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Abstract Bile  acid sulfation was studied in primary  hepatocyte 
cultures. The primary hepatocyte  cultures  formed  glycolitho- 
cholate-3-sulfate (GLC-S) when  glycolithocholate (GLC) was 
added  to  the  medium. The relative  percentage of GLC-S forma- 
tion  increased  when  the  GLC  concentration was increased  from 
10 pM to 100 pM. GLC-S  formation was linear to 60  min. GLC- 
S secretion  into  the  medium was detectable  at 75  min and  linear 
to 8 hr. In contrast to  the  effect  of  GLC concentration,  there was 
no  difference  in GLC-S  formation  or  secretion  when  inorganic 
sulfate in the  medium  was  increased  16-fold  (100  PM-1600 PM). 
I We conclude that the rate of bile  acid  sulfate  formation  in 
cultured  primary  hepatocytes  is  primarily  controlled by  bile 
acid,  but  not  inorganic  sulfate,  concentration. - Kirkpatrick, 
R. B., and R. A. Bclsaar.  Formation  and  secretion of glycolitho- 
cholate-3-sulfate  in  primary  hepatocyte  cultures. J Lipid Res. 
1985. 26: 1431-1437. 
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The liver is a major site for the detoxification of 
endogenous and exogenous compounds.  Sulfation is a 
conjugation  reaction whereby compounds  are converted 
to  their generally less toxic and more water-soluble sulfate 
esters (1). Sulfotransferases catalyze  the  formation of these 
sulfate esters from bile acid (2), hydroxysteroid (3), 
phenol (4), and estrone (5) substrates. Adenosine-3"phos- 
phate 5"phosphosulfate (PAPS) is the sulfate donor  in  the 
liver and is rapidly formed from  inorganic sulfate and 
ATP (6). 

The sulfation of bile acids is thought  to  be an important 
protective mechanism for the liver in  the presence of 
cholestasis (7), during chenodeoxycholate administration 
for the dissolution of cholesterol gallstones (8), during 
total  parenteral  nutrition (9), and  during the  newborn 
period (10). Sulfated bile acids have an increased  renal 
clearance (11) and decreased ileal absorption when 

(15), and secretion (16)  of bile acids have been shown to 
occur. Although several studies  in isolated hepatocytes 
have investigated the sulfation of xenobiotics (17), Lam- 
biotte and  Thierry (18) were unable  to detect any sulfation 
of deoxycholate in  their  primary hepatocyte cultures. 

We studied  the sulfation of glycolithocholate (GLC) in 
primary hepatocyte cultures. Glycolithocholate-3-sulfate 
(GLC-S) was formed when GLC was added  to  the 
medium. Total formation of GLC-S was increased when 
the GLC concentration was increased in  the  medium. In 
contrast, changes in  medium  inorganic sulfate concentra- 
tion had  no effect on GLC-S formation. 

METHODS 

Reagents 

Glycolithocholate and glycolithocholate-3-sulfate were 
purchased from Calbiochem-Behring, San Diego, CA  and 
were greater  than  96%  pure  as  judged by high  perfor- 
mance  liquid chromatography. [ 24-'4C]Glycolithocholate 
(6.5 mCi/mmol) was obtained from Cal Bionuclear, Sun 
Valley, CA. [35S]Na2S04 (478 mCi/mmol) was obtained 
from New England  Nuclear (Boston, MA). Fetal bovine 
serum was from Sterile Systems, Logan, UT. Collagenase 
was obtained  from  Cooper Biomedical, Elizabeth, NJ. 
Swims S77 medium, Waymouth 752/1 medium, penicillin 
(10,000 U/ml), and streptomycin (10,000 kg/ml) were 
obtained from KC Biological Company,  Lanexa, KS. 
C-18 pBondapak Sep-Pak was from Waters Associates 
(Milford,  MA).  Insulin was obtained from Eli Lilly, 
Indianapolis, IN. Pyruvate (100 mM) was obtained from 
Gibco, Grand Island, NY. Heparin sulfate was purchased 

compared  to non-sulfated bile acids. Lithocholate is the ___ 
most toxic of the bile acids (12) and is the only bile acid Abbreviations: GLC, glycolithocholic acid; GLC-S, glycolithocholate- . .  

significantly sulfated under  normal conditions (13). 3-sulfate; PAPS, adenosine-3'-phosphate 5'-phosphosulfHtc; HPLC, high 

the  study of hepatic metabolism. Uptake (14), synthesis Internal Medicine, 410 W. 10th Ave., Columbus, OH 43210. 

