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A~~-A~regating fetal liver cell cultures were tested for their ability to metabolize xenobiotics 
using ethoxy~~u~a~n~~-deethyl~e (ECOD), as marker of phase I met~~Iism, and glutathione 9 
transferase (GST), as marker for chase II reactions. Sisnilicant basal activities. stable over 14 davs in 
culture were mea&red for both ECOD and GST activiries. The prototype cytochrome P450 inducers, 
3-methylcholanthrene (3-MC) and phenobarbital (PB), increased ECOD and GST activities reaching 
an optimum 7 days after culturing, followed by a decline in activity. This decline was partially prevented 
by 1% dimethyl sulfoxide (DMSO) added chronically to the culture medium. DMSO was also found to 
induce ECOD activity and to a lesser extent GST activity. Furthermore, it potentiated in a dose- 
dependent manner the induction of ECOD by PB. The food-borne carcinogen 2-amino-3,8-dimethy~- 
~mid~o~4,S-~]quinox~ine (MeIQx) is metallically t~nsformed through a number of pathways in uivo. 
it was therefore used to examine the metabolic capacity in fetal and adult liver cell aggregates. 
Metabolism of MeIQx was mainly through N&mjugation, resulting in formation of the ~z-glucuronide 
and sulfamate conjugates for non-induced fetal liver cells. These metabohtes were also found in large 
amounts in non-induced adult liver cells. Low levels of cytochrome P450-mediated ring-hydroxylated 
metabolites were detected in both non-induced fetal and adult liver cells. After induction with arochlor 
(PCB) or 3-MC, the major pathway was ring-hydroxylation (cytochrome P450 dependent), followed by 
conjugation to /3-glucuronic or sulfuric acid. The presence of the glucuronide conjugate of N-hydroxy- 
MeIQx, a mutagenic metabolite, suggested an induction of P450 CYPlA2. The metabolism of MeIQx 
by liver cell aggregates is very similar to that observed in uiuo and suggests that aggregating liver cell 
cultures are a useful model for in uitro metabolic studies in toxicology. 

Cell culture has become a widely used laboratory 
tool for scientific, economic and ethical reasons. In 
toxicology, cell culture models have been developed 
to investigate xenobiotic metabolism and toxicity. 
To this end, hepatic cell cultures have been applied 
using cell lines [1] or primary adult [2,3] and fetal 
cells 141. However, one fundamental technical 
problem with cell culture is the inability to obtain 
cells that express a complete set of phase I and phase 
II metabolic enzymes. For example, primary adult 
rat hepatocytes have been shown to rapidly lose 
their drug-metabolizing capability [S]. Therefore, 
there have been many attempts to maintain the 
differentiated properties of hepatocytes in uirro, 
notably by medium ~omplementation [2] and 
supply of extra~llular matrix ~m~nents for cell 
attachment [6,7]. Liver cell survival and ~n~tionality 
was also significantly improved in co-culture with 
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other cell types [3], suggesting a key role for cell- 
cell interactions in the maintenance of liver specific 
functions. 

Aggregating cell cultures which were discovered 
by Moscona [8], are based on the unique ability of 
freshly dissociated fetal cells to re-aggregate 
spontaneously into spheroids. Extensively used with 
fetal rat brain cells [9, lo], this culture system proved 
to reproduce very closely the complex cellular 
organization and maturation of the developing brain 
in uiuo [9, IO]. Assuming that the intercellular 
contacts within such aggregates are crucial for the 
expression, maturation and maintenance of cell- 
specific functions, a method has been developed to 
grow a~regating fetal liver cells in a chemically 
defined medium [ll]. In accordance with the previous 
work of Moscona [8], these cultures were found to 
exhibit a histotypic organization [ll]. In particular, 
hepatocytes containing glycogen granules were found 
to form acini-like structures, and the presence of 
reticulin fibers suggested the formation of an 
extracellular matrix [II]. Investigation of the 
expression of liver-specific genes such as tyrosine 
aminotransfer~e, ~-fetoprotein and albumin were 
found to mimic the developmental behavior of 
perinatal liver in vi00 [ll]. 

In this study, the capacity of aggregating fetal 
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liver cell cultures to metaboiize xenobiotics was 
investigated. As a first approach, markers of phase 
I and phase II metabolic reactions were examined. 
Ethoxycoumarin-O-deethylase (ECOD*) activity 
was measured as a parameter for phase I reactions. 
This enzymatic activity is dependent mainly on the 
3-methylcholanthrene (3-MC)-inducible cytochrome 
CYPlAl, but also on the phenobarbital-inducible 
cytochromes P450 CYPIIAl, CYPIIBI, CYPIIB2 
[K?]. For phase II reactions, glutathione S-transferase 
(GST) activity was chosen as a marker, using l- 
chloro-2,4_dinitrobenzene (CDNB) which is metab- 
olized by a majority of the GST isoenzymes [13]. 
The induction of these two enzymes was studied 
using one prototype of each of the two main classes 
of inducers: phenobarbital (PB) and 3-MC (a 
polycyclic hydrocarbon). The metabolic capacity of 
aggregating liver cell cultures was further examined 
using the heterocyclic amine 2-amino-3,8- 
dimethylimidazo[4,5-~lquinoxaline (MeIQx) as a 
substrate. This food-borne carcinogen is known to 
be metabolized in rodent liver through various 
enzymatic pathways (14,151, including direct con- 
jugation to the exocyclic amine group by N- 
acetylation, N-glucuronidation and sulfamate for- 
mation (the chemical structures of major metabolites 
are displayed in Scheme 1). Cytochrome P450- 
mediated hydroxylation at position 5 of MeIQx 
followed by conjugation to sulfuric or Pglucuronic 
acid represent other major routes of detoxification 
[14,15]. N-Oxidation catalysed predominantly by 
CYPlA2 also occurs [14,15]. The latter reaction 
appears to be the initial step in the transformation 
of MeIQx to a carcinogen [16,17]. The metabolites 
detected in fetal liver cell cultures were compared 
with those of adult liver cell aggregates which had 
shown good maintenance of the adult hepatocyte 
phenotype [18]. 

