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Abstract The human hepatoma cell line Hep-G2 has been 
shown to express the major enzymes of intra- and extracellular 
cholesterol metabolism. These include 1ecithin:cholesterol acyl- 
transferase, acyl coenzyme A:cholesterol acyltransferase, 3- 
hydroxy-3-methylglutaryl coenzyme A reductase, and choles- 
terol-7a-hydroxylase. Regulatory mechanisms that have been 
described in other hepatic systems also appear to be active in 
Hep-G2 cells: perturbations of cholesterol and triglyceride 
metabolism affected the enzyme activities and the accumulation 
of specific apolipoproteins in the culture media. The results 
indicate that studies of Hep-G2 cells may provide useful infor- 
mation for the elucidation of mechanisms of regulation of 
human hepatocyte cholesterol, lipoprotein, and biliary metab- 
olism. --rickson, S. K., and P. E. Fielding. Parameters of 
cholesterol metabolism in the human hepatoma cell line, 
Hep-G2. J. Lipid Res. 1986. 27: 875-883. 
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The human hepatoblastoma-derived cell line Hep-G2 
expresses many of the functions attributed to a normal 
human hepatocyte. It secretes a variety of plasma proteins 
(1) including apolipoproteins B, E, A-I, A-11, A-IV, C-11, 
and C-III(2-6). Only apolipoprotein B-100 is synthesized 
and secreted by this cell line (3) in accord with the report 
(7) that apoB-100 is the sole apoB species secreted by the 
human liver. Hep-G2 cells can synthesize and secrete 
lipoproteins in the very low density lipoprotein (VLDL), 
low density lipoprotein (LDL), and high density lipo- 
protein (HDL) density ranges (2, 3, 6). They express 
receptors for insulin and transferrin (8), estrogen (6), and 
LDL (9-12), and bind HDL (13). 

Of the hepato-specific functions, these cells retain the 
ability to express receptors for asialoglycoproteins (8, 14) 
and are reported to synthesize and secrete bile acids in- 
cluding chenodeoxycholate and cholate (15). Morphologi- 
cally, they have an hepatocyte-like differentiated plasma 
membrane including a bile canalicular region (16). Thus, 
this is a highly differentiated cell line although some chro- 
mosomal abnormalities have been described (17). 

For these reasons, Hep-G2 cells appear to be a reason- 

able model for the study of human hepatocyte functions. 
Therefore, this cell line was used to examine enzymes of 
intra- and extrahepatic cholesterol metabolism, which 
have not been previously described for Hep-G2 cells, and 
their regulatory responses, specifically 1ecithin:cholesterol 
acyltransferase (LCAT), the enzyme responsible for 
extracellular cholesterol esterification; acyl coenzyme 
A:cholesterol acyltransferase, responsible for intracellular 
cholesterol esterification; and cholesterol 7a-hydroxylase, 
a rate-limiting enzyme in bile acid synthesis. In addition, 
regulatory aspects of 3-hydroxy-3-methylglutaryl coen- 
zyme A (HMG-CoA) reductase, a rate-limiting enzyme 
for cholesterol synthesis [described previously in Hep-G2 
cells by Cohen et al. (18)] were studied. 

Enzyme activity and apoprotein measurements were 
made after culturing cells in minimal essential medium 
(MEM). The other culture conditions chosen for investi- 
gation included well-documented perturbations known to 
alter hepatic lipid metabolism in order to test whether these 
cells could express regulatory mechanisms similar to those 
described in other systems (19, 20). These included: I) 
change in endogenous cholesterol availability induced by 
exposure of the cells to mevalonate, a cholesterol precursor 
which enters the pathway distal to the rate-limiting step for 
sterol synthesis (19); 2) change in exogenous fatty acid 
availability by exposure of the cells to physiological con- 
centrations of fatty acid complexed to albumin (20); and 
3) culture in physiological concentrations of hormones 

Abbreviations: VLDL, very low density lipoproteins; LDL, low density 
lipoproteins; HDL, high density lipoproteins; LCAT, 1ecithin:cholesterol 
acyltransferase; ACAT, acyl coenzyme A:cholesterol acyltransferase; 
HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; MEM, minimal 
essential meduim. 
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designed to mimic the in vivo environment of the hepato- Immunoassay of plasma apoproteins 
cyte. This culture condition has been reported to maintain 
specific hepatocyte function in primary culture (21). 

