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The metabolism of drugs in the liver can be studied at
different levels of biological organization including the
intact organ, cellular and subcellular levels. Studies at each
organizational level will give useful information on types
of reactions or kinetic parameters, but these also have their
own limitations. In In vivo studies, complicating extrahe-
patic factors such as neurological, endocrinological and
circulatory phenomena may influence the results. In studies
using homogenates or microsomal preparations, the com-
position of the incubation medium is quite different from
that of the cytosol of intact hepatocytes [1]. In addition,
liver homogenates or microsomes are prepared from dif-
ferent cell populations constituting the liver. In view of
these limitations, an experimental system based on the use
of isolated hepatocytes has the advantage that extrahepatic
influences can be excluded and that the isolated hepatocytes
are intact cells. Therefore, the data obtained with isolated
hepatocytes can be expected to provide useful information
on the role of the liver in the kinetics of drug metabolism
in vivo. In this paper, a study on the metabolism of the
cardiac glycoside digitoxin (DT3)* using isolated hepato-
cytes will be described.

Male 3-month-old Wistar rats (304 = 26 g body wt.,
mean * S.D.) were used. The animals were purchased
when they were 11 weeks old (Shizuoka Jikkendobutsu,
Shizuoka, Japan) and maintained on commercial rat pellets
in the animal laboratory of the institute (four animals to
a cage). Room temperature was kept constant (22 = 2°).
[FH]DT; (10.9 Ci-mmole™', generally labeled) was purt-
chased from New England Nuclear, Boston, MA., U.S.A_;
DTj; and digoxin (DGj;) from Merck, Darmstadt, F.R.G;
digitoxigenin-bis-digitoxoside (DT;). digitoxigenin-mono-
digitoxoside (DTy). digitoxigenin (DT,), digoxigenin-bis-

* Abbreviations used: DT;, digitoxin; DT, digitoxi-
genin-bis-digitoxoside; DT, digitoxigenin-mono-digitoxo-
side; DT, digitoxigenin; DG3, digoxin; DG,, digoxigenin-
bis-digitoxoside; DG,, digoxigenin-mono-digitoxoside;
DGy, digoxigenin; DMSO, dimethyl sulfoxide; t.l.c., thin-
layer chromatography.

digitoxoside (DG,), digoxigenin-mono-digitoxoside (DG)
and digoxigenin (DG,) from Roth, Karlsruhe, F.R.G.;
Amberlite XAD-2 resin from Rohm and Haas Nederland
BV, Dordrecht, The Netherlands; the enzymes collagenase
(type 1) and hyaluronidase (type 1) from Sigma, St. Louis.
MO, U.S.A. and Waymouth MB 752/1 medium from
GIBCO, Grand Island, NY, U.S.A.

Unlabelled and [PH]DT; were added to a dimethyl sulf-
oxide (DMSO) solution. The final concentration of DMSO
in the incubation medium was 0.5%. No damage to the
isolated hepatocytes was to be expected at this concentra-
tion [2]. The degree of dissolution of DTj at this concen-
tration was determined by means of ultracentrifugation and
the millipore filter method. Thin-layer chromatography
(t.l.c.) was performed with DC Fertigplatten Kieselgel 60
of 20 X 20 cm dimension (Merck, Darmstadt, F.R.G.). The
hepatocytes were isolated by perfusion and incubation of
the liver with the enzymes collagenase and hyaluronidase
as reported earlier [3, 4]. The concentration of the cells
was determined with a hemocytometer.

The method for determining DT biotransformation was
as follows. A known number of hepatocytes in 4 ml Way-
mouth MB 752/1 medium were incubated with various
amounts of unlabelled DT; mixed with ["H]DTs. The pH
of the medium was kept at 7.4, which was found to be
optimal for digitoxin metabolism [5]. The incubation was
carried out at 37° under an atmosphere of 95% O, and 5%
CO, with constant shaking (100 oscillations - min ™).
Immediately after the addition of DT; and after various
incubation periods, 0.5-m} samples of the cell suspension
were withdrawn and added to 1.5ml ethanol [6]. The
mixture was centrifuged at 3000 g for 10 min [6]. The
supernatant fraction was evaporated and then layered on
a column packed with Amberlite XAD-2 resin using 6 ml
water. The column was washed with 20 mi distilled water
to remove the constituents of the incubation medium such
as salts and sugars. DT; and its metabolites were eluted
from the column with 20 ml ethanol. The ethanol fraction
was evaporated in vacuo at 37°; the residue was dissolved
in about 100 ul of chloroform:methanol, 1:1. The solution
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Fig. 1. Thin layer chromatogram of digitoxin and its metabolites. Hepatocytes were isolated from 3-
month-old male Wistar rats. The incubation conditions were: cell concentrations, 7.4 x 10° cells
-ml™"; digitoxin concentration. 2.5 x 107°M: incubation time, 3 hr.