MATERIALS AND METHODS 

Cd culture 

Aggregate cultures of fetai liver cells. These were 
prepared from 15-l&day-old rat embryos as 
described previously in detail [lo, II]. In brief, 
excised livers were minced, pooled and washed in 
ice-cold sterile solution Dl (modified Puck’s solution) 

* Abbreviations: 3-MC, 3-methylcholanthrene; CDNB, 
I-chioro-2,Cdinitrobenzene; DMEM, Dulbecco’s modified 
EagIe’s medium; DMSO, dimethyl sulfoxide; ECOD, 
eth~xycoumarin-0-deethylase; EGF, epidermal growth 
factor: GST. elutathione S-transferase: MeIGx. 2- 
amino- 3,8 - dim%hylimidazo[4,5 - flquinoxaline; PB, 
phenobarbital; PCB, polychiorinated biphenyi (Arochlor- 
1254); NSO; ,N-3,8-dimethylimidazo[4,5-f]quinoxaline- 
2 - yl sulfamic acid; N-GI, N*-(fi-1-glucosiduronyl)-2- 
amino-3,8-dimethylimidazo[4,5-flquinoxaline; HO-N-GI, 
N2 - (/3 - 1 - glucosiduronyl) - N - hydroxy - 2 - amino - 3,8 - 
dimethylimidazo[4,5 -f]quinoxaline; 0-GI, 2-amino-5 - 
(p - 1 - glucosiduronyloxy)3,8 - dimethylimidazo(4,5 - f]- 
quinoxaline; 5-OSO; ,2-amino-3&dimethylimidazo[4,5- 
flquinoxaline-5-vl s&fate. .._ 

t Juillerat M: Marceau N, Coeytaux S, Sierra F, 
Kolodzieiczvk E and Guieoz Y. “Microliver”. or 
tridimen~io~ai culture of iiverwcells: a model for studying 
hepatic functions. Hepntology, submitted. 

pH7.4, 340 mOsm, containing 138 mM NaCl, 
5.4 mM glucose, 14 pg/mL phenol red, 15 pg/mL 
gentamicin. The tissue was then dissociated by the 
sequential digestion technique of Chessebeuf and 
Padieu [19] using acetylated trypsin (0.2%, Sigma) 
in Hepes-buffered Dl solution. The resulting 
supernatants containing the dissociated liver cells 
were mixed with an equal volume of cold Hepes- 
buffered Dl solution containing 0.02% of trypsin 
inhibitor. The combined supernatants were then 
filtered by gravity flow through a layer of 115 pm 
nylon mesh and washed twice in solution Dl by 
centrifugation (10 min, 230 g, 4”). The sedimented 
cells were finally resuspended in serum-free culture 
medium by gentle trituration. Aliquots (4mL) of 
the final cell suspension (2 x 10’ cells/ml) were 
distributed to 25 mL Delong flasks and incubated at 
37” in an atmosphere of 10% COz and 90% air under 
constant gyratory agitation. On day 1, 3.5 mL of 
medium were removed from each culture and 
replaced by fresh medium. On day 2, the cultures 
were transferred to 50 mL Delong flasks by addition 
of 4mL of fresh medium. From the onset, the 
cultures were grown in a serum-free chemically 
defined medium consisting of Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 
transferrin (1 pg/mL), insulin (800 nM), triiodo- 
thyronine (30 nM), dexamethasone (10 nM), BME 
vitamins, vitamin B12, trace amounts of retinol and 
B-tocopherol [9], L-carnitine (12 PM), 7.6 FM fatty 
acid (31% palmitic acid, 2.8% palmitoleic acid, 
11.6% stearic acid, 13.4% oleic acid, 35.6% linoleic 
acid and 5.6% linolenic acid) bound to bovine serum 
albumin (final albumin concentration in the medium 
0.2% w/v) and various amounts of trace elements 
[lo, 111. Finally, L-proline (11.5 pg/mL, from day 1 
onwards) and epidermal growth factor (EGF. 10 ng/ 
mL from day 2 onwards) were added to the medium. 
The rotation speed of the shaker, initially set at 
65 rpm was gradually increased to 80 rpm. The media 
were replenished by replacing 5 mL of medium every 
3 days. 

Culture harvest. For protein and GST assays, 
aggregates were washed twice with phosphate- 
buffered saline and homogenized in 3OOpL of 
1 mM phosphate buffer (pH 6.8), using glass-glass 
homogenizers (Bellco). 

Induction procedures. Cultures were treated with 
either 12.5pM 3-MC (Sigma), 3.2mM PB (Sigma) 
or 20pg/mL Arochlor-1254 (PCB, Analabs) for 
48 hr. The culture medium was replenished daily 
with fresh medium containing the inducer but no 
EGF. Stock solutions of PB were prepared in water, 
those for 3-MC and PCB in dimethyl sulfoxide 
(DMSO). The final concentration of DMSO in the 
medium was 0.25% (v/v). Control cultures received 
the same volume of solvent. 

Aggregating adult liver cell cultures. These cultures 
were prepared as described earlier in detail (Juillerat 
et al.?). Hepatocytes were isolated from adult male 
Sprague-Dawley rats (IFFA, CREDO, L’Arbresle, 
France) by a two-step collagenase perfusion method 
[20]. In parallel, a suspension of non-parenchymal 
cells was prepared according to Hendriks et al. [21]. 
The different non-parenchymal cell types were 
purified by elutriation. The purity of all cell fractions 
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wasdetermined by light microscopy and conventional 
methods [21-231. A final cell suspension was 
prepared in serum-free culture medium with the 
different ceil types mixed in proportions similar to 
those found in adult liver in c~iuo [24], i.e. 65% 
hepatocytes. 23% endothelial cells, 12% Kupffer 
cells and 4% fat-storing cells. Aggregating cell 
cultures were obtained after distribution of 4 mL of 
cell suspension (3.2 x 10h cells) to 25 mL Delong 
flasks and incubation under gyratory agitation in the 
same culture conditions as described for fetal liver 
cell aggregate cultures. 

