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Abstract—This study was designed to examine the relationship between the extent of Sandimmun®
(cyclosporin A, SIM) metabolism and SIM-induced hepatotoxicity both in vive and in primary cultures
of rat hepatocytes. Firstly, SIM (50 mg/kg p.0.) was administered daily to male Wistar rats for 10 days
with or without co-administration of Aroclor 1254. SIM-induced hepatotoxicity appeared after 4 days
of treatment and was enhanced after 10 administrations of SIM. Total plasma proteins were decreased
and hyperbilirubinemia as well as increased levels of plasma bile salts were prominent. Aroclor 1254
stimulated total hepatic cytochrome P-450 3.7-fold, and markedly increased the rate of SIM metabolism
and plasma elimination as determined by both HPLC and RIA techniques. However, this induction did
not change the degree of SIM-induced hepatotoxicity. Secondly, short-term cultures of hepatocytes
obtained from normal rats and from rats pretreated with either Aroclor 1254 or dexamethasone, a
specific inducer of the cytochrome P-450 III gene family responsible for the formation of the primary
SIM metabolites M1, M17 and M21, were incubated with various concentrations of SIM for up to 17
hr. At 1 uM SIM, both inducers greatly increased the rate of SIM metabolism irn vitro, producing,
however, different metabolite patterns. In the hepatocyte cultures, SIM inhibited the incorporation of
amino acids into proteins. In addition, a small fraction of [3H]-labeled SIM was covalently bound to
hepatocellular macromolecules. Although the fraction of covalently bound SIM was markedly increased
in cells from dexamethasone-treated rats, the degree of inhibition of hepatocellular protein synthesis
was not changed in cells from induced rats. In contrast to SIM-induced nephrotoxicity, these results
suggest that increased rates of SIM biotransformation by inducers of drug metabolism are not associated
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with an attenuation of hepatotoxicity both in vivo and in vitro.

The immunosuppressive cyclic oligopeptide San-
dimmun® (SIM, cyclosporin A)j is extensively used
in organ transplantation and autoimmune disorders.
Its therapeutic use is, however, often limited by side
effects including nephrotoxicity and hepatic dys-
function [1-8]. Clinically, the functional impairment
of the liver is manifested by increased plasma levels
of bilirubin and bile acids, accompanied by mild
increases in plasma alkaline phosphatase and trans-
aminase activities [6-11]. Mechanisms of SIM-
induced hepatotoxicity have been investigated in
several animal models, among which the rat has
proved to be useful in characterizing the functional
changes like cholestasis and impairment of protein
synthesis [12, 13]. In particular, primary cultures of
rat hepatocytes have been successfully used to define
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f Abbreviations used: ACN, acetonitrile; ALT, alanine
aminotransferase; BSA, bovine serum albumin; DMSQO,
dimethylsulfoxide; FCS, fetal calf serum; LDH, lactate
dehydrogenase; 3-MC, 3-methylcholanthrene; PB, pheno-
barbital, SIM, Sandimmun® (cyclosporin A); TCA, tri-
chloroacetic acid; TMAHS, tetramethylammonium-
hydrogen sulfate.

some of the cellular pathomechanisms involved in
SIM cytotoxicity [14-16].

SIM is largely metabolized by the hepatic cyto-
chrome P-450-dependent monooxygenases [17-19]
and primarily eliminated via the bile [20]. All of
the major metabolites identified so far (mono- and
dihydroxylated, N-demethylated) retain the cyclic
oligopeptide structure [18], but the intrinsic toxicity
of these metabolites is largely unknown. Several lines
of evidence suggest, however, that the toxic effects
associated with SIM administration may be due to
the parent compound rather than to metabolites.
First, direct administration of one of the major
metabolites M17 to rats in vivo [21] or exposure
of rat hepatocytes to this metabolite in vitro [22]
produced much smaller signs of toxicity than equi-
molar amounts of the parent compound. Second,
induction of hepatic drug metabolism with pheno-
barbital or Aroclor 1254 in rats reduced SIM-induced
structural and functional changes in the kidney, sug-
gesting that increased rates of SIM biotransformation
and elimination ameliorated the drug’s nephrotoxic
potential [23-25]. Finally, there is evidence from
clinical studies that inhibitors of hepatic drug metab-
olism may potentiate SIM nephrotoxicity, whereas
enzyme inducers reduced SIM plasma concentrations
and SIM-associated nephrotoxicity {25].
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The effects of increased rates of SIM biotransform-
ation on the extent of SIM-induced functional liver
changes have not yet been studied. SIM is highly
accumulated in the hepatic parenchymal cells, and
only slowly metabolized. Furthermore, virtually all
of the metabolites are excreted via the biliary path-
way, but the quantitative profile in the bile differs
from that in blood or urine [26]. In view of the central
role of the liver for SIM metabolism and excretion,
the present study was designed to examine inter-
relationships between increased rates of SIM
biotransformation and SIM-associated hepatotoxic-
ity both in vive and in primary cultures of rat hepa-
tocytes. For this purpose, rats were pretreated with
two inducers of drug metabolism, and the quanti-
tative and qualitative profile of SIM biotransform-
ation was correlated with endpoints indicative of
hepatic toxicity.