MATERIALS AND METHODS 

[l-'*C]Oleoyl coenzyme A (40-60 mCi/mmol) was 
obtained from Amersham, Arlington Heights, IL; [1,2- 
3H]cholesterol (40-60 Cilmol), [1,2,6,7,-3H]cholesteryl 
oleate (60-100 Ci/mol), D,L-3-[ '*C-glutaryl-3]hydroxy-3- 
methylglutaryl coenzyme A (40-60 mCi/mmol) and 
R,S-[5-3H]mevalonolactone (2-10 Ci/mol) were from New 
England Nuclear, Boston, MA. Oleoyl coenzyme A, 
NADP, glucose-6-phosphate, human serum albumin, 
6-mercaptoethanol, dithiothreitol, mevalonic acid, (Na 
salt), phosphatidylcholine, oleic acid, linoleic acid, D-a-  
tocopherol succinate, testosterone, 17P-estradio1, hydro- 
cortisone, D-thyroxine, glucose-6-phosphate dehydroge- 
nase, and cholesterol oxidase were from Sigma, St. Louis, 
MO. 3-Hydroxy-3-methylglutaryl coenzyme A was from 
PL Biochemicals, Milwaukee, WI, and 7a-hydroxycholes- 
terol was from Steraloids, Wilton, NH. Insulin and 
glucagon were obtained from Eli Lilly, Indianapolis, IN. 
Cholesterol esterase was purchased from Boehringer- 
Mannheim, Indianapolis, IN. Disposable tissue culture 
supplies were from Corning, Corning, NY. 

Cell culture 

Experiments were carried out using a human hepatoma- 
derived cell line, Hep-G2. Cells were obtained from the 
Cell Culture facility at the University of California, San 
Francisco. Cell stocks were grown in T75 flasks contain- 
ing 12 ml of MEM supplemented with L-glutamine 
(2 mM), penicillin (100 U/ml), and streptomycin (100 
pg/ml), containing 10% fetal calf serum, and incubated at 
37OC in a humidified atmosphere of 95% air, 5% CO,. 
Fresh medium was added every third day. For experiments, 
cells were plated in 10-cm dishes or T175 flasks and grown 
to late log phase. Nearly confluent monolayers were 
washed three times with MEM and then incubated for 10 
hr at 37OC in one of the four culture media described. 
Plates contained 6 ml of medium and T175 flasks con- 
tained 20 ml. Following incubation, media and cells were 
harvested separately as described in the following sections. 

Culture media 

Hep-G2 cells were incubated for 10 hr in one of the four 
following media: I) MEM; 2) MEM supplemented with 
oleic acid (18 pM), linoleic acid (18 pM), D-a-tocopherol 
succinate (0.6 pM), testosterone (1 pM), 176-estradiol 
(1 pM), hydrocortisone (10 pM), human serum albumin 
(30 pM), D-thyroxine (10 pM), insulin (0.02 units/ml), and 
glucagon (50 nM), designated as hormone media; 3) MEM 
supplemented with linoleic acid (0.3 mM) and human 
serum albumin (0.11 mM); 4) MEM supplemented with 
mevalonolactone (10 mM). 

Levels of apoproteins A-I, E, B, D, and A-I1 were deter- 
mined in Hep-G2 cell culture media and cell homogenates 
by specific radial immusodiffusion assays, as previously 
described (22). Hep-G2 cell culture media were harvested 
and centrifuged 30 min at 20,000 g at 4OC in a Sorvall 
RC-5B centrifuge to remove any floating cells and debris. 
The clear supernatant was then concentrated at 4OC in an 
Amicon pressure cell containing a YM-10 membrane. 
Concentration was routinely 20- to 30-fold as determined 
by protein analysis. Intracellular apoprotein levels were 
measured in portions of whole cell homogenates prepared 
as described below. 

Pure apoprotein antigens for antibody production and 
the immunoassays were prepared as described previously 
(23) from human plasma lipoproteins isolated by ultra- 
centrifugation (24). Briefly, the lipoproteins were de- 
lipidated with ethanol and diethyl ether and the protein 
was dissolved in 6 M urea and fractionated using molecu- 
lar sieve and DEAE-cellulose chromatography. Purity 
was assessed by gel electrophoresis in sodium dodecyl 
sulfate (25) and at basic pH in urea (26). Polyclonal anti- 
bodies to each apoprotein were raised in New Zealand 
white rabbits. Immunoassays were carried out in 1% 
wt/vol agarose in 0.05 M barbital buffer, pH 8.2 (22). 

Preparation of cell homogenates and a subcellular 
membrane or microsomal fraction 

After removal of media, cells were washed twice with 
cold MEM and harvested by scraping into cold MEM. 
All manipulations were at 4OC. Cells were collected by 
centrifugation for 5 min at 2000 rpm and resuspended by 
vortexing in ice-cold homogenizing buffer containing 0.12 
M sucrose, 0.15 M KC1, 0.03 M EDTA, and 0.05 M potas- 
sium phosphate, pH 7.4. Samples were removed for pro- 
tein, cholesterol, and apoprotein determinations. The 
portions for apoprotein determinations were made 1% in 
Triton X-100, frozen and thawed once, vortexed vigor- 
ously, and stored on ice until use. At this point, no intact 
cells were visible by light microscopy. 