Assays 

ECOD. ECOD activity was determined by a 
modi~cation of the method described by Moldeus et 
al. [2S] measuring the 0-deethylation of 7- 
ethoxycoumarin. The assay was performed with 
intact aggregates, in the presence of salicylamide, 
a competitive inhibitor of 7-hydroxycoumarin 
conjugation. Briefly, the aggregates (the content of 
one or two culture flasks per 0.5 mL of medium) 
were maintained under gentle agitation in culture 
medium (without EGF) at 37”, under a carbogen 
atmosphere (95% 0,/S% CO?). The reaction was 
initiated by adding 5 $. of methanol containing 
10 mM 7-ethoxycoumarin and 20 mM salicylamide. 
At the start of the reaction and after 2 and 4 min of 
incubation, 100 /CL aliquots of aggregate suspension 
were taken and mixed immediately with 100_~L of 
0.01 N HCI in methanol. After vortexing and 
centrifugation the supernatants were quickly frozen 
in dry ice and stored at -80”. For the 7- 
hydroxycoumarin analysis, the samples were diluted 
lo-fold in 0.01 N NaOH and measured fluori- 
metrically at 366 nm excitation and 466 nm emission 
wavelengths, using a Perkin-Elmer LS-30 fluori- 
meter. The linearity of the assay was controlled for 
up to 8 min of incubation. 

GST. GST was assayed in cell homogenates 
according to the method of Habig and Jakoby [13]. 
The activity was determined spectrofluorimetrically 
at 340 nm using CDNB as a substrate. The portion 
of non-enzymatic conjugation was determined by 
omission of the enzyme in the assay mixture and 
subtracted from the total activity. 

The metabolism of MeIQx. This was studied in 7- 
day-old liver cell cultures prepared either from fetal 
or adult tissue. 2-lJC-Labeled MeIQx (37 mCi/ 
mmol. Toronto Research Chemicals) was given to 
the culture media (devoid of EGF) at a concentration 
of 57 PM. After 15 hr of incubation the reaction was 
terminated by lysing the cells with 2 volumes of cold 
ethanol and subsequent centrifugation (20,000 g, 
15 min, 4”). The pellet was resuspended in 1 volume 
of deionized water, precipitated a second time by 
addition of ethanol and centrifugation (2O,~g, 
1.5 min, 4”). The pooled supernatants were stored at 
-80”. Prior to HPLC analysis, aliquots were rotary 
evaporated and resuspended in deionized water. 
Aliquots of a bile extract from PCB-treated adult 
rats containing unlabeled MeIQx metabolites were 
added as internal standards. The HPLC analysis was 
performed using the method and instrumentation 
described earlier [ 14. 151. 

Protein was determined by the Folin phenol 
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Fig. 1. Inducibility of ECOD and GST as a function of the 
culture time. The cultures were exposed to 12.5 PM 3-MC 
(a) or 3.2 mM PB (b) during a period of 48 hr before the 
ECOD and GST assays performed on day 5, 7, 9, 14. The 
ECOD activity is given in pmol/min/mg of protein and 
GST in nmol/min/mg of protein. For the 3-MC-induction, 
the results are expressed as mean + SD of triplicate 
cultures. For P&induction. the measures were performed 
on the content of two cultures pooled just before the 
assays. In this case. the results are expressed as mean r?l SD 
of duplicate pooled cultures. ~Si~nificant differences from 
corresponding non-induced controls (determined by 

Student’s t-test. P < 0.05). 

method of Lowry et al. [26] using bovine serum 
albumin as a standard. 

RESULTS 

induction of ECOD and GST activities 

The induction of ECOD and GST by 3-MC and 
PB was studied in aggregates maintained in culture 
for different time periods. The cultures were exposed 
from day 3, 5, 7 or 12 for 48 hr to either 3-MC 
(12.5 PM) or to PB (3.2 mM) The results (Fig. la 
and b) show no significant age-dependent changes 
in ECOD and GST activities in control cultures, 
whereas the induction of these enzymes varied 
considerably. In 3-MC-induced cultures the highest 
activities of ECOD and GST were found on days 5 
and 7. Thereafter, induction by 3-MC of either 
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Table 1. Effects of 3-MC plus PB on the ECOD and GST 
activities 

EOCD GST 

Control 86 -t 37 443 rt_ 126 
Control DMSO 340 * 2s 551 c 19 
3-MC sss r 148* 1140 rt 1W 
PB 352 k 2S 973 Y!z 296* 
3-MC + PB 1932 2 105’ 2476 rt 142* 

Cuitures were exposed on day 5 to both, 3-MC (12.5 FM) 
and PB (3.2mM), or to each inducer alone and were 
assayed for ECOD and GST activities on day 7. The 
ECOD activity is given in pmol/min/mg of protein and 
GST in nmol/min/mg of protein. The measures were 
performed on the content of two cultures pooled just 
before the assays and the results are expressed as 
mean rt SD of duplicate pooled cultures. 

* Significant differences from corresponding non- 
induced controls (determined by Student’s r-test, P < 0.05). 

enzyme was significantly lower (P < 0.05), showing 
a progressive decline as a function of time in culture 
(Fig. la). The induction of ECOD and GST by PB 
showed a similar age-dependency (Fig. lb). 

The combined effects of 3-MC and PB were 
examined at day 7. Compared to the individual 
stimulatory effects of each inducer, 3-MC and PB 
acting simultaneously produced an additive increase 
of GST activity as well as a synergistic increase (i.e. 
a 50% increase above the arithmetic sum of the 
individual effects) in ECOD activity (Table 1). 