MATERIALS AND METHODS

In vivo experiments

Treatment of animals. To assess the effects of
induction of xenobiotic biotransformation on SIM
metabolism and hepatotoxicity, male Wistar rats
(Kfm:WIST, 180-220 g body wt, Kleintierfarm
Madorin, Fillinsdorf, Switzerland) were injected
intraperitoneally with 100 mg/kg of Aroclor 1254 in
olive oil or olive oil alone on days —2, 1, 4 and 7 of
the experiment. During this treatment and after the
first administration of inducer, SIM or Cremophor
vehicle was given orally (50 mg/kg/day) for 10 days.
In vivo pretreatment of animals with intraperitoneal
administration of either Aroclor 1254 or dex-
amethasone (100 mg/kg, both dissolved in olive oil)
for in vitro studies was performed as described
above, with a total of two administrations 6 and 3
days before the isolation and subsequent culture of
the hepatocytes.

Plasma biochemistry. After five and ten daily
administrations of SIM, retroorbital blood samples
were taken in heparinized tubes and centrifuged for
15 min (2000 g at 4°), both 5 and 24 hr after the last
SIM administration. Plasma supernatants were then
divided for biochemical analysis, using an
Olympus eppendorf model Eris Analyzer 6170 auto-
matized system, and for the determination of SIM
plasma concentration.

Determination of SIM and SIM metabolites plasma
concentrations. (i) High performance liquid chroma-
tography (HPLC): the parent compound SIM was
determined using an HPLC method. Plasma (0.2 ml)
was rendered alkaline by adding 0.5 ml of 0.1 M
Merck-Titrisol borate buffer, pH 11, and extracted
with 1.5 ml hexane containing 5% isopropyl alcohol
(v/v). A fraction (1.2 ml) of the organic phase was
then transferred into another tube and evaporated
to dryness under a stream of nitrogen. The residue
was redissolved in 150 ul of acetonitrile (ACN) and
0.1% aqueous solution of tetramethylam-
moniumhydrogen sulfate (TMAHS) (65/35, v/v).
An aliquot of 120 ul was then injected on a reverse
phase RP § Brownlee 4.6 X 30 mm, 10 um
precolumn, linked with a reverse phase RP 18 4.6 X
100 mm, 5 um column, and maintained at 65°. The
elution of SIM was performed with the following
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gradient system: 6 min ACN 50%, 0.1% TMAHS
50% (equilibrium), 5 min linear gradient from 50 to
65% ACN, 5 min ACN 65%, 2 min ACN 75%,
with a flow rate of 1.8 ml/min. The detection was
performed using a Gilson 116 UV detector set at 210
nm. Under these conditions, SIM was eluted with a
retention time of 13.01 min with a detection limit of
50 ng/ml and an extraction efficiency of 80%. (ii)
Radioimmunoassay (RIA): the cyclosporin RIA-kit
containing polyclonal antibodies allowed the quanti-
tation of both SIM and immuno-cross-reacting
metabolites [27]. Aliquots of plasma were extracted
with ether, evaporated under a stream of nitrogen,
and redissolved in RIA buffer.

