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Abstract--In order to further estabhsh optimal and reproducible condmons for the use of primary 
hepatocyte cultures in studies of drug metabolism, the effect of culture age on the basal and induced 
actlvmes of ethoxycoumarln O-deethylase (ECDE), UDP-glucuronyltransferase (GT) [methyl- 
umbelhferone (MU) andp-mtrophenol (pNP) as substrates] and sulfotransferase (MU) were measured 
In contrast to the monooxygenase activity conjugating actlvmes were maintained for 2-3 weeks in 
culture, although especially sulfate conjugation showed a transient decline during the first days. and GT 
activity increased later on during culture Low mducnon of ECDE with both phenobarbital (PB) and 
3-methylcholanthrene (MC) was seen during the first day in culture, and maximum Induction was 
obtained when inducer was added on the second or third day The MC inducible GT (pNP) exhibited 
a similar behavlour indicating that the coordinated reduction of the MC Inducible actlwtles is preservcd 
in culture The results show that primary cultures of hepatocytes can be used to study conjugating 
enzymes and their regulation However, each functional parameter that ~s to be investigated in hepatocyte 
cultures should first be studied as a function of culture age to estabhsh the optimum time 

Studies on drug metabohsm in cultured hepatocytes 
have focused on the mixed function oxidases, where, 
however, the rapid loss of cytochrome P-450 in cul- 
ture is a major problem. To prevent this loss modi- 
ficatmns of the culture medium, such as addmon of 
hormones [1], nicotmamide or other pyndmes [2], 
or omlssmn of certain amlno acids [3] have been 
reed, but none of these have succeeded to more than 
partly prevent the decline, and changes m the relative 
amounts of the cytochrome P-450 xsozymes may still 
be taking place [4] 

In contrast, the behavlour of the conjugating 
enzymes in cultured hepatocytes has been very little 
studied However,  when considering the potentml of 
cultured hepatocytes for drug metabohsm studies a 
knowledge of the overall metabolism is essential, 
since conjugation reactions are of importance, e.g 1n 
remowng reactive metabohtes formed by the mlxed- 
function ox~dases. Since conjugating enzymes are 
reducible as well, the usefulness of hepatocyte cul- 
tures for the lnvesugatmn of their regulatmn should 
also be considered. 

The present study was undertaken to study the 
relationship between conjugatmn reacnons and 
monooxygenase reactions m both uninduced and 
reduced cultures Since it ~s evident that on one hand 
the lsolatmn process causes damage to hepatocytes, 
from which they at least partly recover in culture, 
but on the other hand the so far stall imperfect culture 
condmons also cause a deterioration of the cells, th~s 
work also tried to establish an optimum culture age 

* Abbreviations used MU, methylumbelhferone, 
MUG, methylumbelhferone glucuronlde, MUS, methyl- 
umbelhferone sulfate, pNP, p-mtrophenol, MC, 3-methyl- 
cholanthrene, PB, phenobarbital, GT, UDP-glucuronyl- 
transferase, MP, metyrapone, ECDE, 7-ethoxycoumarin 
O-deethylase, PBS, phosphate buffered sahne 

for measuring drug metabohzlng enzymes and their 
reduction 

M A T E R I A L S  A N D  METHODS 

Cell tsolatton and culture Hepatocytes were iso- 
lated from male Sprague-Dawley rats with the col- 
lagenase perfusaon method of Seglen [5] under asep- 
tic conditions Vlablhty was determined by trypan 
blue exclusion, vlablhtles were around 90% The 
cells were suspended m growth medium at 0 6-  
0.7 × 106 viable cells/ml and 2 5 ml or 6.5 ml of the 
suspension was inoculated into 50 mm or 85 mm Petrl 
dishes, respectively. The dishes had been coated with 
a collagen (rat tall) gel according to Mlchalopoulus 
and Pltot [6]. The growth medmm was a 1' 1 mixture 
of Waymouth MB 752/1 and Ham F-12, sup- 
plemented with 20mmol/ l  Hepes, 5mmol/ l  
NaHCO2, 10 retool/1 Traclne, 10 ug/ml gentamycln, 
10 IU/1 insulin, 50~g/l glucagon, 10-6mol/1 dex- 
amethasone, 5% fetal calf serum and 5% newborn 
calf serum. To some cultures metyrapone* (MP) (2- 
methyl-l,2dl-3-pyrldyl-l-propanone) was added at 
0.5 mmol/l ;  In reduction studies e~ther PB at a final 
concentration of 2 mmol/l  or MC at 5 !lmol/1 were 
used 