was applied to a t.l.c. “kiesclgel’ plate. The plate was
developed once with cyclohexane:acetone:glacial acetic
acid (49:49:2) [6]. After this. development was repeated
four times with isopropyl ether:methancl (6:1). The
migration distance of the solvents was about 16 cm. The
radioactivities on t.1.¢. plates were traced using a Diinnsch-
icht Scanner (LB 2723, Berthold). Each radioactive metab-
olite of DT; was identified by referring to the R, values off
the unlabeled standards (D'15. DT, DT,. DT,,. DG, DG,
DG, and DGy). After collecting cach radioactive spot on
t.l.c. the radioactivities of digitoxin and its metabolites
were determined with a liquid scintillation counter. The
recovery of radioactivity from the developed t.le. plate
exceeded 80 per cent of the applied activity of the incu-
bation sample. The major loss of activity during the pro-
cedures was in the process of the transfer of the evaporated
ethanol fraction to a t.l.c. platc with a small umount of
solvent. Since the final quantitation of DTy metabolism was
done using the relative decrease of DT radioactivity in the
sample, the loss of radioactivity during these procedures
does not enter into the error of the results.

The radiochemical purity of |"H]D T determined by the
same t.l.c. procedure as described above was Y59 = 1.8
per cent (mean = S.D.) and the major contaminant was
DT; (1.6 = 1.1 per cent). The stability of DTy during the
procedures from incubation to t.lc. development was
checked with hepatocytes previously heated at 957 for 5
min. The t.l.c. procedure revealed only a single peak of
radioactivity corresponding to DT;. indicating that DT,
remains unchanged during the incubation. cxtraction and
separation procedures, unless the cells were enzymatically
active.

The addition of albumin (2.5 per cent) to the medium
reduced the rate of DT; biotransformation to about 50 per
cent of that of incubation sample without albumin. Therc-
fore, for all other experiments in the present study, albu-
min-free medium was used.

An example of the separation of DT; and its metabolites
by t.l.c. is illustrated in Fig. 1. The hyvdrophilic metabolites
are located at the start. According to previous studies [2.
7], these hydrophilic compounds are considered to be
inactive metabolites conjugated with glucuronic acid or
sulfuric acid. The relative amounts of DT: and its metab-
olites in the incubated samples were calcutated from the
percentage of radioactivity of cach fraction using the sum

of radioactivities of all fractions as 100 per cent. with the
assumption that all metabolites had the same molar specific
radioactivity as the parent drug, DT:. An example of a
time course study of DT; biotransformation by isolated
hepatocytes using the above-mentioned guantitation is
shown in Fig. 2. This shows a linear relationship between
the amount of DT, which is metabolized and incubation
time for a period of about 1.5 hr. Table | shows the relative
amounts of DT and its metabolites found atter 30 and 180
min of incubation. The predominant metabolite of DT:
produced by isolated hepatocytes was DTa. representing
about 70 per cent of total metabolites at 30 min after the
start of incubation. DT, DG and DG: were also detected.
though in much smaller amounts as compared with DT
The conjugate fraction was also present but occupied only
3 per cent of all metabolites at 30 min.