Liver cytochrome P-450 content and activities of
ethoxycoumarin-O-deethylase (ECOD) and cyto-
chrome P-450 reductase. At the end of the treatment
the rats were anesthetized with an intraperitoneal
administration of 60 mg/kg pentobarbital. The livers
were then rapidly perfused in situ with cold saline in
order to remove the blood, and a piece of the left
lobe was homogenized with a motor driven glass—
teflon homogenizer (1000 rpm, 10 strokes) in cold
0.1 M phosphate buffer, pH 7.4, containing 1 mM
EDTA, 1 mM dithiothreitol, and 0.2% Emulgen 913
(33 mg liver/ml buffer). The homogenates were then
centrifuged at 8700 g for 8 min at 4°. Cytochrome
P-450 content was determined in the supernatant
according to Omura and Sato [28] using a single beam
Beckman DU-7 spectrophotometer. Since Emulgen
913 inhibited ethoxycoumarin-O-deethylase activity,
a separate piece of liver was homogenized as
described above, in cold 0.1 M phosphate and 0.15
M KCl buffer, pH 7.4 (200 mg liver/ml buffer). After
centrifugation, aliquots of the supernatants were
assayed for ECOD activity and cytochrome P-450
reductase. ECOD activity was assessed using 500
uM ethoxycoumarin, as described by Greenlee and
Poland [29], except that the reaction mixtures were
bubbled for 10 sec with oxygen prior to the incu-
bation. Cytochrome P-450 reductase activity was
determined according to Falzon et al. [30].

In vitro experiments

Primary rat hepatocyte cultures. Following in vivo
enzyme induction with either Aroclor 1254 or dex-
amethasone (see treatment of animals), or after
treatment with the vehicle alone, the isolation of the
hepatocytes was performed as described earlier [22].
Briefly, the liver was perfused in situ with Ca?*— and
Mg?*—free Hank’s bicarbonate buffer for 5 min
at 37°. The liver was then removed and perfused with
a recycling oxygenated Hank’s medium containing 5
mM Ca?* and 100 units/ml collagenase (type I CLS,
Biochrom). Following mechanical dissociation, the
cells were suspended in Williams’ medium E
(WME), passed through a Cellector tissue sieve
(Bellco, Vineland, NJ) and allowed to sediment (15
min at 4°). The pellet was then washed twice by
resuspending the cell pellet in fresh medium. The
viability of the hepatocytes, assessed by trypan blue
exclusion, was > 90%. The cells were seeded into
60 mm culture dishes (Primaria, Beckton-Dickinson,
Oxnard, CA) in 3 ml WME supplemented with 10%
fetal calf serum (FCS), penicillin (100 units/ml),
streptomycin (0.1 mg/ml), insulin (1077 M), dex-
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amethasone (10~7 M) and cultured for 3 hr at 37°
in a 5% CO, atmosphere. The medium was then
replaced with fresh WME containing 1.6% FCS, the
antibiotics and hormones (supplemented WME), in
the presence or absence of SIM.

In vitro exposure to SIM

A stock solution of SIM (2 mg/ml DMSO) was
prepared on the day of the experiment, directly
added to supplemented WME, and the solvent con-
centration adjusted with DMSO (1.55%, v/v, final
concentration) in all culture dishes including the
controls. Final SIM concentrations were between 0.1
and 15 uM. The hepatocyte cultures were incubated
at 37° in a 5% CO, atmosphere.

Assessment of covalent binding of SIM. For the
assessment of covalent binding of SIM to hepatic
macromolecules, an ethanolic solution of radio-
labeled SIM was evaporated under a stream of nitro-
gen, redissolved in a small volume of DMSO and
directly added to supplemented WME (20 uCi
[*H]SIM per culture dish). The SIM stock solutions
were then added. Following exposure to radiolabeled
SIM, the culture media were aspirated and the cell
monolayers washed with 3 X 5 ml ice-cold saline.
The cells were then scraped off with a rubber spatula
in 2 X 1 ml ice-cold double-distilled water and ultra-
sonicated for 1 min. Aliquots of the homogenates
were analysed for total radioactivity of SIM and SIM
metabolites. Total protein content was determined
according to the method of Bradford [31], using BSA
as standard. One mg SIM, dissolved in 100 ul meth-
anol, was added per ml homogenate, to reduce all
radioactivity not covalently bound to macro-
molecules, followed by the addition of 4 ml ice-cold
methanol. Precipitate formation was completed after
30 min at 4°. The denaturated macromolecules were
filtered on glass filters, and washed with 2 X 5 ml
methanol and 2 X 5 ml ethanol. The pellets were
transferred into counter vials containing 10 ml Luma-
gel (Lumac) and vigorously agitated.