Enzyme assays. Conjugation of MU was measured 
in whole cells, attached to the collagen gel The 
dishes were washed with phosphate buffered sahne 
and then incubated for 1 hr at 37 ° in the presence of 
125 ~mol/l substrate and 50 mmol/l sulfate MUG 
and MUS were quantltated after removal of unre- 
acted substrate and hydrolysis with fi-glucuromdase 
and HC1, respectively, as described earher [7] For 
other determinations the cells were detached with 
collagenase (1 mg/ml PBS), washed with PBS, and 
stored frozen until homogemzatlon m 0 15mol/1 
KCI. ECDE was determined according to Amo [8], 
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Fig 1 The DNA content of hepatocyte cultures as a 
function of culture time The 100% value represents the 
cells that have attached to collagen gels after the first 
medium change (at 4hr)  The values given are means 
from 3-10 separate experiments (2 dishes/point in each 
experiment) The S E between different experiments 
ranged from 1 5 to 5 6% For details see Materials and 

Methods 

and  pNP g lucu romda t ion  m the  absence  of de t e rgen t  
according  to Bock  et al [9] D N A  was d e t e r m i n e d  
according  to Rlchards  [10] For  freshly isolated cells 
the  D N A  con t en t  was 14 2 gg/106 cells, 

Chemicals Col lagenase  (Type IV),  f l-glucuron- 
ldase (Type B - l ) ,  m s u h n  ( b o v m e  pancreas ) ,  dex- 
a m e t h a s o n e ,  g lucagon,  m e t y r apone ,  e thoxy-  
coumar in ,  m e t h y l u m b e l h f e r o n e ,  N A D P ,  UDP-g lu -  
cu romc  acid and  buffer  mater ia l s  were  f rom Sigma 
Chemica l  Co (St. Louts ,  M O ) ,  and  the media  and  
sera f rom G I B C O  (Paisley,  Scot land)  

R E S U L T S  

The D N A  con ten t  as a funct ion of cul ture  t ime is 
shown in Vlg. 1 The re  ts an initml loss dur ing  the  
first five days, af ter  which the  D N A  con ten t  stabilizes 
at abou t  75% of the  day-1 level This  D N A  level is 
r e t a ined  for at least  2 w e e k s - - s o m e  cul tures  have 
been  kept  for up to 3 weeks.  T h e r e  ts some var ia t ion  
be tween  cul tures ,  which does  not  seem to be re la ted  
to the  original  viabil i ty or o the r  known  factors  
Occasional ly  the re  was a cul ture  where  the  D N A  
con ten t  dec reased  very rapidly ( these  have not  been  
inc luded in Fig 1) 

Drug memboh~m m cultured cells 

Unmduced cMmres In freshly isolated cells 
(measured  f rom whole  cells) the  acuvlty of G T  with 
M U  as subs t ra te  was 23 5 p m o l / m l n / ~ g  D N A  and 
the su l fo t ransferase  activity 7,2 pmol /mln / ,ug  D N A  
W h e n  placed in cul ture  the  sulfate con juga t ion  
showed  a m a r k e d  decrease ,  so t ha t  It was down to 
about  30% after  24 hr ,  but  then  s ta r ted  to recover  
dur ing  the next  days The  g lucuromda t Ion  activity 
( M U )  also increased  af ter  day 2 and  r ema ined  high 
for at least  two weeks (Fig 2, high activities have  
been  m e a s u r e d  up to th ree  weeks,  results  not  
shown)  MP had  no significant effect on the con- 
}ugation reac t ions  Wi th  pN P  as subs t ra te  the  actwtty 
in h o m o g e n a t e s  of freshly isolated cells was 
346 7 p m o l / m i n / u g  D N A ,  and  it r ema ined  at this 
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Fig 2 Glucuromdatlon (MUG, ? 5 - - - ± )  and sullanon 
(MUS, ~ - - ~ )  of MU in whole cells and GT (pNP 
0 - -  - -  O) in cell homogenates as a funcUon of culture 
time The actlxmes in freshly isolated cells are taken as 
100q,  and were (±S E ) 23 5 (±3 7. N = 9) pmol/mln/ug 
DNA for MUG, 7 2 (±1 5, N =9 )  pmol/mm/ug DNA 
for MUS and 346 7 (±15. N = 4) pmol/mm/ug DNA for 
GT(pNP) The values are means of 5-10 separate experi- 
ments (2 determinations per point in each), the S E 
between different experiments ranged from 4 to 25% For 

details see Materials and Methods 

level for at least  a week  ( p N P  conjuga t ing  activity 
was somewha t  xar table  in older  cul tures) ,  with a 
t rans ien t  decrease  on day 1, fol lowed by recovery to 
initial values  (Fig 2) 