performance  liquid  chromatography. 
Primary  hepatocyte  cultures have proved in 'To whom  reprint  requests  should  be  addressed  at  Department  of 
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from Elkins-Sinn, Inc., Cherry Hill, NJ. Rat tail collagen 
was prepared  according to the  method of Wood and 
Keesh (19). Hyaluronidase and  rat serum  albumin were 
from Sigma  Chemical  Co.,  St.  Louis,  MO.  Anti-rat 
serum  albumin was from Cappel  Laboratories,  Malvern, 
PA. Agarose A45  was obtained from Fisher Scientific Co., 
Fair Lawn, NJ. Glass photographic plates (3%’’ x 4%”) 
were obtained from Eastman Kodak, Rochester, NY.  All 
other chemicals were reagent grade or better  and ob- 
tained from commercial sources. 

Animals 

Random-bred Sprague-Dawley male rats (200-250 g) 
were obtained from the  National  Cancer  Institute Facility, 
Frederick, MD,  and given free access to pelleted rat chow 
and water. 

Primary  hepatocyte  culture  preparation 
The animals were anesthetized with ether  and  a  mid- 

line abdominal incision was made. The portal vein and 
inferior vena cava were cannulated  and oxygenated with 
Swims S77 medium  containing  standard additives (1  mM 
pyruvate, 0.1 U/ml  insulin, penicillin 100 pg/ml, strepto- 
mycin 100 pglml, and cefoxitin 20 pg/ml) plus 10 U/ml 
heparin  and 0.5 mM EDTA perfused through  the  portal 
vein at 15 ml/min for 6  min. The liver was removed and 
perfused for another 10 min with the  same  medium 
(except for the EDTA) containing 40 mg/ml collagenase, 
100 mg/ml hyaluronidase, and 5 mM CaC12. The liver 
was then removed from the perfusion apparatus, rinsed 
gently in 10 ml of Waymouth 752/1 supplemented with 
the  standard additives and 10% fetal bovine serum,  and 
finely minced. The cell suspension was filtered through 
fine mesh nylon and centrifuged at 50 g for 1 min  in 50-ml 
conical glass tubes. The cells were washed twice and re- 
suspended in the Waymouth 752/1 plating  medium  at  a 
density of approximately 2 x lo6  celldml. Three ml  of the 
cell suspension was plated on rat tail collagen-coated 
60-mm plastic petri dishes. The medium was changed at 
1 hr after  plating to Waymouth 752/1 and  standard  addi- 
tives. At 4 hr the plates were individually rinsed with 
medium  using  a  Pasteur pipet to remove all nonattached 
cells. The medium was changed at 24 hr after  plating and 
all experiments were initiated with 24-hr cultures. 

Bile acid sulfate determination 
After the  primary hepatocytes were in culture for 24 hr, 

the labeled bile acid was added (110,000 cpm/plate). 
Hepatic bile acid sulfotransferase activity shows the 
highest in  vitro activity with GLC as a  substrate (2). GLC 
was therefore used in all assays. GLC was dissolved in 
ethanol  prior  to use. The maximal  ethanol  concentration 
of any plate following GLC addition was 0.5%. The addi- 
tion of ethanol  did  not affect the  formation of bile acid 

sulfate. The reaction was stopped by removing the  medi- 
um,  immediately  adding 0.75 ml of 0.1 M Na  citrate, pH 
2.8 (4OC), and placing the  culture plate on ice. For 
controls, the plates were kept on ice, the  medium was 
added  and  then immediately removed. 

GLC-S concentration  in  the  medium was determined 
by high  performance  liquid  chromatography (HPLC)  as 
previously described (20). Medium (2.9 ml) was added to 
a 12-ml syringe and 10 ml of 0.1 M Na  citrate, pH 2.8, 
was added. The mixture was passed over a C-18 pBonda- 
pak Sep-Pak previously sequentially washed with 20  ml  of 
methanol  and 10 ml of 0.1 M Na  citrate, pH 2.8, buffer. 
The Sep-Pak was washed with another 20 ml of the  citrate 
buffer and  then  the bile acid sulfate was eluted with 4 ml 
of methanol. The methanol was evaporated under  a 
gentle stream of N2  and the bile acid was resuspended in 
1 ml of 72% methanol, 0.34 M Na acetate, pH 6.5. Two 
hundred fifty  pl of this solution was chromatographed 
with a Beckman Model llOA HPLC using  a  Model 156 
Refractive Index  detector over an  Ultrasphere-ODS 
column (4.6 mm x 25 cm) (Beckman, Palo Alto, CA) 
using 72% methanol, 0.34 M Na acetate, pH 6.5, at 0.6 
ml. The eluent was collected in 1.8-ml aliquots and the 
radioactivity was quantified  using  standard scintillation 
techniques. Mean retention times for standards  are  GLC, 
18 min  and  GLC-S, 72 min. 