After standing 15 min on ice, the remaining cells were 
homogenized with a Dounce homogenizer by 40 strokes 
of pestle B. Portions were removed for assay of HMG- 
CoA reductase and the remainder was used to prepare a 
crude microsomal fraction. The homogenate was centri- 
fuged for 10 min at 2000 rpm to remove unbroken cells 
and nuclei. The supernatant was removed and centri- 
fuged 60 min at 105,000 g. The pellet was resuspended in 
the homogenizing buffer with a glass-glass Potter Elvejhem 
homogenizer and used for assays of ACAT and cho- 
lesterol- 7a -hydroxylase. 

Assay of 1ecithin:cholesterol acyltransferase 

LCAT was assayed in portions of Hep-G2 cell culture 
medium with a synthetic substrate. Samples were assayed 
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directly or after concentration two- to threefold in a 
Centricon 10 microconcentrator (Amicon Corp, Danvers, 
MA). No activity could be detected after concentration of 
the cell culture media in an Amicon pressure cell. 

Synthetic substrates for LCAT were prepared by two 
methods. French press liposomes containing cholesterol 
and phospholipid (1:8 wt/wt) were made according to a 
previously published procedure (27). The liposomes were 
activated for LCAT activity by the addition of pure human 
apoA-I. A standard assay contained 12.5 pg of apoA-I, 
12.5 pg of cholesterol (at a specific activity of 1.5 x lo5 
cpm/pg), and human serum albumin at a final concentra- 
tion of 2.5% in a total volume of 0.5 ml. Aliquots (0.25 
ml) of culture media were added to 0.25 ml of the assay 
medium and incubated at 37OC for up to 90 min. Under 
these conditions, the production of cholesteryl ester was 
linear. The reaction was stopped by the addition of 0.5 ml 
of methanol and 0.5 ml of CHClS. Portions of the bottom 
phase were separated by thin-layer chromatography. The 
cholesteryl ester region was scraped and the radioactivity 
was determined by liquid scintillation spectrometry. 

LCAT was also assayed with cholate liposomes prepared 
as described by Chen and Albers (28). This assay con- 
tained 2.9 pg of free cholesterol (at a specific activity of 
1.5 x lo5 cpmlpg), 22 pg of apoA-I, and human serum 
albumin at a final concentration of 0.5%. Mercapto- 
ethanol (5 mM final concentration) was added both to the 
assays with French press liposomes and to those with cho- 
late liposomes immediately before incubation. Media 
samples (0.25 ml) were added to the cholate liposome assay 
medium and the remaining protocol was identical to that 
described above for French press liposomes. All determi- 
nations were carried out in the presence and absence of 
apoA-I. Under the conditions of this assay, production of 
cholesteryl ester was linear for at least 90 min. 
Cellular enzyme assays 

HMG-CoA reductase was assayed in cell homogenates 
essentially as described by Cohen et al. (18) for Hep-G2 
cells except that the product was extracted and separated 
by thin-layer chromatography as described previously 
(29). Enzyme activity was assayed routinely in cell 
homogenates because assay in the microsomal fraction 
gave tenfold lower values, suggesting that the enzyme may 
have been solubilized during membrane preparation. 

ACAT activity and triglyceride synthesis were assayed 
in the microsomal fraction as described previously (30) 
with [ "Cloleoyl-CoA and endogenous cholesterol or acyl- 
glycerols as substrates. The radiolabeled cholesteryl esters 
and triglycerides were separated by thin-layer chromatog- 
raphy on Silica Gel H (31). The cholesteryl esters and 
triglycerides were scraped from the plates and radioactiv- 
ity was determined by liquid scintillation spectrometry. 

ACAT activity was also assayed with exogenous ['HJcho- 
lesterol-phospholipid liposomes prepared by the French 
pressure cell method (27). The incubation mixture con- 
tained, in addition to the liposomes (5 pg of cholesterol), 

human serum albumin (2.5% final concentration) and 
100-150 pg of microsomal protein in a final volume of 0.2 
ml of buffer containing 0.25 M sucrose, 0.5 mM EDTA, 
and 0.05 M Tis-HC1, pH 8.0. The mixture was 
incubated for 60 min at 37OC with shaking and the reac- 
tion was initiated by addition of 5 nmol of unlabeled 
oleoyl coenzyme A. The reaction was stopped at 5 min by 
the addition of chloroform-methanol 2:l (v/v). The 
product was separated as described above. Cholesteryl 
ester production was linear over 15 min. Longer pre- 
incubation times before initiation of the assay resulted in 
apparent loss of activity. In every case a substrate blank 
that contained the incubation mixture but no microsomes 
was run in parallel and this value (about 10% of the total 
radioactivity migrating as cholesteryl ester) was sub- 
tracted from the values obtained for microsomes. 
Cholesterol-7a-hydroxylase activity was estimated 