The metabolites of DT; found in the present study
employing isolated rat hepatocytes have also been identi-
fied in patients on digitoxin therapy. The results obtained
indicate that the main metabolic pathway of DTz in isolated
hepatocytes is the stepwise cleavage of the sugar side chains
which successively vield DT, and DT;. In addition, 12p-
hydroxylation of DTz to DGy was shown to take place.
However, this hvdroxylation appeared to occur to only a
limited extent in the isolated hepatocytes: this has also
been reported in man by determining the metabolites in
urine and feces [8, 9]. Our data obtained with isolated rat
hepatocytes are also in agreement with those obtained with
rat liver microsomes [5]. In these studies. it was found that
the main mectabolites were DT, and DT,. while direct
hvdroxylation of DT to DGs also occurred. Castle and
Lage [10], who determined the DTs metabolites in the bile
of rats. previously injected with DT;. also found that the
main metabolites of DT, were DT» and DT,. However,
they also reported that the conjugated metabolites consti-
tuted about 40 per cent of all metabolites found in the rat
bile [10]. In our own experience with rats of the same
strain, sex and age as used in the present study, conjugated
metabolites also accounted for 30-40 per cent of all radio-
activity found in the bile of rats previousty injected 1.v.
with ['H|DT; (unpublished observation). In contrast. con-
jugated metabolites represented less than 5 per cent of all
mctabolites in isolated hepatocyte preparations. Castle [11]
also reported very recently that with isolated rat hepato-
cvtes as well as with liver homogenates and microsomal

Table 1. Digitoxin biotransformation by isolated rat hepatocytes™

Incubation

time Conjugates DG: DG DT, DT, DT, DT,
30 mint 0.93 = 0.30 2.46 = 0.52 3.76 = 0.89 217.6 = 4.6 206 = 5.0 1.78 = 0.39 0.96 = 0.37
180 mint 2.7 23 21 134 64 4.5 3.5

* The initial DT5 concentration was 2.5 % 10" "M in all experiments, the concentrations of DTs and its metabolites
are expressed as 107"M. Values arc means = S.D. of duplicate determinations of six different incubation experiments.

+ Cell concentration of 1 x 10" cells-ml ™"
t Cell concentration of 4.3 x 10° cells-ml
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Fig. 2. An example of time course study of DT; biotransformation by isolated rat hepatocytes. Cell
concentration, 4.0 x 108 cells - ml™}; DT; concentration 2.5 X 1075M. For the quantitation of metabolites,
see text.

preparations, the formation of conjugated metabolites was
limited; the present observations are in accordance with
those findings. The reason why isolated hepatocytes form
fewer conjugates than the liver in vivo is currently under
investigation in our laboratory. With regard to DT; metab-
olites, different data have been reported for guinea pig
liver. With the isolated perfused guinea pig liver [6] and
with isolated guinea pig hepatocytes [2], no DT,, DT or
DG; could be identified and major metabolites were DG,
DG, and conjugates. To explain the absence of DT, and
DT, Kolenda et al. [6] and Klompe [2] suggested that these
metabolites are quickly converted to DG; and DG, in
guinea pig liver.

A further attempt was made to obtain kinetic parameters
for DT; biotransformation with isolated hepatocytes. For
this purpose, cell concentrations lower than 1.3 x 10°
cells/ml were used, since under this condition the velocity
of DT; biotransformation expressed per unit cell concen-
tration was independent of cell concentration in the
medium.

For the Lineweaver-Burke plots from which the apparent
kinetic constants K, and V., could be calculated, the initial
velocity for DT biotransformation was calculated from the
linear part of the DT; disappearance curve. An apparent
K, value of 25 = 8 uM {mean += S.D.) and a Vy,,, of 58
% 13 pmoles/min/10° cells (mean = $.D.) were calculated
from five different hepatocyte preparations. Calculation of
such kinetic parameters for DT; metabolism by isolated
hepatocytes is only valid if the uptake process of DT; by
hepatocytes is not rate limiting. The data of Klompe [2]
revealed that the apparent K, values for the metabolism
of DT; were the same in isolated hepatocytes and in micro-
somes, indicating that the uptake of DT; by isolated hepa-
tocytes is probably not rate limiting. The uptake of DTy

* Present address: Institute for Experimental Gerontol-
ogy TNO, P.O. Box 5815, 2280 HV Rijswijk, The
Netherlands.

byisolated rat hepatocytes takes place by means of diffusion
which is practically accomplished in the first few minutes
after the start of incubation (Schwenk, personal com-
munication). This supports our assumption that uptake
process is not rate-limiting. Thus, kinetic characteristics of
the type obtained in the present study can provide a basis
for a comparison of rats of different physiological state,
i.e. age, sex and strain, in future studies,
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