Quantitative determination of SIM metabolism.
Hepatocyte cultures from untreated or Aroclor 1254-
treated rats were exposed to 1 uM or 10 uM SIM
‘containing [*H]SIM as a tracer. After 2 and 17 hr
incubation, the culture media were separated from
the cells, centrifuged at 200 g for 5 min to remove
detached cells, and diluted with an equal volume of
ethanol. The cell monolayers were washed with 3 X
5 ml ice-cold saline and scraped into 4 ml ethanol/
water (1/1, v/v). PH]SIM and its metabolites were
analysed by high performance liquid chroma-
tography. The analytical system consisted of a
HP 1090L equipped with a manual injector and a
1 ml sample loop (Hewlett-Packard AG, Switzer-
land). A guard column and two analytical columns
were connected in series (50 X 4.6 mm and 250 X
4.6 mm, 5 ym Supelcosil LC 18, Supelco Inc., Gland,
Switzerland). The eluate was monitored for radio-
activity (LB 503-detector, Berthold, Wildbad,
F.R.G.). The mobile phases consisted of water/
methanol, 3/1 (v/v; solvent A) and acetonitrile (sol-
vent B). The proportion of solvent B was 0% from
0 to 2 min, then increased linearly to reach 40% at
4 min, 70% at 84 min and 100% at 90 min. The flow
rate was 1 ml/min; the column temperature was 70°.
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Metabolites were identified according to their reten-
tion times. Rat plasma samples containing SIM and
its metabolites were used as standards.

Protein biosynthesis. The determination of protein
biosynthesis was assessed exactly as described earlier
{32]. In summary, after 17 hr incubation of the hepa-
tocytes with 0.5 uCi/dish of a [*H]amino acid mixture
in the presence or absence of SIM, medium and cells
were separated and proteins were precipitated with
trichloroacetic acid (TCA; 10%, w/v). The total of
labeled amino acid incorporated into TCA-insoluble
proteins of the cells and the medium was determined
by liquid scintillation counting.

Statistics. One-way analysis of variance/F tests
(BBN Software Products Corp., Cambridge, MA)
were used for in vivo experiments to calculate the
significance of differences between results from each
group of rats.

Chemicals. Dexamethasone, bovine serum albu-
min (BSA), bovine insulin and dimethylsulfoxide
(DMSO) were purchased from Fluka AG (Buchs
Switzerland). Ethoxycoumarin and dithiothreitol
were obtained from Sigma Chemical Co. (St Louis,
MO) and Emulgen 913 from Kao Co. (Tokyo,
Japan). HPLC grade acetonitrile was from Rathburn
(Walkerburn, U.K.). Aroclor 1254 was obtained
from Analabs Inc. (New Haven, CT). SIM, Cre-
mophor vehicle, and the RIA cyclosporin-kit were
provided by Sandoz Ltd (Basel, Switzerland).
[*H]SIM was synthesized by Sandoz Ltd (synthesis
#706-4, radiochemical purity: 98%) with a specific
activity of 14.4 mCi/mg, and [*H]amino acid mixture
was from Amersham International (Amersham,
UK)).

RESULTS
In vivo experiments

Biochemical indices of hepatotoxicity. The effects
of Aroclor 1254 treatment on SIM-induced hepato-
toxicity are shown in Table 1. While treatment with
Aroclor 1254 had no effect on plasma parameters
of hepatic function in comparison with the control
group, the 10 oral doses of SIM (50 mg/kg/day)
produced a 2.9-fold increase in bilirubin con-
centration and a moderate reduction of total protein
concentration (10%). Total conjugated bile acid con-
centrations increased by a factor of 2.2 in the plasma
samples which were taken 5 hr after the last adminis-
tration of SIM but decreased thereafter to con-
centrations similar to those in control rats.
Concomitant treatment with Aroclor 1254 and SIM
did not modify the hepatotoxicity induced by SIM.
The activities of plasmatic ALT in both SIM and
SIM + Aroclor 1254 groups remained similar to
those in control rats.