To determine  the  intracellular GLC-S concentration, 
the cells  were gently scraped from the plates by a  rubber 
spatula  and  suspended in 0.75 ml of the  citrate buffer. 
The cells  were then sonicated for 30  sec and centrifuged 
(10,000 g for 5  min). The supernatant was then  treated 
exactly as the  medium. The recovery of labeled bile acid 
from the HPLC column when compared  to  the labeled 
bile acid added to the  medium was greater  than  93%. The 
recovery  was constant over the  concentrations of bile acid 
added. The coefficient of variation between duplicate 
culture plates was 3.6% and between primary hepatocyte 
preparations was 14%. GLC-S formation was defined as 
the bile acid sulfate in  the cells and  the  medium com- 
bined. GLC-S secretion was the bile acid sulfate in the 
medium. GLC-S was determined by the  percentage of 
radioactivity  present  as  the sulfate compared  to  the total 
radioactivity present. Solvolysis  was performed by the 
method of van Berge Henegouwen et al. (21). 

Albumin synthesis 
Ten pl  of standard or medium from the  primary 

hepatocyte culture plates was placed in  4-mm wells in 1% 
agarose gels (22). The gels  were poured  at  a  dilution of 
1:200 (anti-rat  serum  albumin: 1% agarose) and allowed 
to stand  for  at least 1 hr  at 4OC prior to use. The plates 
were electrophoresed at 140 v for 2 hr  and the  resulting 
rockets were developed in 1% tannic acid for 10 min to 
enhance readability. 
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Protein  determination 
Protein concentration of the soluble fraction remaining 

after sonication and centrifugation of the cells  was deter- 
mined using the  biuret method with serum  albumin as a 
standard (23). 

RESULTS 

The cells formed a “liver-like” monolayer and synthe- 
sized albumin,  a liver-specific protein, for at least 96 hr 
(Table 1). At the time of plating, 95% of the cells  ex- 
cluded trypan blue. Concentrations  greater  than 100 p M  
GLC were  toxic,  with hepatocyte viability decreasing 
greatly after 60 min of exposure. 

GLC was rapidly taken up  into  the cells from the 
medium. After 30 min of incubation, over 95% of the 
added GLC (40 pM) had been taken up  into  the cells and 
48% was still in the cells in the form of unmetabolized 
GLC. 

The primary hepatocytes rapidly formed GLC-S from 
the GLC added to the medium. The formation of GLC-S 
(59 * 18 pmol min” mg prot”) (mean * SEM) was 
linear to 60 min (Fig. I). When a low concentration of 
GLC (10 pM) was added to the medium, 6.0% of the 
GLC was metabolized to GLC-S for a total amount of  1.8 
nmol/106  cells (Fig. 2). At a higher concentration of GLC 
(100 p ~ ) ,  the GLC-S formed increased over  twofold  to 
14.1% of the added GLC for a total amount of 42.4 
nmol/106  cells. The highest rate of GLC-S formation was 
observed at  a  GLC concentration of  200 pM;  however, 
hepatocyte viability decreased after 60 min. Although 
8.5% of the GLC was metabolized to GLC - S at 40 pM 
GLC, the relative amount of GLC-S formed increased 
over time. During  the initial 30 min, 4.5% of the  GLC 
was metabolized to GLC-S. However, the relative per- 
centage metabolized to GLC-S increased to 26% for the 
GLC remaining at 4 hr to 8 hr. The apparent K,,,, cal- 
culated over the initial 45 min of GLC-S formation, was 
82 p M  GLC (Fig. 3). 