The  E C D E  actwltV in h o m o g e n a t e s  of freshly 
isola ted cells was 16 6 p m o l / m i n / g g  D N A  In cells 
cul tured in cont ro l  m e d i u m  the actiwty dechned  
rapldl>, with a significant loss a lready 4 hr after  plat-  
ing. and  by 24 hr  more  than  50% of the  activity was 
lost (see Fig 3) Add i t i on  of MP effectively slowed 
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Fig 3 ECDE a c t l v l t } ,  , i s  a lunctlon of culture time Cells 
were grown either m the absence ( M P - )  or presence 
(MP+ } oi 0 "~ mmal/I MP, harvested d.t indicated tLmcs and 
assayed for ECDE as described m Materials and Methods 
The ~ alucs ,ire means of 3-6 separate experiments (2 deter- 
mmauons per point in each) The activity (mS E ) in lreshly 
isolated ceils was 16 1] (+2 5, N = 7} pmol/mm/ug DNA 
The S E between dflterent experiments ranged from 2 to  

14c/¢ 
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Fig 4 Induction of ECDE by MC as a function of culture ume Cells were grown either m the absence 
( M P - )  or presence (MP+) of MP and MC was added at indicated times The cells were harvested 48 hr 
later and assayed for ECDE as described m Materials and Methods Results from one representatwe 

experiment are shown 

the dechne ,  so tha t  a 50% loss was seen only af ter  6 
days. A f t e r  10 days, ceils grown m the presence  of 
M P  had  26% of the  activity left, whereas  it was only 
8% m cells g rown w~thout it. 

Effect of mducers. M C  lnducuon  of E C D E  actlwty 
m cul tures  of d i f ferent  ages is shown m Fig 4 T he  
mduczblhty v a n e s  with cul ture  ume ,  but  does not  
corre la te  with  the  basal  actw~ty There  ~s ht t le  mduc-  
n o n  in the  beg inn ing ,  and  the  cells are mos t  respon-  
swe to inducer  on  days 2-3 ,  w nh  highest  reduced 
actwlty on days 4 -5  (this is seen if the reducer  is 
p resen t  the whole  t ime or ff it is added  48 hr  before  
harves t ing  the  cells) Af te r  5 days the  actwity 
dechnes  even  ff r educer  ts p resen t  T he  presence  of 
MP does  not  affect the  t ime course of the lnduc tmn ,  
even though  the  ac t lvmes  m ~ts p resence  are h~gher 
bo th  xn cont ro l  and  M C  cul tures  M a x i m u m  induc- 
t ion is 10-fold m cul tures  wi thou t  M P  and 7-fold In 
its presence .  

The  induct ion  of E C D E  by PB was similarly 
d e p e n d e n t  on  the  age of the culture Litt le induct ion  
was seen dur ing the first days and  m a x i m u m  induced 
activity was seen af te r  4 -5  days; it was 8-fold in the 
absence  of MP and  4-fold in its presence  (Fig 5) 

The  induct ion  of G T  ( p N P )  by M C  showed a 
s lmdar  d e p e n d e n c e  on  the age of the cul ture,  
a l though  the  dechne  in o lder  cul tures  was less pro- 
nounced .  In the  beg inn ing  of the cul ture  little 
response  to inducer  was seen,  and max imum reduced 
actwlty,  2.5 n ines  the  basal  one,  was measu red  on 
day 6 The  act lwty on day 9 in the presence  of reducer  
was still twice the  basal  one (Fig, 6) 

D I S C U S S I O N  

In the design of the p resen t  expe r imen t  opt imal  
condi t ions  for the hepa tocy te  cul tures  were sought  
by using med ia  and  supp lement s  tha t  have  been  
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Fig 5 Induction of ECDE by PB as a funct,on of culture nine Cells were grown enher m the absence 
( M P - )  or presence (MP+) of MP and PB added at m&cated rimes The cells were harvested 48 hr later 
and assayed for ECDE as described m Materials aned Methods Results of one representatwe experiment 

are shown 
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Fig, 6 Induction of GT (pNP as substrate) as a function of culture time MC was added at indicated 
rimes, the ceils harvested 48 hr later and assayed for GT as described m Materials and Methods Results 

from one representative experiment are shown 

reported to improve survival and preservation of 
hepatocytes in culture [6, 11-15] The hepatocytes 
were grown on collagen gels and the medium was a 
mixture of Ham F-12 and Waymouth MB 752/1, 
which complement each other with respect to many 
nutritional factors, e.g vitamins and trace elements, 
supplemented with serum, insulin, glucagon and dex- 
amethasone The cells could be grown for up to three 
weeks without any significant loss of DNA after the 
initial loss that probably is due to non-viable cells, 
which are loosely adhered to other cells and are 
washed out with medium changes There are rela- 
tively few reports in the hterature on cultures that 
have been carried on for more than a few days, 
during which time the loss of DNA is not truly a 
reflection of cell death Michalopoulus and Pltot [6] 
and Tanaka et al [14] report DNA/cel l  time curves 
similar to our findings for 8-day cultures 