Effects of DMSO 
The effects of DMSO on the induction of ECOD 

and GST were investigated. Aggregating fetal liver 
cell cultures were treated on day 5 with either 3-MC 
or PB, in the presence of DMSO at various 
concentrations (O-l%), and assayed for ECOD and 
GST activities on day 7. The results (Fig. 2a and b) 
show that in the absence of any inducer, DMSO 
significantly increased (P < 0.05) ECOD activity 
in a dose-dependent manner. At the highest 
concentration used (1% DMSO) ECOD activity was 
increased 5-fold above control values. However, the 
induction of ECOD by 3-MC was not altered by 
DMSO (Fig. 2a). In contrast, the induction of ECOD 
by PB was strongly increased in the presence of 
DMSO (Fig. 2b). This effect was dose-dependent, 
reaching at 1% DMSO a level of ECOD activity 14- 
fold higher than in controls (Fig. 2b). The same 
pattern of response to DMSO was observed for GST 
(Fig. 2a and b). 

As shown in Fig. la and b the induction of ECOD 
and GST declined with time in culture. To examine 
the effects of DMSO on this age-dependent loss of 
liver functions, the induction of ECOD and GST 
activities by 3-MC was determined in cultures 
maintained from day 2 onwards in a medium 
supplemented with I% DMSO. For the induction 
48 hr prior to the enzymatic analysis, the culture 
medium was replaced by a medium containing 
12.5 FM 3-MC and 0.25% DMSO. Control cultures 
received 0.25% DMSO during the same period. The 
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Fig. 2. Effects of DMSO on the 3-MC- and PB-induction 
of ECOD and GST activities. Cultures were exposed on 
day 5 to 12.5 pM of 3-MC (a) or 3.2 mM (b) in the presence 
of various concentrations of DMSO and assayed on day 7 
for ECOD and GST activities. The ECOD activity is given 
in pmol/min/mg of protein and GST in nmol/min/mg of 
protein. The results are expressed as mean 5 SD 
of triplicate cultures. *Significant differences from 
corresponding values measured in the absence of DMSO 
for PB-induction or in the presence of 0.1% DMSO for 
the MC-induction (determined by Student’s t-test, 

P < 0.05). 

results (Fig. 3) show in accord with previous 
observations on day 7 (Fig. 2a and b) that exposure 
to DMSO resulted in a significantly higher 
ECOD activity. Furthermore, the enzyme induction 
increased by 75% in DMSO-treated cultures. In 
contrast, GST activity and its induction by 3-MC 
were not significantly affected by DMSO (Fig. 3). 
Confirming the data of Fig. la, a strong reduction 
of ECOD and GST response was observed in 14- 
day cultures as compared to those of day 7 (Fig. 3). 
This decline was partially prevented by the presence 
of DMSO (1%) in the culture medium. At day 
14, DMSO-treated cultures showed a significant 
(P < 0.05) induction of ECOD (5-fold) and GST 
(2.5-fold). For GST, the specific activities at day 14 
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Fig. 3. Effects of DMSO on the age-dependent loss of 3- 
MC-induction of ECOD and GST activities. The induction 
of ECOD and GST activities were measured after 48 hr of 
treatment with 12.5 FM of 3-MC, in cells maintained from 
day 2 in a medium suppIemented with 1% DMSO or in 
cells maintained in normal conditions. The assays were 
performed on day 7 and on day 14. The ECOD activity is 
given in pmol/min/mg of protein and GST in nmol/min/ 
mg of protein. The results are expressed as mean ‘- SD of 
triplicate cultures. *Significant differences from the 
corresponding values measured in absence of DMSO. 
‘Significant differences of the values obtained on day 14 
from corresponding values measured on day 7 (determined 

by Student’s f test, P < 0.05). 

corresponded to those measured at day 7, whereas 
for ECOD they were clearly lower than at day 7 
both in controls (-25%) and in DMSO-treated 
cultures (-58%). However, if expressed as total 
enzyme activities per flask, ECOD basa1 activities 
and its induction by 3-MC remain unchanged, while 
GST activities show an increase both in the non- 
induced and in the 3-MC-induced cultures, as 
compared to 7-day cultures (data not shown). 

MeiQx metabolism 

The capability of aggregating fetal liver cell 
cultures to perform complex metabolic reactions was 
examined by studying the biotransformation of 
MeIQx, a carcinogen which is activated/detoxified 
through various phase I and phase II enzymatic 
routes in the rat liver 114,151. MeIQx was given to 
7-day cultures, and the resulting pattern of 
metabolites was analysed after 15 hr of incubation. 
Representative HPLC profiles of metabolites 
detected in controls and PCB-treated cultures are 
shown in Fig. 4A and B. The quantitative results for 
the major metabolites, expressed as percentages of 
the initial dose of MeIQx are presented in Table 2. 
In non-induced control cultures, about 35% of the 
initial dose of MeIQx was metabolized, mainly via 
exocyclic N2-conjugation. The major metabolite 
produced by these cultures was the N2-glucuronide 
(N-Gl), followed by the sulfamate (NSO,) in lower 
amounts. Low levels of the cytochrome P450 activity 
were detected through MeIQx-~-~ucuronide (0-Gl) 
formation. Pretreatment with PCB or 3-MC greatly 
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Fig. 4. Representative HPLC profile of MeIQx metabolites 
isolated from control (A), PCB-treated (B) re-aggregating 
fetal liver cell cultures. MeIQx was given to T-day-old 
cultures and the metabolite pattern was analysed after 

15 hr of incubation. 

enhanced the metabolism of MeIQx, resulting in a 
large increase in the formation of the ring- 
hydroxylated conjugates. In the induced cultures, 
0-GI was the most abundant metabolite and the 
sulfate (5OSO;), which was not detectable in 
control cultures, also was found at high levels. 
Furthermore, metabolic activationofMeIQx through 
N-hydroxylation was demonstrated by the relatively 
large amounts of the N-glucuronide conjugate (HO- 
N-GI) found exclusively in the induced cultures. 
PCB and 3-MC induction had little influence on the 
N2-conjugation; N-G1 formation was unchanged, 
and NSO, formation was somewhat decreased as 
compared to control cultures. 