Secretion of GLC-S  into the medium was  first detect- 
able at 75 min and  linear  up to 8 hr (Fig. 4). The relative 
and total amounts of GLC-S secreted into  the medium 

TABLE 1. Albumin synthesis in primary hepatocyte 
monolayer culture 

Time pglhrlmg Protein“ pglhr/106 Cells 

4-24 hr 0.60 f 0.10’ 0.95 + 0.11 
24-48 hr 0.68 * 0.06 1.16 f 0.08 
48-72 hr 0.96 f 0.11 2.06 + 0.42 
72-96 hr 0.60 f 0.07 1.73 + 0.18 

“Albumin synthesis was assayed as described in  Methods. 
bMean + SEM for four animals. 
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Fig. 1. Formation of glycolithocholate-3-sulfate (GLC-S)  in  primary 
hepatocyte cultures. In all experiments, glycolithocholate concentration 
was 100 C(M and sulfate concentration was 800 p ~ .  GLC-S formation 
was determined as in Methods. One unit of activity represents 1 nmol 
of GLC-S formed mg prot”. Values are the average of two hepatocyte 
preparations each. 

mirrored the total amount of GLC-S formed. Secretion of 
GLC-S was,  however, not as rapid as GLC-S formation 
and  GLC-S tended to accumulate in the hepatocytes. 

In contrast to the effect of GLC  on  GLC-S formation, 
there was no effect of inorganic sulfate concentration in 
the medium on GLC-S formation (Fig. 5) .  When total 
inorganic sulfate concentration was increased 16-fold (100 
p M  to 1600 pM), there was no effect on the formation or 
secretion of GLC-S. In order to determine whether PAPS 
was synthesized under the conditions of our  primary 
hepatocyte cultures, we used unlabeled GLC (40 pM) and 
labeled sulfate (800 pM). Less than 1% of the formed 
GLC-S was labeled. We were, however, able to demon- 
strate incorporation of labeled sulfate into  GLC-S, by 
adding unlabeled GLC (40 pM) to our cultures from 4 hr 
to 24 hr. At  24 hr, the initiating time for all experiments, 
the medium was changed and unlabeled GLC (40 pM) 
and labeled sulfate (800 pM) were added. Over  54% of 
the formed GLC-S was then in labeled form. 

The majority (>80%) of the  GLC metabolites chro- 
matographed in the region where the di-  and tri-hydroxy 
metabolites of lithocholic acid would  be  expected to 
chromatograph. When this peak was collected, solvo- 
lyzed, and rechromatographed, the chromatography of 
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Fig. 2. Formation  of glycolithocholate-3-sulfate (GLC-S) in primary hepatocyte cultures.  Glycolithocholate 
(GLC) concentration is at  right. GLC-S formation  was determined as  in Methods. Sulfate concentration was 800 
/LM in all experiments. Values  are  the  average of two  hepatocyte  preparations each. 

the peak was unaffected. In  contrast, solvolysis and re- centration can result in  further hepatocellular damage (29). 
chromatography of the  peak  containing  GLC-S resulted The failure of varied inorganic sulfate concentration to 
in  the  disappearance of the GLC-S peak and  reappear- affect bile acid sulfate production was unexpected. Sulfate 
ance of the peak corresponding to unmetabolized GLC. availability has been shown to be important  in  in  vitro 

studies (30) and isolated hepatocyte studies of xenobiotic 

DISCUSSION 

The present data indicate  that  primary hepatocyte 
cultures  can rapidly sulfate GLC.  GLC-S  formation was 
increased when GLC concentration was increased in  the 
medium. GLC-S formation was unaffected by increasing 
the  inorganic sulfate concentration  in  the  medium. 

Although bile acid sulfate formation is markedly in- 
creased in cholestasis (9), studies in cholestatic human 
liver disease (24) and bile duct-ligated  hamsters (25) have 
demonstrated  no increase in in vitro  hepatic bile acid 
sulfotransferase activity. This suggests that  the increased 
bile acid sulfate production observed in cholestasis is due 
to an increased  intracellular availability of the bile acid 
substrate. Our findings would support this contention, 
since bile acid sulfate production  can  be  increased by 
increasing  the GLC concentration  in  the  medium. GLC 
concentrations used in this study are within the  normal 
range for portal vein  bile acid concentrations in the  rat 
(14-341 pM) (26) and  human (13-22 pM) (27). Cholestasis 
can result in increased hepatic bile acid concentration up 
to 600 p~ (28) and this increased hepatic bile acid con- 

.01 .O2.03 .04.05 -06 -07  -08.09 -10 

1IGLC w) 
Fig. 3. Lineweaver-Burk  plot of glycolithocholate-3-sulfate (GLC-S) 
formation in primary hepatocyte culture. GLC-S formation  was deter- 
mined at 45 min as in Methods. Sulfate concentration was 800 PM in all 
experiments. One unit of activity represents 1 nmol of GLC-S formed 
min-' mg prot". 
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Fig. 4. Secretion of glycolithocholate-3-sulfate (GLC-S) into the medium in primary hepatocyte culture. Glyco- 
lithocholate concentration is at right. GLC-S secretion was determined as in Methods. Sulfate concentration in all 
experiments was 800 p d .  Values are the average of two hepatocyte preparations each. 