based on the method of Nicolau et al. (32), by measuring 
conversion of exogenous [3H]cholesterol to 7a-hydroxy- 
cholesterol. Briefly, 200-600 pg of microsomal protein was 
incubated with shaking with 5 pg of cholesterol contained 
in [ 3H]cholesterol-phosphatidylcholine liposomes prepared 
by the French pressure cell method (27) in a mixture 
containing 2.5% human serum albumin, glucose-6- 
phosphate, NADP, and dithiothreitol in homogenizing 
buffer for 60 min at 37OC. The assay was initiated by 
addition of 2 units of glucose-6-phosphate dehydrogenase. 
After 30 min, the reaction was terminated by addition of 
5 ml of chloroform-methanol 2:l (v/v), and the product 
was separated as described previously (29). Authentic 7a- 
hydroxycholesterol was plated as a reference standard. In 
all cases, substrate blank incubations were run simultane- 
ously, in which microsomes were omitted to assess non- 
enzymatic conversion of cholesterol to 7a-hydroxycho- 
lesterol. These values were routinely about 20% of 
those obtained in the complete incubations. Values for 
hydroxylase activity were corrected by subtracting the 
nonenzymatic conversion values. Levels of enzyme activity 
were calculated from the specific radioactivity of the total 
free cholesterol in the system. 
Chemical determinations 

All protein estimations were carried out according to 
the method of Lowry et al. (33) with bovine serum 
albumin as standard. Free cholesterol and cholesteryl 
ester masses of media and cell samples were determined 
with a fluorimetric assay with cholesterol oxidase and 
cholesteryl esterase as previously described (34). 

RESULTS 

Effect of culture conditions on Hep-GZ cellular 
cholesterol content and on cholesterol 
accumulation in the media 

Incubation of Hep-G2 cells for 10 hr under the four 
culture conditions described in Methods had a significant 
effect on the mass of cellular cholesterol only with 
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mevalonolactone supplementation (Table 1). Esterified 
cholesterol increased about twofold with little change in 
free cholesterol content. Gastric intubation of mevalonate 
in vivo has been shown to increase hepatic cholesterol 
content (19), and incubation with mevalonate has been 
shown to increase intracellular cholesterol content in 
cultured rat hepatocytes (35, 36). 

Incubation with mevalonolactone also resulted in 
increased cholesterol content in the medium (Table 1). As 
in the cells, there was little change in the free cholesterol 
but the esterified cholesterol increased about twofold. 
This change in medium cholesterol content is similar to 
that which has been observed for medium VLDL from rat 
hepatocytes in primary culture incubated with mevalonate 

The presence of free fatty acids in the medium of a per- 
fused liver (38, 39) or rat hepatocytes in culture (40, 41) 
stimulates triglyceride synthesis and VLDL secretion. 
The addition of 0.3 mM linoleate to Hep-G2 cell culture 
media increased the mass of accumulated cholesterol in 
the medium (Table l), but the proportion of esterified 
cholesterol was not changed significantly. 

Maintenance of the cells in the hormone medium had 
no statistically significant effect either on the total amount 
of cholesterol or on the proportion of esterified cholesterol 
that accumulated in the medium. 

Apolipoprotein contents of Hep-GZ cells and 
their accumulation in the culture media 

(37). 

Inclusion of 0.3 mM linoleate bound to human serum 
albumin in the medium of Hep-G2 cells significantly in- 
creased the masses of apolipoproteins B, E, and A-I when 
compared with medium from cells incubated in MEM 
alone (Table 2). 

Addition of physiological concentrations of the hor- 

mones had a similar effect. There appeared to be little 
change in the concentrations of apoA-I1 under the differ- 
ent culture conditions. Apolipoprotein D was present in 
the hormone medium but was undetectable in the media 
under the other three culture conditions (Table 2). 

Despite the changes in the contents of free and esteri- 
fied cholesterol in the medium and in the cells observed 
in the presence of 10 mM mevalonate, there were no 
significant effects on any of the apoprotein levels measured 
(Table 3). 

Accumulation of 1ecithin:cholesterol acyltransferase 
in the culture media of Hep-GZ cells 

LCAT activity was detected in the medium of Hep-G2 
cells under all conditions tested (Table 4). 

The presence of linoleate or hormones in the medium 
had no significant effect on the level of enzyme activity 
measured by using an exogenous radiolabeled substrate. 
Incubation of the cells in the presence of mevalonate, 
which caused an increase in the amounts of esterified 
cholesterol both in the cells and in the medium, had no 
effect on the amount of active LCAT that accumulated 
over a 10-hr period. Assays were carried out with lipo- 
somes containing cholate or with those made in the 
French pressure cell. The latter gave about 75% of the 
activity obtained with those made by the detergent 
method. No LCAT activity was detected in incubations 
without apoA-I. 