In order to compare the metabolic pattern of fetal 
liver cell aggregates with that of differentiated liver 
cells, MeIQx metabolism was also investigated in 
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Table 2. Dist~bution of major meta~lites of MeIQx pr&uced by fetal or adult liver cell a~regates 
1 

Fetal Adult 
Metabolite Non-induced PCB 3-MC Non-induced PCB 3-MC 

Polar 4.8 r?: 0.3 9.0 + 0.1 10.6 f 0.1 4.2 4.6 4.3 
MeIQx-O-G1 3.9 rt 0.5 39.5 +. 1.5 47.1 k 1.7 0.8 19.0 
MeIQx-N-G1 17.3 rt 0.6 19.6 k 0.4 19.8 f. 0.6 14.6 

3::: 
28.4 

MeIQx-S-OSO; - 7.7 * 0.2 3.8 r 0.8 2.7 15.8 12.1 
MeIQx-[HO-NIGl] 
MeIOx-NSO; 

6.0 + 0.4 8.1 a0.3 - 1.7 6.6 
2.3t0.2 1.1 k 0.7 1.7 + 0.1 27.4 6.8 1.4 

MeIQx * 64.7 r 1.0 8.6 5 1.3 - 35.5 16.4 5.5 

Data are presented as per cent of the dose of MeIQx given to cell cultures. N = 3 t SD of Pooled fetal 
celf cultures, while single values are reported for adult cultures. 

Analysis of MeIQx metabolites was done by HPLC after a 15 hr incubation in 7-day-old cultures. 

aggregate cultures of adult rat liver cells. The results 
are shown in Table 2. As observed in fetal cell 
cultures, adult hepatocyte cultures (non-indu~d 
controls) produced mainly iV2-conjugates. The 
sulfamate was the most abundant metabolite, while 
the N-G1 metabolite was found in lower amounts. 
The glucuronide (0-Gl) and sulfate (5-OSO?) 
conjugates were found in relatively low quantities. 
Pretreatment of these cultures with PCB or 3-MC 
greatly induced MeIQx metabolism, enhancing, as 
in fetal cultures, the production of ring-hydroxylated 
conjugates such as O-G1 and 5-OSO, as well as 
HO-N-G& a marker of increased N-hydroxyiation 
activity. The formation of N*-conjugation products 
also differed; N-G1 was si~ificantly increased, and 
NSO, was considerably reduced. 

DISCUSSION 

The present results show that aggregating fetal 
liver cell cultures contain significant activities of the 
two marker enzymes for drug metabolism, ECOD 
(ph~eI,activation~andGST(phaseII,conjugation). 
The specific activities of ECOD measured on day 5 
were in good agreement with those reported in liver 
cell monolayer cultures [27] and in newborn rat liver 
[28]. As known from studies in uiuo and in other 
cell culture systems, both ECOD and GST activities 
were markedly enhanced after exposure to the two 
prototype inducers, 3-MC and PB. 

It was found that the induction of ECOD and 
GST activities by either 3-MC or PB declined 
markedly after culture day 7, while non-induced 
aggregate cultures exhibited relatively stable ECOD 
and GST activities up to day 14 (Fig. la and b). A 
similar decrease in response has been reported for 
aryl hydrocarbon hydrolase and epoxide hydrolase 
in monolayer cultures of fetal liver cells [29], 
suggesting that with time in culture there is a loss in 
the induction of drug-metabolizing enzymes in fetal 
liver cells. The reason for this functional loss is not 
understood, but part of the problem may be 
inadequate culture conditions. While homologous 
cultures prepared from fetal brain attain a very high 
level of cellular differentiation and can be maintained 
in serum-free medium for many months [9, lo], liver 
cell aggregates already deteriorate after a few weeks 

in vitro. This deterioration may be due to nutritional 
deficits and/or diffusional barriers. Aggregates of 
fetal liver cells are enveloped by a relatively tight 
layer of epithelial cells [ll] which could prevent the 
access of nutrients and/or growth factors to cells 
within the aggregates. 

DMSO significantly enhanced ECOD activity in 
a dose-dependent manner (Fig. 2a and b). As 
demonstrated in adult rat hepatocyte cultures [30], 
the present data indicate that DMSO is an inducer 
of mono-oxygenase activities. Furthermore, in 
aggregate cultures, DMSO caused a strong potenti- 
ation of the induction of ECOD by PB. This effect 
could explain the synergistic stimuIation of ECOD 
activity found in cultures exposed simultaneously to 
3-MC and PB (Table 1). This synergism is probably 
a consequence of the additive effect of 3-MC and 
PB, and the potentiation by DMSO, the solvent 
used for 3-MC. GST was less responsive to DMSO. 
Only chronic treatment with 1% DMSO increased 
significantly and reproducibly GST activity (Fig. 3), 
and with a weak potentiation by DMSO on GST 
induction by PB (Fig. 2b), suggesting a stronger 
modulation of DMSO for phase I than phase II 
enzyme activities. Chronic treatment of aggregate 
cultures with 1% DMSO maintained the induction 
of ECOD and GST activities at least 2 weeks. The 
concomitant increase in total protein content would 
suggest that DMSO exerts a general stimulatory 
effect on hepatocyte cultures. This view is supported 
by observations in adult rat hepatocyte cultures, 
showing that DMSO treatment (i) retards the loss 
of cytochrome P450 [30-321, (ii) increases cell 
survival [31], and (iii) maintains the morphological 
131,321 and bi~hemi~l [31-331 characteristics of 
di~erentiated liver cells. Furthermore, DMSO has 
been shown to induce a differentiated phenotype in 
certain cell lines [34,35], to stimulate heme synthesis 
[34], and to induce various specific proteins [30,36]. 
This generalized action of DMSO might be brought 
about by a modifying effect on the plasma membrane 
[37] and/or by its function as a hydroxyl radical 
scavenger. The latter has been shown to play a 
central role in the maintenance of cytochrome P450 
content and ECOD activity in adult rat hepatocytes 