ECDE activity was rapidly lost during culture, as 
has been well documented for cytochrome P-450 in 
many studies The loss of activity in the absence of 
MP is about the same as that found by Edwards et 
al [11] in a modified Waymouth MB 752/1 medium 
Decad et al I 1] reported maintenance of cytochrome 
P-450 in hormone supplemented medium, but they 
did not carry the cultures beyond 24 hr The modi- 
fications of Paine et al [2, 31 prevent the loss of 
cytochrome P-450 during 24 hr, but not later unless 
MP is added, m which case 1 week cultures still have 
75% of the activity A similar omission of cysteln 
and cystln and addition of delta-aminolevuhmc acid 
d~d not prevent a loss of the activities measured by 
Holme et al [16] It is thus obvious that the factors, 
which would help to maintain cytochrome P-450, are 
still unidentified 

The present study demonstrates that the behaviour 
of the conjugating enzymes differs quite markedly 
from that of the monooxygenases There is a large 
lmtlal decline m sulfate conjugation, but the activity 
starts to recover after the second day Glucu- 
ronldation may show a slight decrease, but then there 
seems to be an increase m the activity, and GT (MU) 
~s above control values for at least 2 weeks, and GT 
(pNP) tor at least l week The large decrease seen 

in sulfate conjugation could be due to a loss of either 
sulfotransferase itself, which IS a cytoplasmic enzyme 
in contrast to GT, or It could be loss of factors needed 
for sulfate activation On the other hand, changes in 
GT are also taking place, maybe reflecting mem- 
brane changes, and a more detailed investigation 
should be done, e g by measuring detergent acti- 
vation Even though the glucuronlde/sulfate ratio 
during culture is relatively stable [17], it has to be 
interpreted with care because of low sulfatlon in the 
beginning of the culture and elevated glucuron- 
ldation in older cultures 

Few studies have been carried out on conjugating 
enzymes in cultured hepatocytes. Holme et al [16] 
used several media formulations and measured both 
monooxygenases and GT (pNP) after 22hr and 
found a decline in the latter of almost 50%, but 
they did not measure it in older cultures A loss 
of conlugatmg activity during the first hours after 
~solatlon has also been reported by Schwarz et al 
[18] Emery et al. [19] have reported an increase 
in glucuronidatlon during the first 48 hr in culture, 
although not in sulfatlon and glutathione con- 
]ugation 

Poor induction of cytochrome P-450 by PB m 
the beginning of hepatocyte cultures has also been 
reported by Newman and Guzehan [20[, and 
Edwards et al [11] showed an increase in the reduc- 
tion of ECDE by both PB and MC during the first 
days of culture The present study demonstrates that 
also GT(pNP),  which is considered to be reduced m 
coordination with the MC-lnduclble cytochrome P- 
450 [21, 22], can be induced in culture, and the 
same effect of culture age is seen, ~.e the ~mpaired 
induction in the beginning of the culture ~s not 
specific for cytochrome P-450 and apparently unre- 
lated to the loss of it The lack of induction m the 
beginning of the culture is possibly a reflecnon o| 
"stress" caused by the isolation process, when hepa- 
tocytes are subjected to enzymatic digesnon and 
detached from their contact with other cells, as well 
as by the adaptation to culture conditions Mem- 
brane changes in freshly isolated cells have been 
demonstrated I23], and hepatocytes are m a protein 
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catabolic state after isolation [24]. Af te r  about 24 hr 
m culture the rate of  protein synthesis starts to 
increase ([14]; own unpublished results), and several 
other  hepatic functions show similar recoveries,  e.g. 
msuhn stimulation of  glycogen synthesis is seen only 
after 2 days an culture [15] The  impaired reduction 
seen in the beginning of the cultures may be a reflec- 
tion of the impaired protein synthesis, as induction 
revolves synthesis of  new enzyme protein.  If the 
reducers are added at the opt imum time reductions 
of both cytochrome P-450 and G T  of the same mag- 
nitude as m v w o  can be seen. E thoxycoumarm,  
which was used as substrate for the monooxygenase  
activmes,  is metabol ized by several lsozyrnes of cyto- 
chrome P-450, and measuring overall  actwity does 
not gwe reformation about  possible qualitative 
changes 

The effect of :solatlon and placement  m culture 
on hepatocytes  is thus complex.  Some of the changes 
may be irreversible,  as at least now seems to be the 
case with cytochrome P-450, and others are revers- 
ible, but no systemahc study has been carried out. 
For  studying glucuronidat ion and enzyme induction 
primary cultures seem to be optimal during 2-5 days, 
whereas sulfatmn xs low during this period. The  
results of the present  study emphasize the import-  
ance of moni tor ing the culture over  several days m 
order  to establish an opt imum time for each specific 
parameter  Th~s ensures that the results are more 
physiological and consistent 
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