SIM concentrations. The measurement of SIM
concentrations was assessed by high-performance
liquid chromatography and by radioimmunoassay.
The former analytical technique measures the con-
centration of the parent compound, whereas the RIA
method, using polyclonal antibodies, enables the
determination of both SIM and immuno-cross-react-
ing SIM metabolites. Table 2 shows that treatment
with Aroclor 1254 greatly reduced the trough levels
of SIM in plasma by a factor of 3.3 and SIM +
metabolites by 3.6 after five oral administrations of
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Table 1. Plasma biochemistry after oral administration of SIM in control and Aroclor 1254-
induced rats*

Total Total conjugated bile acids
Bilirubin proteins (umol/1) ALT
(umol/1) /1) (units/1)
Treatment 24 hrt 24 hrt 5 hrt 24 hrt 24 hrt
Control 2.93 +0.60 66.9+0.7 343+1.28 4.05x247 52.5+28.8
SIM 8.10x3.13t 602+2.1% 7.60x0.14% 558x2.72 37.3x57
Aroclor 1254 2.99 +0.15 68.1x23 2.75+0.61 3.35+0.58 748 *11.6
Aroclor 1254
+ SIM 6.81+176§ 551x6.0§ 7.32+4.18 4.53=x1.80 54.3 £ 14.0

* SIM (50 mg/kg/day) or the vehicle (5 ml/kg SIM placebo) was administered for 10 days.
Aroclor 1254 (100 mg/kg/day) or the vehicle (1 ml/kg olive oil) was given intraperitoneally 2
days prior to SIM administration and on days 1, 4 and 7 of the treatment. The data represent

means *+ SD of three rats per group.

+ Time after the last application of SIM at which blood samples were taken.
i Significant differences from control (P < 0.05).
§ Significant differences from Aroclor 1254 (P < 0.05).

Table 2. Plasma concentrations (ug/ml) of SIM and SIM metabolites after oral administration of
SIM in control and Aroclor 1254-induced rats determined by HPLC or RIA*

Duration of SIM administration

5 days 10 days
Method of Time after the last administration of CsA
Treatment analysis 5 hr 24 hr 5hr 24 hr
SIM HPLC 5.89 +£3.20 2.67 £ 0.35 9.93+5.11 525*2.14
Aroclor 1254
+ SIM HPLC 6.33 = 0.55 0.80 = 0.32% 6.93 £4.39 0.90 +0.437
SIM RIA 10.55 + 1.34 4.43+1.24 14.05+6.29 5.80=*1.98
Aroclor 1254
+ SIM RIA 10.50 +2.02 1.23 + 0.28% 14.63 = 10.68 1.13 = 0.56%

* Drug treatment as described in legend to Table 1.
t Significant differences from SIM groups (P < 0.05).

Table 3. Cytochrome P-450 content, and activities of cytochrome P-450 reductase and
ethoxycoumarin-O-deethylase in liver 89 fractions after oral administration of SIM in control
and Aroclor 1254-induced rats*

Cytochrome P-450

Cytochrome P-450

reductase ECOD

Treatment (pmol/mg S9 protein) (nmol/min/mg S9 protein)
Control 193+9 70.7 = 9.7 0.48 = 0.05
SIM 210+ 20 575+7.6 0.42 = 0.01
Aroclor 1254 705 = 98+ 151.9 = 8.1t 6.45 + 1.00%
Aroclor 1254

+ SIM 829 + 136 112.5 £ 15.3¢ 7.72+1.36

* Drug treatment as described in legend to Table 1. The livers were taken on day 11 of
the experiment. The values represent means * SD of three rats per group.

+ Significant differences from control (P < 0.05).

i Significant differences from Aroclor 1254 (P < 0.05).

SIM, and by a factor of 5.8 for SIM and 5.1 for SIM
+ metabolites after ten administrations. Con-
centrations of SIM measured 5 hr after the last
administrations were, however, similar in rats
treated with SIM and in rats treated with Aroclor

1254 + SIM. In addition, the concentration ratio
SIM + metabolites/SIM clearly showed that
immunoreactive metabolites were more abundant
after five than after ten administrations of SIM. This
observation can be explained by a reduction of SIM
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metabolism, and is confirmed by the fact that SIM
concentrations were higher after ten doses than after
five.

