Rizzetto, and J. Rodes, eds.)>
in vitro system to then vivo situation. A scaling factor based solely pp. 40-78. Oxford University Press, London 1991. §
on the number of slices theoretically obtainable from a liver is not™ M. Tsuru, R. R. Erickson, and J. L. HOItzm.an: The metabolism of pheny-co
. L toin by isolated hepatocytes and hepatic microsomes from male rats.
appropriate for thisn vitro system. It seems that as a result of the J. Pharmacol. Exp. TheR22, 658—661 (1982).
tissue architecture of the liver slice, resolution of the transport prog . |chikawa, S. C. Tsao, T. Lin, S. Miyauchi, Y. Sawada, T. Iga, M.
cesses and metabolism is difficult. The apparent uptake rate constant Hanano, and Y. Sugiyama: Albumin-mediated transport phenomenon
measured in slices may be a reflection of either transport into the slice  observed for ligands with high membrane permeabilltyHepatol.16,

u

or metabolism during transit through the slice. Thuoiitro:in vivo 38-49 (1992).
correlations for liver slices must be restricted to rank order compa0. G. Nicholls and J. B. Houston: Drug transport and binding in isolated hepa-
isons based on current knowledge. tocytes: implications for intrinsic clearance determinations in hepatocytes

and hepatic microsomeEur. J. Pharm. Sci4 Suppl, S196 (1996).
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