[301. 
The study of MeIQx metabolism revealed that 
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aggregating fetal liver cell cultures express a variety 
of phase I and phase II enzymes. A similar metabolic 
capacity was reported in fetal liver cell monolayer 
cultures, capable of transforming benzo[a]pyrene 
into sulfate and glucuronide conjugates [38]. The 
major route of MeIQx biotransformation in non- 
induced fetal liver cell aggregates was through 
exocyclic N2-conjugation, producing mainly N-G1 
and low amounts of the NSO, conjugate. The P450- 
dependent ring hydroxylation was demonstrated in 
these cultures by the presence of O-G], although 
this activity was very low, probably because of low 
P450 levels in non-induced cell cultures. Similar to 
the fetal cell aggregates, non-induced adult liver cell 
aggregates metabolized MeIQx mainly through N2- 
conjugation, although the relative proportions of the 
metabolites were different. In adult cultures the 
major metabolite found was the NSOj conjugate, 
but there were also relatively high amounts of N-GI. 
Furthermore, both the O-G1 and the S-OSO: ring- 
hydroxylated conjugates were detected. The pattern 
of metabolites observed in adult cultures closely 
resembled that reported in viva [15]; however, it is 
interesting to note that in freshly isolated adult rat 
hepatocytes the N2-glucuronide of MeIQx is a minor 
metabolite [14]. In non-induced cultures the main 
difference between adult and fetal cells in MeIQx 
metabolism was the relatively lower production of 
sulfamate and sulfate conjugates in fetal cells, 
suggesting that immature liver cells express high 
levels of ~ucuronyltransferase but a low amount of 
sulfotransferase. 

After induction with PCB or 3-MC, the major 
metabolic pathway in both fetal and adult liver cell 
aggregates was the cytochrome P450-mediated 
hydroxylation of MeIQx at position 5, followed by 
conjugation to sulfuric or /3-glucuronic acid. Also, 
N*-glucuronidation remained a major route of 
MeIQx biotransformation in both types of aggregate 
cultures. In adult liver cell aggregates, the latter 
reaction was considerably greater than in fetal cell 
cultures. Induced adult liver cell aggregates also 
produced large amounts of O-G1 and 5-OSO, at the 
expense of sulfamate formation. These results are 
in good agreement with observations in rat liver in 
uiuo [15] and in freshly isolated hepatocytes [ 141. 
However, in contrast to these in uioo and ex vivo 
findings, aggregate cultures, in particular those of 
fetal cells, showed a preference for glucuronidation 
as compared to the sulfamate formation pathway. 

Metabolic activation of MeIQx through N- 
hydroxylation, forming the mutagenic metabolite N- 
hydroxy-MeIQx was demonstrated in rat hepatic 
microsomes 116, 171 and in freshly isolated hepa- 
tocytes (143. This unstable metabolite was not found 
in biological fluids of rodents [15]. However, N- 
hydroxy-MeIQx is a substrate of UDP-glucuronyl- 
transferase forming a metastable N-glucuronide 
conjugate (HO-N-GI) which was detected in the 
urine and bile of control and PCB-induced rats [ 151. 
In non-induced aggregate cultures of fetal or adult 
liver cells HO-N-G& the marker of N-hydroxylation 
was undetectable, probably due to the low 
cytochrome P&O levels in these cultures. Following 
treatment with PCB or 3-MC, fetal as well as adult 
cell aggregates produced substantial amounts of 

HO-N-G], indicating a highly inducible N-hydroxy- 
lation activity. This reaction is catalysed mainly by 
CYPlA2, and to a lesser extent by CYPlAl[17,39]. 
It has been shown that CYPlA2 is not expressed in 
a hepatic cell line [l]. Furthermore, in the mouse 
CYPlA2 is developmentally regulated and inducible 
around the time of birth [40].Thus, the high amount 
of HO-N-G] produced by the fetal cell aggregates 
could be interpreted as a CYPlA2 induction, which 
would suggest that these cultures followed the 
deveIopmenta1 schedule of perinatal liver in uiuo. 
The presence of dexamethasone in the culture 
medium could contribute to this developmental 
process. It has been shown that dexamethasone is 
required for the expression of the adult forms of 
P450 in monolayers of fetal liver cells [4,27]. 
Furthermore, Silver et al. [41] demonstrated that the 
positive regulation of CYPlA2 by 3-MC in adult 
hepatocyte cultures is dependent on dexamethasone. 
However, the involvement of a specific fetal P450 
capable of N-hydroxylation cannot be excluded. 
Kitada et at. [42] reported that the mutagenic 
activation of 2-amino-3-methylimidazo[4,5-fl- 
quinoline, another structurally related arylamine, 
was catalysed by two forms of P450 in human fetal 
liver, one immunologically related to CYPlA2 and 
another termed P450 HFLa. 