Liver enzymes. Treatment of the rats with Aroclor
1254 caused a 3.7-fold increase in hepatic cytochrome
P-450 concentration and a significant elevation of
ethoxycoumarin-O-deethylase and cytochrome P-
450 reductase activities by factors of 13.4 and 2.1,
respectively, as compared to control rats (Table 3).
Treatment with SIM did not change any of these
hepatic parameters of biotransformation versus con-
trol. During concomitant treatment with Aroclor
1254, SIM inhibited the induction of cytochrome
P-450 reductase activity by 26% in comparison to
Aroclor 1254-induced rats.

In vitro experiments

Metabolism of SIM. It was previously shown that
the uptake of [’H]SIM into hepatocyte cultures from
untreated rats occurred rapidly and in a con-
centration-dependent manner, and that a steady-
state was reached after 1 hr [22]. Figure 1 shows
the metabolite patterns both in the medium and
hepatocytes after 17 hr incubation of hepatocyte
cultures obtained from control and Aroclor 1254- or
dexamethasone-pretreated rats, in the presence of 1
uM [PH]SIM. The primary cultures of rat hepatocytes
were, therefore, able to metabolize SIM and to
secrete the metabolites into the medium. In control
cultures, the major metabolites observed in the
media were the three monohydroxlated metabolites
M1, M17 and M18 [17, 18]. These metabolites were
also found in the cells. Treatment of the rats with
Aroclor 1254 greatly enhanced the formation of M18
found in the medium and in the cells. The con-
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Table 4. Effects of in vivo pretreatment with Aroclor 1254
or dexamethasone on the rate of SIM metabolism in vitro*

Non-metabolized SIM
(% of respective total)t

Pretreatment  SIM (uM) Medium Cells Totalf
None 1 42.8 66.4 48.7
10 68.7 83.0 72.7
Dexamethasone 1 20.7 28.6 223
10 71.1 74.7 71.8
Aroclor 1254 1 12.5 393 18.6
10 56.3 87.0 65.3

* The rats received two intraperitoneal injections of
either Aroclor 1254 or dexamethasone (100 mg/kg), six
and three days prior to the hepatocyte isolation. [*H]SIM
was added to the hepatocyte cultures at the indicated
concentrations and incubated for 17 hr. The fraction of
non-metabolized SIM was determined by HPLC using a
radiodetection method. The data represent means of dupli-
cate determinations from one batch of hepatocytes.

t Per cent of total radioactivity in medium + cells
attributable to SIM.

 Per cent of total radioactivity in medium + cells attribu-
table to SIM.

centrations of the two other metabolites however,
remained identical to those in the control cells. Pre-
treatment of the rats with dexamethasone led to an
increased production of M1 and M17, but not M18.
Three other metabolites which were not found in
control hepatocyte cultures, namely M21, M13, and
M8, appeared in the medium (Fig.1). Quantitatively,
51% (1 uM extracellular SIM) and 27% (10 uM
extracellular SIM) of the total SIM previously added

—®— SIM 1 uM
<@ SIM 10 uM

time of incubation (hr)

Fig. 2. [*H]JSIM or [°H]SIM metabolites covalently bound to hepatic macromolecules as a function of
culture time. The values represent means + SD of three plates per time point from one batch of
hepatocytes. For details, see Materials and Methods.
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Table 5. Intracellular concentrations and covalent binding of ['H]SIM or [’H]SIM metabolites to hepatic
macromolecules in cultured hepatocytes obtained from control and Aroclor 1254- or dexamethasone-
induced rats*

Cell-associated Binding
Pretreatment Incubation SIM SIM + metabolites Covalent binding indext
(hr) (uM) (pmol equiv./mg protein) (%)
None 2 1 475 £ 26 0.44 +0.04 0.09
17 1 444 + 30 2.36 £ 0.36 0.53
2 10 4558 + 353 2.55+0.36 0.06
17 10 5497 + 548 6.54 = 0.55 0.12
Dexamethasone 2 1 226+ 25 1.79 £ 0.49 0.79
17 1 179 £ 20 9.22+2.62 5.15
2 10 2974 + 303 20.34 £ 4.78 0.68
17 10 2124 £ 374 67.86 + 8.24 3.20
Aroclor 1254 17 1 549 =31 4.14 £ 0.05 0.82

* In vivo drug pretreatment as described in legend to Table 4. [PH]SIM was added to the hepatocyte
cultures at the indicated concentrations and incubated for 2 or 17 hr. Cell-associated radioactivity and
covalent binding of [*H]SIM was determined as described in Materials and Methods. The data represent
means + SD of triplicate determinations from one batch of hepatocytes.