Intracellular enzyme activities of Hep-GZ cells 
associated with cholesterol metabolism 

Under all culture conditions investigated, measurable 
levels of ACAT, HMG-CoA reductase, and cholesterol- 
7a-hydroxylase activities were detected in Hep-G2 cells. 

Incubation of Hep-G2 cells in the presence of 10 mM 

TABLE 1 .  Effect of culture condition on the accumulation of cholesterol in Hep-G2 cells 
and their media after 10 hr 

Culture Medium Free Cholesterol Ester Cholesterol % as Ester 

A. Medium 
MEM" 
Mevalonolactone, 10 mM (n = 5) 
Linoleate, 0.3 mM (n = 3) 
Hormone mix (n = 3) 

B.  Cells 
MEM" 
Mevalonolactone, 10 mM (n = 6) 
Linoleate, 0.3 mM (n = 6) 
Hormone mix (n = 6) 

pg cholesterol. mg cell protein-' 

1 .oo 1 .oo 
1.29 f 0.04 
1.97 f 0.30' 
1.76 f 0.43" 

2.47 i 0.88. 
2.52 i 0.53' 
1.70 f 0.47 

1 .oo 1 .oo 
1.09 i 0.16 
0.90 f 0.10 0.79 f 0.17 
0.98 f 0.13 0.53 f 0.13 

1.59 f 0.57' 

11.8 
20.4 
12.7 
11.5 

36.9 
46.2 
31.1 
24.1 

All values are f SEM; the number of experiments, n, is given in parentheses. * Statistically significantly differ- 
ent from MEM values at P < 0.005, unpaired Student's t-test. **Statistically significantly different from MEM 
values at P < 0.05, unpaired Student's t-test. 

"All values for free and esterified cholesterol have been normalized to the MEM or basal value as 1 .OO. The values 
for MEM accumulation (pg cholesterol. mg cell protein-') were: free cholesterol, medium = 1.27 f 0.1 (n = 5). 
cells = 13.3 1.9 (n = 7); esterified cholesterol, medium = 0.17 + 0.03 (n = 5) ,  cells = 7.9 f 3.1 (n = 7) .  
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TABLE 2. Mass of apolipoproteins that accumulated in the medium of Hep-G2 cells 
cultured under a variety of conditions for 10 hr 

Apolipoprotein 

Culture Medium B E A-I A-I1 D 

MEM" 1 .oo 
Mevalonolactone, 10 mM 

Linoleate, 0.3 mM 

1.65 f 0.27 

2.84 f 0.18. 
(n = 6) 

(n = 7) 

(n = 5 )  

Hormone mix 2.12 f 0.21. 

jtg apoprotein . mg cell protein-' 

1 .oo 1 .oo 1 .oo 0 
1.44 f 0.38 1.20 f 0.12 0.45 f 0.20 0 

1.81 f 0.12. 2.24 f 0.16. 0.74 f 0.13 0 
(n = 5 )  (n = 5) (n = 3) 

(n = 6) (n = 6) (n = 3) 
1.53 f 0.10'. 1.64 0.29" 0.97 f 0.20 0.29 f 0.05" 

(n = 6) (n = 7)  (n = 3) (n = 4) 

All values are f SEM; the number of experiments, n, is given in parentheses. 'Statistically significantly differ- 
ent from MEM values at P < 0.001 by Student's unpaired t-test. "Statistically significantly different from MEM 
value at P < 0.05 by Student's unpaired t-test. 

"All values for the apoproteins have been normalized to the MEM or basal value as 1.00. The values for MEM 
accumulation in pg apoprotein - mg cell protein-' were: apoB, 1.34 f 0.10 (n = 7), apoE, 0.48 f 0.1 1 (n = 6); 
apoA-I, 1.99 f 0.26 (n = 7); apoA-11, 1.43 f 0.37 (n = 3); apoD, no immunologically detectable apoD accumu- 
lated in the medium of cells cultured in MEM; the values given for apoD are the actual values measured. 

mevalonolactone increased ACAT activity (lhble 5) .  Cell 
culture in the presence of the mixture of hormones resulted 
in a small but significant decrease in activity while culture 
with linoleate had little effect. 

HMG-CoA reductase was detectable in these cells at 
levels comparable to those reported previously (18). As 
reported previously (18), incubation in the presence of 
mevalonate significantly suppressed reductase activity 
(Table 5). Neither the addition of linoleate nor hormones 
at the concentrations used in these studies, and 10 hr after 
initiation of the experiment, had any effect on reductase 
activity. 