sulfation  (50-800 PM sulfate) (31). The observed  differ- sulfotransferase is  over  20-fold greater than the specific 
ences in the effect  of sulfate  availability  between  xeno- activity of rat liver  bile  acid  sulfotransferase  activity. The 
biotic and bile  acid  sulfation  may  reflect their relative concentrations of sulfate  used (100-1600 pM) in this  study 
activities,  since the specific  activity of rat liver  phenol are within  the normal serum range for the human (270 
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Fig. 5. Formation of glycolithocholate-3-sulfate (GLC-S) in primary hepatocyte culture. Sulfate concentration is 
at right. GLC-S formation was determined as in Methods. Glycolithocholate concentration in all experiments was 
40 p ~ .  Values are the average of  two hepatocyte preparations each. 
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pM) (32) and  rat (800 pM) (32). It is unlikely  that  sulfate 
uptake  into  the  hepatocytes is a limiting  factor  because,  at 
these  concentrations,  inorganic  sulfate is taken  up  into  the 
cells within  minutes (33). Serum  and  hepatic  inorganic 
sulfate  are  also  in  rapid  equilibrium  with  hepatic PAPS, 
the  sulfate  donor  for  bile  acid  sulfate  formation ( 6 ,  30). 

The failure of the  primary  hepatocyte  cultures  to  utilize 
labeled  sulfate  indicates  that  extracellular  sulfate is not 
affecting  GLC-S  formation.  This  may  be  due  to  inability 
of the  cultures  to  synthesize PAPS, the K,  for sulfate  may 
actually  be low, or  the  concentrations of GLC used 
do  not  deplete  available  intracellular PAPS. The  finding 
that  preincubation of the cells with GLC results  in  utiliza- 
tion of extracellular  sulfate  suggests  that  the  culture  can 
synthesize  PAPS and  may  also  indicate  that  the K, for 
sulfate is low. 

GLC-S  formation  occurred  rapidly  after  GLC  uptake 
into  the cells. GLC uptake  did  not  appear  to  be  rate- 
limiting  since  there was an  initial  accumulation of 
unmetabolized GLC in  the cells. GLC-S  formation  in  the 
primary  hepatocytes (59 pmol min" mg  prot") was 
similar  to  the  in  vitro specific activity we have  previously 
observed  for  hepatic  bile  acid  sulfotransferase (12 pmol 
min" mg  prot") (34). Secretion of GLC-S was  less rapid 
than  GLC-S  formation,  and  GLC-S  tended  to ac- 
cumulate  in  the cells. The  fact that  GLC-S  formation 
occurs  at a greater  rate  than  GLC-S  secretion  may 
explain why serum bile acid  sulfate levels are a sensitive 
indicator of cholestasis (35). 

Although GLC sulfation was saturable,  the  relative 
percentage of GLC-S  formed  from  GLC  increased over 
twofold from 6.0% to 14.1% when  the GLC concentration 
in  the  medium was increased 10-fold from 10 pM to 100 
pM. This  increase  may  be a result of the  increased  per- 
centage of sulfate  formed over time  in  our  hepatocyte 
cultures. A similar  increase  in  the  relative  percentage of 
lithocholate  sulfate  excreted  over  time  has  previously  been 
observed  in vivo in  man (13). Hydroxylation,  the  other 
major  metabolic  pathway  for  GLC,  probably is also 
saturated by increasing  the  GLC  concentration  in  the 
medium  and  this  results  in  more  intracellular  GLC  being 
available  for  sulfation. 

In  this  report,  presence of bile acid  sulfation  has  been 
demonstrated  in  primary  hepatocyte  cultures.  It is un- 
clear why Lambiotte  and  Thierry (18) were unable  to 
detect  any  definite  deoxycholate  sulfate  formation  in  their 
primary  hepatocyte  cultures. However, GLC is sulfated  to 
a much  greater  extent  than  deoxycholate  in  vitro (2) and 
HPLC is a more sensitive method  for  detecting bile acid 
sulfate  formation.  The differences may also reflect the 
conditions of the  primary  hepatocyte  cultures.  Future 
studies will utilize  the  controlled  conditions  in  primary 
hepatocyte  cultures  to  study  factors  that  modify  and affect 
this  detoxification pathway. I 
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