It was previously shown that fetal liver cells are 
able to rearrange themselves into histotypic structures 
and to display a developmental pattern of gene 
expression comparable to that of perinatal rat liver 
in oiuo [II]. This report demonstrates in these 
cultures the presence and inducibility of various 
enzymes involved in phase I and phase II xenobiotic 
biotransformation. Ethoxycoumarin used to measure 
ECOD. and CDNB used for GST are metabolized 
by several isoforms of cytochrome P450 [12] and 
GST [13], respectively. Thus, the activities for 
ECOD and GST reported here represent global 
activities and do not show possible developmental 
changes of specific isoenzymes. However, since 
aggregating cell cultures can be grown in a chemically 
defined medium and can be made in large quantities 
and are reproducible, this system appears very 
promising for studying the developmental regulation 
of cytochrome P450 and GST isoenzymes. Fur- 
thermore, the metabolism of the MeIQx in 
aggregating liver cell cultures demonstrate that 
aggregating cell cultures offer a suitable model to 
study the developmental toxicity as well as the 
biotransformation of chemicals. Thus, aggregating 
cell cultures are complementary to cytochrome P45Os 
cDNA expression systems used in studies of 
metabolism and risk assessment of contaminants 
]431. 

Acknowledgements-The authors wish to thanks MS M. 
Buvelot, MS D. Tavel and MS S. Coevtaux for excellent 
technical assistance. This work was -supported by the 
Finance-Pool 3R and the Swiss National Science Foundation 
(grant 32-30214.90). 

REFERENCES 

1. Frey AB, Rosenfeld MG, Dolan WJ, Adesnik M and 
Kreibich G, Induction of cytochrome P450 isozymes 



Xenobiotic metabolism in liver cell aggregates 1095 

in rat hepatoma-derived cell cultures. J Cell Physiol quinoxaline by rat liver microsomes and purified 
120: 169180, 1984. cytochrome P450. Carcinogenesis 9: 105-109, 1988. 

2. Paine AJ, The maintenance of cytochrome P450 in rat 18. Ammann P, Juillerat M, Maier P and Guigoz Y, 
hepatocyte culture: some applications of liver cell Xenobiotic metabolism in microliver, a tridimentional 
cultures to the study of drug metabolism, toxicity and culture of adult rat liver cells. Experientia 47: 178.1991. 
the induction of the P450 system. Chem Biol Interact 19. Chessebeuf M and Padieu P, Rat liver cell cultures in 
74: 1-31, 1990. serum-free medium: primary cultures and derived cell 

3. Beeue JM. Gueuen-Guillouzo C. Pasdelouo N and lines exoressine heoatic functions. In Vitro 20: 78& 
G&louzo A, “Prolonged maintenance of active 795, 1984. y * 
cytochrome P450 in adult rat hepatocytes co-cultured 20. Seglen PO, Preparation of isolated rat liver cells. 
with an other liver cell tvue. Henatolonv 4: 839-842. Methods Cell Biol 13: 29-83. 1976. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Kremers P, Enzymes du metabolisme des medicaments 
dans des hepatocytes foetauxen culture. In: Hepatocytes 
Holes en Culture (Eds. Guillouzo A and Gugen- 
Guillouzo C), pp. 297-332. INSERM/John Libbey 
Eurotext, 1986. 
Sirica A and Pitot HC, Drug metabolism and effects 
of carcinogens in cultured hepatic cells. Pharmacol Reo 
31: 205-228, 1980. 
Schuetz EG, Li D, Omiecinski CJ, Muller-Eberhard 
U, Kleinman HK, Elswick B and Guzelian PS, 
Regulation of gene expression in adult rat hepatocytes 
cultured on a basement membrane matrix. J Cell 
Physiol 134: 309-323, 1988. 
Sinclair PR, Bement WJ, Haugen SA, Sinclair J and 
Guzelian PS, Induction of cytochrome P450 and 5- 
Aminolevulinate synthase activities in cultured rat 
heuatocvtes. Cancer Res 50: 5219-5224, 1990. 
Moscona A, Recombination of dissociated cells and 
the development of cell aggregates. In: Cells and 
Tissues in Culture (Ed. Willmer EN). DO. 389-529. 
Academic Press, New York, 1965. ’ ’ ’ 
Honegger P, Biochemical differentiation in serum-free 
aggregating brain cell cultures. In: Cell Culture in the 
Neurosciences (Eds. Bottonstein JE and Sato G), pp. 
223-243. Plenum Publishing Corp., New York, 1985. 
Honegger P and Schilter B, Serum-free aggregate 
cultures of fetal rat brain and liver cells: methodology 
and some practical applications in neurotoxicology. In: 
The Brain in Bits and Pieces (Ed. Zbinden G), pp. 51- 
79. MTC, Zollikon, 1991. 
Guigoz Y, Werffeli P, Favre D, Juillerat M, Wellinger 
R and Honegger P, Aggregate cultures of foetal rat 
liver cells: development and maintenance of liver gene 
expression. Biol Cell 60: 163-172, 1987. 
Edwards AM, Glistak ML, Lucas CM and Wilson PA, 
7-Ethoxycoumarine deethylase activity as a convenient 
measure of liver drug metabolizing enzymes: regulation 
in cultured rat hepatocytes. Biochem Pharmacol 33: 
1537-1546, 1984. 
Habig WH and Jakoby WB, Assavs fordifferentiationof 
gluth;?tione S-transferases. In: Methods in Enzymology 
(Ed. Jakoby WB), pp. 398-405. Academic Press, New 
York, 1981. 
Turesky RJ, Bracco-Hammer 1, Markovic J, Richli U, 
Kappeler AM and Welti DH, The contribution of N- 
oxydation to the metabolism of the food-borne 
carcinogen 2 - amino - 3,8 - dimethylimidazo[4,5 -f] 
quinoxaline in rat hepatocytes. Chem Res Toxic01 3: 
524-535, 1990. 
Turesky RJ, Markovic J, Bracco-Hammer I and Fay 
LB, The effect of dose and cytochrome P450 induction 
on the metabolism and disposition of the food-borne 
carcinogen 2 - amino - 3,8 - dimethylimidazo[4.5 -f] 
auinoxaline (MeIQx) in the rat. Carcinoaenesis 12: 
i847-1855, 1991. ’ 
Kato R, Metabolic activation of mutagenic heterocyclic 
aromatic amines from protein pyrolysates. CRC Crit 
Rev Toxic01 16: 307-348, 1986. 