t Fraction of covalently bound radioactivity per total cell-associated SIM + SIM metabolites.

to the cultures were biotransformed in control cul-
tures during 17 hr (Table 4), whereas after 2 hr
incubation, only a minor portion of SIM was metab-
olized, even in “induced” cultures (data not shown).
Dexamethasone and Aroclor 1254 pretreatment
increased the capacity for SIM biotransformation.
At 1 uM SIM, both inducers increased the rate of
metabolism by a factor of 2 to 3 (Table 4). In contrast,
at 10 uM SIM, the induction with Aroclor 1254 had
only a minor effect on the rate of SIM metabolism,
whereas dexamethasone-induction had no effect.

Covalent binding. Covalent binding of SIM and/
or SIM metabolites to cellular constituents occurred
rapidly during the first hour of exposure. This process
continued thereafter in a linear time-proportional
fashion up to the end of incubation (Fig. 2). After
17 hr incubation using 1 or 10 uM SIM, the covalent
binding amounted to 2364 + 322 or 6543 + 555
fmol of SIM associated radioactivity per mg hepatic
protein, respectively. These values represented 0.53
or 0.12% of the total intracellular amount of SIM.
Pretreatment of the rats with dexamethasone
increased the covalent binding of SIM to hepatocyte
proteins by a factor of 4 using 1 uM extracellular
SIM concentration, and by a factor of 8-10 using 10
uM SIM as summarized in Table 5. These values
were not proportional to the intracellular steady-
state concentrations of SIM and metabolites. Pre-
treatment with dexamethasone, was associated with
a two-fold decrease of the intracellular SIM con-
centration as compared to untreated rats (Table 5).
Aroclor 1254 pretreatment, on the other hand, did
not alter intracellular steady-state SIM concen-
trations and was less potent than dexamethasone in
augmenting the covalent binding of SIM and/or SIM
metabolites to cell proteins.

Protein biosynthesis. As previously described [32],
the hepatocytes are able to synthesize proteins from
[*H}-labeled amino acids added to the culture
medium. Furthermore, the measurement of SIM-
induced inhibition of this synthesis appeared to be a
sensitive cytotoxicity test [22]. Inhibition of total
protein biosynthesis was, therefore, chosen as an
in vitro end-point for SIM toxicity assessment. In

BP 39:2-C

accordance with our previous findings, SIM inhibited
protein synthesis in a concentration-dependent man-
ner in untreated cells, and in Aroclor 1254-induced
hepatocytes (40% inhibition at 10 uM extracellular
SIM after 17 hr incubation). Similarly, in cells
obtained from dexamethasone-treated rats, the slope
of the inhibition curve was identical to that of the
control cultures, although a slight increase in protein
synthesis was observed using low SIM concen-
trations. It can therefore be concluded that in vitro
inhibition of protein biosynthesis induced by SIM
was identical in Aroclor 1254- or dexamethasone
induced rats to that in control rats.

DISCUSSION

The mechanism of SIM-induced hepatotoxicity has
not yet been completely elucidated. However, recent
evidence indicates that the clinical manifestations of
SIM hepatotoxicity are associated with predictable,
dose-dependent impairment of specific cellular func-
tions. First, bile salt transport across hepatocytes
into bile is inhibited by SIM, resulting in cholestasis
[11,12]. Our results are in agreement with these
findings (Table 1). Second, it has been demonstrated
that SIM inhibits protein synthesis in vitro and in
vivo, which can explain the decrease of total plasma
proteins measured in rats chronically treated with
SIM (13, 33, 34]. The results of the present study
corroborate these well known rodent-specific mani-
festations of SIM hepatotoxicity (Table 1, Fig. 3).
Commensurate with the absence of overt his-
topathological alterations, plasma activities of ALT
were decreased during treatment with high doses of
SIM (Table 1). Similarly, in hepatocyte cultures,
LDH leakage, a marker for the integrity of the
plasma membrane, was not increased at the toxic
concentrations used in our experiments [22]. There-
fore, this endpoint was not included as a toxicity
measure for our in vitro experiments with SIM.