The activity of cholesterol-7a-hydroxylase was measured 
in a crude microsomal fraction of Hep-GP cells using a 
radiolabeled cholesterol-phospholipid liposome assay. The 
level of activity detected in these experiments, about 60 
pmol of 7a-hydroxycholesterol . hr-' a mg of protein-', 

appeared to be of the same order of magnitude as the esti- 
mated rate of bile acid synthesis and secretion by these 
cells reported by Everson and Polakoff (15). The activity 
was not significantly affected by the different culture con- 
ditions (Table 5). 

The rates of triglyceride synthesis as estimated in a 
crude microsomal fraction of Hep-G2 cells using en- 
dogenous glyceride substrates and exogenous radiolabeled 
oleoyl CoA did not change under any of the culture condi- 
tions (Table 5), including culture in 0.3 mM linoleate. 
The values for Hep-G2 cell preparations tended to be 
higher than those reported previously for normal human 
liver assayed under similar conditions (30). 

DISCUSSION 

The human hepatoma cell line, Hep-G2, has been 
shown by a number of investigators to express many func- 

TABLE 3. Mass of apolipoproteins that accumulated in Hep-G2 cells cultured under a 
variety of conditions for 10 hr 

Apolipoprotein 
~ ~~ 

Culture Medium B E A-I A-I1 D 

pg apoprotein mg cell protein" 

MEMO 1 .oo 1 .oo 1 .oo 1 .oo 1.00 
Mevalonolactone, 10 mM 0.88 f 0.09 1.08 f 0.10 1.45 f 0.22 1.59 f 0.72 1.13 f 0.21 

Linoleate, 0.3 mM 0.98 f 0.02 1.19 f 0.03. 1.59 i 0.22 1.29 f 0.05 1.32 f 0.13 

Hormone mix 1.24 f 0.09*** 1.40 f 0.12.' 1.45 f 0.28 1.67 f 0.77 1.16 f 0.18 

(n = 4) (n = 4) (n = 4) (n = 3) (n = 4) 

(n = 3) (n = 4) (n = 3) (n = 3) (n = 3) 

(n = 5) (n = 4) (n = 5 )  (n = 3) (n = 5) 

All values are i SEM. The number of experiments, n, is given in parentheses. *Statistically significantly differ- 
ent from MEM values at P < 0.001 by Student's unpaired t-test. **Significantly different from MEM values at 
P < 0.02 by unpaired Student's t-test. ***Significantly different from MEM values at P < 0.05 by unpaired Stu- 
dent's t-test. 

"All values for the apoproteins have been normalized to the MEM or basal value as 1 .OO. The values for MEM 
expressed as pg apoprotein mg cell protein" were: apoB, 6.42 i 1.47; apoE, 1.19 0.22; apoA-I, 0.23 i 0.03; 
apoA-11, 0.41 i 0.07; apoD, 1.00 i 0.23. 
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TABLE 4. Accumulation of 1ecithin:cholesterol acyltransferase 
activity in medium of Hep-G2 cells cultured under a variety 

of conditions for 10 hr 

Culture Medium LCAT Activity 

$mol cholcstcryl ester. h-' mg cell pmtcin-' 

MEM" 1.00 
Mevalonolactone, 10 mM 0.82 i 0.30 

(n = 4) 
Linoleate, 0.3 mM 0.96 i 0.27 

(n = 4) 
Hormone mix 0.82 i 0.25 

(n = 4) 

All values have been normalized to the MEM or basal value as 1.00. 
The values for LCAT activity in MEM ranged from 6.67 to 19.7 pmol 
cholesteryl ester. h i '  * mg cell protein-', mean = 12.3 i 5.5. All values 
are f SEM. 

tions attributed to normal human hepatocytes. The 
present research extends this list to include the major 
enzymes of intra- and extracellular cholesterol metabo- 
lism. Thus, these cells are a potentially useful in vitro 
model for the study of regulation of human hepatic cho- 
lesterol and lipoprotein metabolism. 

Changes in availability of endogenous cholesterol 
induced by exposure to mevalonate are known to correlate 
in rat liver (19, 31, 35, 42) and in rat hepatocytes in 
primary culture (35, 36) with changes in the activities of 
HMG-CoA reductase and ACAT. Similar regulatory re- 
sponses were operative in Hep-G2 cells. In the presence 
of 10 mM mevalonate, ACAT activity increased about 
1.3-fold. This change was paralleled by an increase in 

intracellular cholesteryl ester mass with little change in 
free cholesterol mass. Levels of ACAT activity measured 
in these cells were comparable to those in human livers 
(30, 43). 

In agreement with a previous report (18), HMG-CoA 
reductase activity under these conditions was inhibited, 
suggesting that the mechanisms for regulation of reduc- 
tase by elevated levels of intracellular mevalonate-derived 
products are present in this hepatoma cell line. Reductase 
values in this study were obtained using whole cell 
homogenates and were similar to levels previously reported 
for Hep-G2 cells (18) and for normal human liver (44,45). 
As reported by Cohen et al. (18), we also observed that 
reductase assays carried out using a crude microsomal 
fraction from Hep-G2 cells resulted in very low activities. 
This suggested that either there is altered compartmenta- 
tion of the enzyme or that the Hep-G2 cell enzyme was 
especially sensitive to solubilization and/or inactivation 
during preparation of the microsomal fraction. 

Hep-G2 cells also had an active cholesterol-7a-hy- 
droxylase system. The activity tended to be higher in the 
hormone-supplemented medium (which maintains cyto- 
chrome P450 levels and functions in primary hepatocyte 
culture, ref. 21); however, this did not reach statistical 
significance. Although additions of mevalonate to Hep-G2 
cells increased cellular cholesterol mass, there was no 
observable change in cholesterol-7a-hydroxylase activity 
under the conditions of the assay. Davis et al. (46), using 
isolated rat hepatocytes in primary culture, showed that 
exposure to mevalonolactone resulted in increased syn- 
thesis of bile acids which they attributed to increased 

TABLE 5. Intracellular enzyme activities in Hep-G2 cells after culture under a variety of 
conditions for 10 hr 

Enzyme Activity 

ACAT 

["C]Oleoyl ['H]Cholesterol Triglyceride HMG-CoA Cholesteryl-'la 
Culture Medium CoA Assay Assay Synthesis Reductase Hydroxylase 

pmol product min-' mg protein-' 

M E W  1 .oo 1 .oo 1 .oo 1 .oo 1.00 
Mevalonolactone, 10 mM 1.34 f 0.10** 1.22 i 0.04.' 1.20 f 0.28 0.24 f 0.04' 1.12 i 0.16 

Linoleate, 0.3 mM 1.10 j~ 0.13 0.94 i 0.10 1.08 i 0.08 1.14 i 0.31 1.16 i 0.09 

Hormone mix 0.86 i 0.07.. 0.91 i 0.06 1.11 * 0.09 1.07 i 0.25 1.25 i 0.18 

(n = 6) (n = 3) (n = 5) (n = 4) (n = 5) 

(n = 6) (n * 3) (n = 5) (n = 3) (n - 5) 
(n = 6) (n - 3) (n = 5) (n = 3) (n = 5) 

All values are i SEM. The number of experiments, n, is in parentheses. 'Statistically significantly different 
from MEM value at P < 0.001 by unpaired Student's unpaired t-test. **Significantly different from MEM value 
at P < 0.01 by Student's unpaired t-test. ***Significantly different from MEM value at P < 0.02 by Student's 
unpaired t-test. 
"AU values are normalized to the MEM or basal value as 1.00. Activities for cellular enzyme activities from cells 

cultured in MEM were: ACAT, 17.4 i 3.3 pmol cholesteryl oleate. min-' * mg microsomal protein-' assayed with 
[''C]oleoyl CoA and endogenous cholesterol, and 254.1 f 105.0 pmol cholesteryl ester * min-' mg microsomal 
protein-' assayed with [SH]cholesterol; triglyceride synthesis, 340 i 20 pmol triolein min-' mg microsomal protein-'; 
HMG-CoA reductase, 42.2 i 14.3 pmol mevalonate * mid'  . mg homogenate protein-'; cholesterol-7a-hydroxyla4e, 
1.72 f 0.40 pmol 7a-hydroxycholesterol . mid '  mg microsomal protein-'. 
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cholesterol availability; however, effects on cholesterol- 7a- 
hydroxylase activity were not assessed. Whether incubation 
of Hep-G2 cells in mevalonate-containing media increases 
their bile acid synthesis and secretion has not been 
reported. 

The activity of cholesterol-7a-hydroxylase from Hep-G2 
cells was about 2 %  of that estimated for normal human 
liver (47) and about 6% of that reported for human liver 
samples from individuals with cholesterol gallstones (48, 
49); however, the activity appeared to be of the same order 
of magnitude as the estimated rates of secretion of bile 
acids by these cells (15). 

The source of the increased cholesteryl ester mass in 
the culture medium of cells incubated in the presence of 
10 mM mevalonolactone is unclear, but it may be the 
result of the increased ACAT activity since the amount of 
LCAT activity that accumulated in the medium under this 
condition did not differ from baseline values. There were 
no significant changes in media apoprotein levels under 
these culture conditions, including that of apoA-I which 
is a cofactor for LCAT activity (50). All LCAT assays in 
this study were carried out in the presence and absence of 
human apoA-I. Assay of LCAT without addition of serum 
apoA-I gave background values demonstrating that LCAT 
secreted from these cells, as from other sources, requires 
the presence of a protein cofactor for activity. The amount 
of LCAT activity that accumulated in the culture medium 
of Hep-G2 cells was about 10% of the level reported for 
rabbit liver perfusate (51). ACAT activity in these cells 
was comparable to values obtained in samples of normal 
human liver (30, 43). 