17 
I,. Yamazoe Y, Abu-Zeid M, Manabe S, Toyama S and 

Kato R, Metabolic activation of a protein pyrolisate 
promutagen 2 - amino - 3,8 - dimethylimidazo[4.5 -f]- 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34 

35 

36 

Hendriks HFJ, Brouwer A and Knook DL, Isolation, 
purification and characterization of liver cell types. 
Methods Enzvmol 190: 49-58. 1990. 
Wisse E, Ultrastructure and functions of Kupffer cells 
and other sinusoidal cells in the liver. In: Kupffer Cells 
and Other Liver Sinusoidal Cells (Eds. Wisse E and 
Knook DL), pp. 33-60. Elsevier North-Holland 
Biomedical Press, Amsterdam, 1976. 
Shafer S, Zerbe 0 and Gressner AM, The synthesis of 
proteoglycans in fat-storing cells of the rat liver. 
Hepatology 7: 680-687, 1981. 
Blomhoff R and Berg T, Isolation and cultivation of 
rat liver stellate cells. Methods Enzymol 190: 58-71, 
1990. 
Moldeus P, Hogberg J and Orrenius S, Isolation and 
use of liver cells. Methods Enzymol 120: 671, 1978. 
Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, 
Protein measurement with the Folin phenol reagent. 
J Biol Chem 193: 265-275, 1951. 
Kremers P, Goujon F, De Graeve J, Van Cantfort JQ 
and Gielen JE, Multiplicity of cytochrome P450 in 
primary hepatocytes in culture. Eur J Biochem 116: 
67-72, 1981. 
Kremers P, Letawe-Goujon F, De Graeve J, Duvivier 
J and Gielen JE, The exnression of different mono 
oxygenases supported by cytochrome P450 in neonatal 
rats and in primary fetal hepatocytes in culture. Eur J 
Biochem 137: 603-608, 1983. 
Gielen JE and Nebert DW, Aryl hydrocarbon hydrolase 
induction in mammalian liver cell culture I. Stimulation 
of enzyme activity in nonhepatic cells and in hepatic 
cells by phenobarbital, polycyclic hydrocarbons and 
2,2-bis(p-chlorophenyl)-l,l,l-trichloroethane. _l Biol 
Chem 246: 5189-5198, 1971. 
Villa P, Arioli P and Guaitani A. Mechanism of 
maintenance of liver-specific functions by DMSO in 
cultured rat henatocvtes. Exe Cell Res 194: 157-160. . ~ 
1991. 
Muakkassah-Kelly SF, Bieri F, Waechter F, Bentley P 
and Stlubli W, Long-term maintenance of hepatocytes 
in primary culture in the presence of DMSO: further 
characterization and effect of nafenopin, a peroxysome 
proliferator. Exp Cell Res 171: 37-51, 1987. 
Born HC, Secott T, Georgoff I, Woodworth C and 
Mummaw J, Maintenance of differentiated rat 
hepatocates in primary culture. Proc Nat1 Acad Sci 
USA 82: 3252-3256, 1985. 
McGowan JA. Reciprocal regulation of adult rat 
hepatocytye growth and functional activities in culture 
by dimethyl sulfoxide. J Cell Physiol 137: 497-504, 
1988. 
Friend C, Scher W, Holland G and SatoT, Hemoglobin 
synthesis in murine virus-induced leukemic cells in 
vitro. Stimulation by dimethyl sulfoxide. Proc Nat1 
Acad Sci USA 68: 378-382. 1971. 
Yen A, Control of HL-60 myeloid differentiation. Exp 
Cell Res 156: 198-212, 1985. 
Vandenberghe Y, Ratanasavanh D, Glaise D and 
Guillouzo A, Influence of medium composition and 
culture conditions on the glutathione S-transferase 
activity in adult rat hepatocytes during culture. In Vitro 
24: 281-288, 1988. 



1096 B. SCHILTER etal. 

37. Kharasch N and Thyagarajan BS, Structural basis for 41. 
biolosical activities of dimethvl sulfoxide. Ann NY 
Acad-Sci 411: 391-402, 1983. _ 

38. Van Cantfort J, Goujon FM and Gielen JE, Benzo[a]- 
pyrene metabolism in rat fetal hepatocytes culture. 
Improved methodology and effect of substrate 42. 
concentration. Chem Biol Interact 28: 147-160, 1979. 

39. McManus ME, Burgess WM, Veronese ME, Huggett 
A, Quattrochi LC and Tukey RH, Metabolism of 2- 
acetylaminofluorene and benzo(a)pyrene and activation 
of food-derived heterocvclic amine mutagens by human 43. 
cytochromes P450. Cancer Res 50: 33653376; 1990. 

40. Tuteia N. Gonzales FJ and Nebert DW. Developmental 
and -tissue-specific regulation of the mouse’ dioxin- 
inducible P,-450 and P,-450 genes. Deo Bioll12: 177- 
184, 1985. 

Silver G, Reid LM and Krauter KS, Dexamethasone- 
mediated regulation of 3-methylcholanthrene-induced 
cytochrome P-45Od mRNA accumulation in primary 
rat hepatocyte cultures. J Biol Chem 265: 3134-3138, 
1990. 
Kitada M, Tanada M, Ohta K, Nagashima K, Itahashi 
K and Kamataki T, Metabolic activation of atlatoxin 
Bl and 2-amino-3-methylimidazo[4,5-f]-quinoline by 
human adult and fetal livers. Cancer Res 50: 2641- 
26451990. 
Gonzales FJ, Crespi CL and Gelboin HV, cDNA- 
expressed human cytochrome P-450s: a new age of 
molecular toxicology and human risk assessment. Mutat 
Res 247: 113-121. 1991. 