SIM is extensively metabolized by the hepatic
cytochrome P-450-dependent monooxygenases {17—
19}, and mainly excreted via the biliary system [26].
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Fig. 3. In vitro inhibition of total protein biosynthesis in the presence of various concentrations of SIM

in cultures of rat hepatocytes obtained from control and Aroclor 1254- or dexamethasone-induced rats.

The values represent the incorporation of [*H]amino acids into TCA-insoluble proteins after 17 hr

incubation, and are the means * SD of three plates from one batch of hepatocytes. For details, see
Materials and Methods.

In order to study the role of increased SIM metab-
olism and plasma disappearance on the degree of
hepatotoxicity, the biotransformation capacity was
induced with either Aroclor 1254 or dexamethasone.
The former substance induces a broad spectrum of
cytochrome P-450 isozymes including PB-like and 3-
MC-like isozymes [35, 36], whereas dexamethasone
induces the cytochrome P-450 III gene family which
is responsible for the formation of the primary SIM
metabolites M1, M17, and M21 in the rabbit [37, 38]
and in man [19]. Both inducers markedly increased
SIM biotransformation (Tables 2 and 4, Fig.1), which
correlated with increased contents and activities of
cytochrome P-450 (Table 3). However, none of these
pretreatments with metabolic inducers altered the
quantitative response to the toxic insult (elevated
bilirubin and bile salt concentrations, reduced total
plasma protein, inhibition of protein biosynthesis)
induced by SIM in vivo and in vitro (Table 1, Fig.
3). Earlier preliminary data indicated that only LDH
leakage induced by excessively high concentrations
of SIM was markedly decreased in Aroclor 1254-
pretreated hepatocytes [39].

The monitoring of SIM plasma concentrations and
its metabolites using HPLC and RIA (Table 2) and
resulting calculated kinetic data are in accordance
with the findings of Wagner et al. [26], who reported
that 24 hr after a single oral administration of 10 mg/
kg [PH]SIM, 60% of total radioactivity was present
as unchanged SIM and that multiple administration
of SIM resulted in its accumulation. Our results
confirm and extend these findings. The lack of effect
of Aroclor 1254 on SIM accumulation in plasma can
be correlated with a three-fold increased rate of

SIM elimination. Furthermore, the T} of elimination
between 5 and 24 hr was higher when measured by
RIA than determined by HPLC, indicating a higher
rate of elimination for metabolites than for the parent
compound. Qualitatively, the identification of the
individual metabolites, generated in vitro using
[PH|SIM (Fig.1), revealed two major metabolites
{M1 and M17) which had also been identified in vive
[18, 26]. Recent physico-chemical and toxicological
studies indicated that the metabolite M17 was more
polar and less toxic than SIM itself [21,22]. The
toxicity of other metabolites such as, e.g., M18,
which appeared in large amounts in Aroclor 1254-
induced hepatocyte cultures, has not been studied so
far, However, in the course of metabolic activation,
some unknown metabolites reacted with cellular tar-
gets, as shown by covalent binding of SIM to hepatic
macromolecules and its marked increase after dex-
amethasone induction. This confirms and extends the
findings of Nagelkerke et al. [40], who demonstrated
that small fractions of SIM were covalently bound
to S9 rat liver preparations, to macromolecules of
isolated rat hepatocytes, and to the rat liver in vivo.
In contrast, the absence of significant binding of
[PH]SIM and/or its metabolites to cellular macro-
molecules of the mouse liver has been reported by
others [41]. However, no quantitative or qualitative
data on the metabolic conversion of SIM in mice
were provided in that study. The specific rat liver
proteins to which the reactive SIM metabolites were
covalently bound have not been characterized. As
not all covalent binding of reactive intermediates to
cellular proteins need to elicit toxicity, the toxi-
cological significance of the binding of SIM to macro-
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molecules of rat hepatocytes still remains unknown.
The absence of modulating effects of an induction of
hepatic drug metabolism on SIM-induced hepato-
toxicity is in contrast to the amelioration of neph-
rotoxicity observed after Aroclor 1254-induction
[23-25]. Besides major differences between the
mechanisms of SIM-induced nephrotoxicity and
hepatotoxicity, other factors, such as high portal SIM
concentrations or the liver being the principal site of
SIM biotransformation and excretion, might con-
tribute to this discrepancy. Thus, hepatocellular SIM
concentrations rather than SIM plasma disap-
pearance rates seem to determine the extent of hep-
atic dysfunction in the rat.
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