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Abstract Secretion of hepatic apoB lipoproteins removes excess 
triglyceride from the lim. H m ,  the mechanism by which synthesis 
of apoB, which occurs on the rough endoplasmic reticulum, is 
coordinated with synthesis of triglyceride, which takes place in 
the smooth endoplasmic reticulum, is not known. To examine 
this question, we have manipulated intracellular synthesis of tri- 
glyceride and cholesteryl ester in HepGZ cells and determined 
the impact of thew maneuvels on apoB secretion. Since cholesteryl 
ester is the only major lipid class synthesized in the rough en- 
doplasmic reticulum, our hypothesis was that, in response to a 
fatty acid challenge, synthesis of cholesmyl gter rather than synthesis 
of triglyceride would be the immediate trigger to apoB secretion. 
Oleate complexed to bovine serum albumin caused intracellular 
triglyceride synthesis to increase 6-fold and cholesteryl ester syn- 
thesis to increase almost 3-fold, while apoB secretion into the 
medium increased by 2.5-fold (P < 0.0125) at all time points be- 
tween 4 and 24 h. Addition of acylation stimulating protein to 
the medium further stimulated both triglyceride and cholesteryl 
ester synthesis (58% and l08%, respectively) above oleate alone 
and this resulted in a 50% increase in apoB secretion (P < 0.0025). 
By contrast, both progesterone and 2-bromooctanoate inhibited 
triglyceride and cholesteryl ester synthesis and these effects were 
assodated with reduced apoB d o n .  LDvastatin inhibited cholesteryl 
ester synthesis (45%, P < 0.0025); however, at the doses used, 
triglyceride formation was unaffected. Under these circumstances, 
apoB secretion was reduced by 25% (P < 0.05). Similarly, 58-035 
(an inhibitor of acyl CoA:cholesterol acyltransferase) on the one 
hand reduced cholesteryl ester synthesis markedly (59% ,P < 0.005), 
but on the otha inmd trig.tyceride synthesis though not statisticdy 
significantly (65%. P NS), and again this resulted in decreased 
apoB secretion (25%, P < 0.005). Control experiments established 
that changes in low density lipoprotein catabolism did not con- 
tribute importantly to the quantity of apoB in the medium. 
Taken together, the data indicate that, at least in HepGZ cells, 
there are parallel changes in cholesteryl ester synthesis and apoB 
seation and suggest that it is cholsteryl ester synthesis, not triglymide 
synthesis, that is the immediate regulator of apoB secretion when 
these cells are exposed to an increased influx of fatty acids. H o n ,  
alternative or additional regulatory mechanisms, such as, for ex- 
ample, a role for acylation of apoB, are not excluded by these 
studies.-Cianflone, K. M., