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We have developed a defined medium which can maintain efficient growth of HepG2 cells sustaining the synthesis of a variety of plasma proteins 
including apolipoprotein B. This defined system was used to investigate long-term effects of insulin, estrogen, triiodothyronine, cholesterol, and 
oleate on the growth pattern of HepG2 cells and secretion rate of apolipoprotein B. Oleate and triiodothyronine caused significant increases in 
secretion of apolipoprotein B. The stimulatory effect of triiodothyronine was only observed after long (6 days) exposure of cells to the hormone. 
In contrast, insulin caused up to a 4-fold decrease in the secretion rate of apolipoprotein B during the early growth periods. This inhibitory effect 
appeared to be partially abolished after 6 days. Our data suggest that some important questions on regulation of apolipoprotein B expression can 

be addressed by the long-term culture of HepG2 cells in defined medium. 
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1. INTRODUCTION 

Human  hepatoma cell line, HepG2, synthesizes a 
broad spectrum of  plasma proteins and secretes many 
of  these into the medium [1,2]. The HepG2 system has 
been used extensively as a model to study the regulation 
of  the synthesis and secretion of  a number of  human 
apolipoproteins including apolipoprotein B (apoB) 
[3-5]. ApoB is the major protein constituent of  the 
human very low density lipoprotein (VLDL), compris- 
ing approximately 40°7o of  the total protein [6]. A better 
understanding of  the regulation of  apoB synthesis is of  
considerable interest because of  its essential role in the 
secretion of  hepatic VLDL and in the interaction of low 
density lipoprotein (LDL) with its receptors. Many 
studies on the regulation of  apoB synthesis and secre- 
tion have focused on the effects of  various nutritional 
and hormonal  factors in short-term cultures of  HepG2 
cells in serum-free medium [7-9]. In most studies, cells 
grown in medium supplemented with 10070 FBS were 
transferred to serum-free medium and the effects of  
various factors were observed for a relatively short 
period of  time (24-48 h). Long-term responses to these 
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factors have not been rigorously examined, due to 
limited viability of  the culture systems employed. 

Our study was undertaken to examine the direct ac- 
tion of  various factors on the synthesis of apoB in long- 
term cultures of  HepG2 cells. To achieve this goal, we 
have developed a defined medium which can maintain 
efficient growth of  HepG2 cells sustaining the synthesis 
of  a variety of  plasma proteins including apoB. This 
defined system has made it possible to test the direct ef- 
fect of various hormonal  and nutritional factors, 
because the cells do not require serum, hormones, or 
other macromolecular medium supplements for the 
synthesis of apoB. This report describes the 
characteristics of  this serum-free culture system and the 
long-term effects of  insulin, estrogen, triiodothyronine 
(T3), cholesterol, and oleate on the growth pattern of  
HepG2 cells and secretion of  apoB. 

2. MATERIALS AND METHODS 

2.1. Materials 
HepG2 cells were obtained from ATCC (HB 8065). Cell culture 

media and reagents were from Gibco (Paisley, UK). Estrogen, T3, 
oleic acid, BSA, cholesterol and other common laboratory reagents 
were from Sigma (St. Louis, MO). ApoB antibody was from Atlantic 
Antibodies (Stillwater, MN). Protein assay kit was from Bio-Rad 
(Richmond, CA). 

2.2. Cell culture 

2.2.1. Media 
The defined media reported by Darlington et al. [10] was extensive- 

ly modified to prepare medium A and medium B. Basal medium con- 
sisted of 3 parts MEM (basal medium A) or ot-MEM (basal medium 
B) and one part Waymouth's MB 752/1. Medium A was prepared by 
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mpplementing basal medium A with 2 mM L-glutamine, 1 x 
antibiotic-antimycotic solution (100 x solution contains 10000 units 
penicillin, 10000/zg streptomycin, 25/~g amphotericin B/ml and 
Fungizone in 0.85% saline), 3 × 10 -8 M sodium selenite, 1.0 mg/1 i- 
inositol, 8.0 rag/1 thymidine, 0.1 mM sodium pyruvate and trace 
elements (0.05 mg/l CuSO4.5H20, 0.016 rag/1 MnSO4.H20, 
0.03 mg/l ZnSO4.7H20, 0.024mg/l Mo7Oz4.4HzO, 0.022rag/1 
CoCIz.6H20). Medium B was prepared by supplementing basal 
medium B as above except for sodium pyruvate. 

2.2.2. Serum-free growth experiments 
Approximately 1 x l0 s cells were plated in each well of several 

multi-well dishes in complete medium (c~-MEM, 10% fetal bovine 
serum) and were grown for 24 h at 37°C, 5% COz. The medium was 
removed, cells were washed 3 × with Earle's balanced salt solution, 
and were incubated in serum-free medium B supplemented with one 
of the following factors: insulin (35 nM), estrogen (20 nM), 
cholesterol (50/zg/ml), oleic acid-albumin complexes (prepared ac- 
cording to [11]) (0.4 M oleate bound to 1.5% BSA), and T3 (20 nM). 
Every two days, media were removed from duplicate wells and cells 
were lysed with 50 mM Tris-HC1, pH 7.5, 5 M guanidine isothio- 
cyanate, 25 mM EDTA, 1% ,6'-mercaptoethanol. Media were chang- 
ed for the remaining wells at the same time and the experiment was 
continued. Time zero was defined as 24 h after replating. 
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Fig. 1. Proliferation of HepG2 cells in complete medium and serum- 
free media. Growth was assessed by measuring cellular protein. (m) 
Cells grown in complete medium containing 10% FBS; (o) cells 
grown in defined, serum-free medium A; (o) cells grown in defined, 

serum-free medium B. 

2.3. Isolation of  total cellular RNA 
Total HepG2 RNA was extracted essentially as described by Han 

et al. [12]. 

2.4. Determination of  total protein, total RNA, and apoB 
concentration 

Total protein was determined in duplicate by the Bio-Rad dye- 
binding microassay according to the kit's instructions. BSA was used 
as standard to calibrate the assay. Total RNA was determined by 
measuring the absorbance of the RNA at 260 nm (1 A260 absorbance 
unit equals approximately 50/zg/ml [13]). All RNA samples had 
Az6o/Az8o ratios of higher than 1.8, indicating their purity. Media 
samples were concentrated about 10-15-fold by placing sucrose out- 
side dialysis bags (MF 3000 cutoff) and the apoB concentration was 
determined in triplicate by electroimmunoassay [14]. The apoB assay 
was calibrated by dilution of a set of apoB standards. 

3. R E S U L T S  A N D  D I S C U S S I O N  

W e  e x t e n s i v e l y  m o d i f i e d  t h e  d e f i n e d  m e d i u m  

r e p o r t e d  b y  D a r l i n g t o n  et  al .  [10] a n d  d e v e l o p e d  t w o  

t y p e s  o f  d e f i n e d  m e d i a  w h i c h  c o u l d  s u p p o r t  g r o w t h  o f  

H e p G 2  cells.  T h e  g r o w t h  p a t t e r n s  o f  cells in  t h e s e  

s e r u m - f r e e  m e d i a  we re  c o m p a r e d  w i t h  t h a t  in  s e r u m -  

c o n t a i n i n g  c o m p l e t e  m e d i u m .  Fig .  1 s h o w s  t h e  g r o w t h  

p a t t e r n s  o f  H e p G 2  cells  in  t h e s e  t h r e e  t ypes  o f  m e d i a  as  

e s t i m a t e d  b y  t o t a l  p r o t e i n  p r o d u c t i o n .  B o t h  s e r u m - f r e e  

m e d i a  A a n d  B were  c a p a b l e  o f  s u s t a i n i n g  cell  g r o w t h  

a n d  p r o l i f e r a t i o n .  T h e  r a t e s  o f  g r o w t h  in  t h e  d e f i n e d  

m e d i a  we re  s i m i l a r  to  t h a t  in  c o m p l e t e  m e d i a .  

H o w e v e r ,  t h e  f i n a l  d e n s i t y  o f  t h e  cells  in  t h e  c o m p l e t e  

m e d i u m  was  h i g h e r  t h a n  t h o s e  in  m e d i u m  A a n d  

m e d i u m  B b y  a b o u t  20 a n d  9°70, r e spec t i ve ly .  Cel ls  

g r o w n  in  b o t h  m e d i u m  A a n d  m e d i u m  B e x p r e s s e d  a n d  

s e c r e t e d  a w ide  r a n g e  o f  p l a s m a  p r o t e i n s  b a s e d  o n  S D S -  

P A G E  a n a l y s i s  o f  t h e  cells  a n d  m e d i a  ( d a t a  n o t  s h o w n ) .  
M e d i u m  B was  u s e d  in o u r  s u b s e q u e n t  g r o w t h  ex- 

p e r i m e n t s  as it p e r f o r m e d  s u p e r i o r  to  m e d i u m  A .  
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Fig. 2. Effects of various hormonal and nutritional factors on 
proliferation of HepG2 cells grown in defined medium. Growth was 
assessed by measuring cellular protein. (A) Effects of cholesterol and 
oleate. (o) Control, no supplementation; (o) cholesterol; ( i )  oleate. 
(B) Effects of insulin, estrogen and T3. (o) Control; (A) insulin; (v)  

estrogen; (*) T3. 
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HepG2 cells were grown in medium B and medium 
B supplemented with insulin, estrogen, T3, cholesterol, 
and oleate. Fig. 2 shows the proliferation patterns of  
cells grown in various media as estimated by total pro- 
tein content. No significant changes in total protein 
were observed when cells were grown in medium B sup- 
plemented with cholesterol, estrogen, or T3 compared 
to control. However, supplementation with insulin and 
oleate caused significant increases in total protein pro- 
duction. Increased proliferation was observed at all 
stages with insulin, but was only noticed at later stages 
(8 and 10 days) with oleate. Analysis of total RNA 
from the same cultures resulted in similar observations 
for insulin, oleate, cholesterol, and T3 (Fig. 3). Total 
RNA was, however, increased in the presence of  
estrogen. The extent of  the increase in total RNA did 
not correlate well with that in total protein. An in- 
teresting finding was that increased RNA levels, induc- 
ed by insulin, estrogen and oleate, returned to normal 
levels at 9 days of  growth. This rapid decline may be 
due to overpopulation of  cells at this stage and lack of 
adequate nutrients to sustain continued RNA synthesis. 

The production of apoB by HepG2 cells was 
monitored by measuring the concentration of  apoB in 

the media. ApoB secretion rates were expressed as 
#g /mg  of  total protein per h. Fig. 4 shows the pattern 
of  apoB production in defined medium B supplemented 
with hormonal  and nutritional factors. HepG2 ceils 
grown in defined medium B secreted apoB after 2 days 
at a rate of  0.253 _+ 0.025/~g/mg per h, comparable to 
that previously reported in short-term cultures [9]. 
However, after 2 days, the rate was considerably in- 
creased so that after 8 days apoB was being ac- 
cumulated at 0.963 _+ 0.050/~g/mg per h. This increase 
clearly indicates the viability of  HepG2 ceils in the 
defined medium. The apoB secretion rate was unaf- 
fected by cholesterol and estrogen, but was significant- 
ly stimulated by T3 (37°7o elevation at 10 days) and 
oleate (20°/o elevation at 10 days) (Fig. 4). The 
stimulatory effect of  oleate on apoB production has 
been previously reported by several groups [5,8]. Our 
data confirm these previous observations and provide 
evidence for continued stimulation over a 10-day 
period in culture. The considerable stimulatory effect 
of  T3 on apoB production has not been previously 
reported and is quite interesting. T3 increased apoB 
production despite the fact that no increases in RNA or 
total protein were observed, suggesting that the hor- 
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Fig. 3. Effects of various hormonal and nutritional factors on total 
RNA production by HepG2 cells grown in defined medium. (A) 
Effects of  cholesterol and oleate. (o) Control, no supplementation; 
(o) cholesterol; (m) oleate. (B) Effects of insulin, estrogen and T3. 

(©) Control; (A) insulin; (v )  estrogen; (*) T3. 
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Fig. 4. Effects of various hormonal and nutritional factors on apoB 
production by HepG2 ceils grown in defined medium. (A) Effects of 
cholesterol and oleate. (©) Control, no supplementation; (e) 
cholesterol; ( I )  oleate. (B) Effects of insulin, estrogen and T3. (©) 

Control; (A) insulin; ( , )  estrogen; ( , )  T3. 
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m o n e  specif ical ly  s t imula ted  apoB express ion.  Our  da t a  
on  the effect  o f  choles terol  on apoB accumula t ion  d id  
no t  agree with a recent  r epor t  [15] which ind ica ted  a 
s t imu la to ry  effect .  This  con t r ad i c t i on  m a y  be due to 
the  fact  tha t  we d id  no t  use high concen t ra t ions  o f  
choles terol .  A t  a concen t ra t ion  o f  5 0 / z g / m l  
choles tero l ,  used in our  s tudy,  Fuk i  et al. [15] observed  
on ly  abou t  25-30°7o increase  in apoB.  In con t ras t  to 
o lea te  and T3, insulin caused a s ignif icant  decline in 
p r o d u c t i o n  rate  o f  apoB  by  H e p G 2  cells. By the 4th 
day ,  insul in had  caused  abou t  a 4- fo ld  decrease  in apoB 
p r o d u c t i o n .  However ,  af ter  the  6th day ,  cells a p p e a r e d  
to  increase  their  p r o d u c t i o n  o f  apoB but  the apoB level 
was still a b o u t  52°7o lower than  the cont ro l  at  the 10th 
day .  This  pa r t i a l  reversal  o f  insulin effect  was unex- 
pec ted .  The  da t a  suppo r t ed  observa t ions  in shor t - t e rm 
cul tures  o f  H e p G 2  ceils [7-9]  indica t ing  tha t  insulin in- 
hibi ts  apoB secret ion despi te  an increase in to ta l  p ro te in  
mass .  

In  conclus ion ,  the deve lopmen t  o f  a long- te rm 
cu l ture  system has pe rmi t t ed  us to  address  a n u m b e r  o f  
i m p o r t a n t  quest ions  regard ing  regula t ion  o f  apoB gene 
express ion .  Our  da t a  suggest tha t  in long- te rm cultures,  
apoB  p r o d u c t i o n  can be s ignif icant ly  s t imula ted  by 
o lea te  and  T3, but  inhib i ted  by  insulin.  The  inh ib i to ry  
effect  o f  insulin appea r s  to be pa r t i a l ly  lost  af ter  long 
exposure  o f  cells to  this ho rmone .  Fu r the r  invest iga-  
t ions  are  u n d e r w a y  to invest igate  the  role o f  these fac- 
tors  in regula t ing  apoB express ion,  especial ly at  the  
t r ans l a t iona l  and  pos t t r ans l a t iona l  levels. 
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