Culture in mevalonate had no effect on the accumulation 
of apolipoprotein masses in the medium relative to baseline 
values despite changes in medium cholesterol content. 
Little data regarding effects of the presence of mevalonate 
in culture media on apolipoprotein levels appears to be 
available in other systems. 

Addition of exogenous fatty acids to Hep-G2 cell culture 
medium had no significant effect on the activity of any of 
the enzymes measured in this study. Previous research 
(20, 38) has shown that increased triglyceride synthesis 
and VLDL secretion induced by increased fatty acid avail- 
ability can stimulate HMG-CoA reductase activity. The 
degree of stimulation is dependent on the amount of 
exogenous fatty acid available. The lack of such a change 
in reductase activity under the conditions of this study 
suggests that any increased intracellular demand for cho- 
lesterol for lipoprotein synthesis and secretion was not 
great enough to stimulate the enzyme activity. 

Although the activity of the microsomal enzyme com- 
plex responsible for triglyceride synthesis was unchanged 
as measured in vitro after maintenance of the cells in 0.3 
mM linoleate, it is possible that the activities of these 
enzymes in the intact cell were relatively increased due to 
increased intracellular fatty acid availability. Evidence in 

the rat system suggests that rates of triglyceride synthesis, 
accumulation, and secretion are regulated by intracellular 
factors that determine fatty acyl CoA availability to these 
enzymes (52-54). 

Incubation with 0.3 mM linoleate, however, did change 
several of the apoprotein levels in the media. Apolipopro- 
teins B,E and A-I were all increased in mass. The data for 
apoB support the results of Rash, Rothblat, and Sparks 
(3) who demonstrated that the addition of oleic acid to 
Hep-G2 cell culture medium caused an increase in the in- 
corporation of radiolabel into secreted apoB compared to 
incubations containing albumin alone. Data from studies 
of rat hepatocytes in culture, however, showed little 
change in the masses of apoB,E and A-I after 16 hr expo- 
sure to oleate (40). 

It is of interest to compare the level of accumulation of 
apoB in Hep-G2 cell culture medium with measurements 
of apoB secretion by human liver in vivo. Turner et al. 
(55) determined that the splanchnic secretion rate of apoB 
(Sf 100-400) was in the range of 0.46-1.68 pg e hr-' mg of 
hepatocyte protein-'. (This calculation is extrapolated from 
the data of Turner et al. (55) and assumes that hepatocyte 
protein equals about 15% of liver wet weight (56).) For 
Hep-G2 cells incubated in the presence of 0.3 mM linole- 
ate, which approximates the in vivo fatty acid concentra- 
tion of plasma (20), 0.38 pg of apoB.hr-'.mg of cell 
protein-' accumulated in the media. Since this number 
represents accumulation and not secretion, it is a minimal 
value. Thus, this suggests that Hep-G2 cells are quite 
active in apoB production compared to normal human 
liver. A recent publication concerning human hepatocytes 
in primary culture reported the accumulation of apoB in 
the culture medium (57). Much of this apoB was recovered 
in the VLDL density range. 

Hep-G2 cells have an active LDL receptor (9-12), thus 
it is possible that a portion of the apoB secreted is reinter- 
nalized via this system. In the present study, of the total 
immunologically detectable apoB in the cell culture sys- 
tem, 70-80% was recovered in the cellular fraction. Simi- 
lar results were obtained for apoE. Whether this represents 
apoproteins associated with the secretory or with the 
endocytotic pathway is at present unknown. However, for 
apoA-I and apoA-11, only about 20% of the total masses 
were recovered in the cellular fraction. 

The hormones in the medium used in this investigation 
represent a mixture at physiological concentrations; they 
were selected for their ability to maintain cytochrome 
P450 content in primary hepatocytes (21). The activity of 
this enzyme complex is considered to be a sensitive index 
of hepatocyte function. This combination of hormones 
added to the media of Hep-G2 cells had little effect on the 
activities of the enzymes measured. However, the levels of 
apoproteins that accumulated in the medium, specifically 
apoB,E, and A-I, were all significantly increased and 
apoB and E masses were increased in the cells. Although 
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apoD was detected under all conditions in the cellular 
fraction, it was measurable in the culture medium only in 
the presence of the hormone mixture. 

In summary, Hep-G2 cells express the major regulatory 
enzymes of hepatic, plasma, and biliary cholesterol 
metabolism. These activities respond, at least qualita- 
tively, to physiological alterations in a manner consistent 
with what is known about human cholesterol metabolism 
in vivo and by extrapolation from animal models. Although 
there may be quantitative differences in the expression of 
these functions, nevertheless, the Hep-G2 cell model system 
may provide useful insights into potential mechanisms of 
regulation of human hepatic cholesterol, lipoprotein, and 
biliary metabolism. aM 
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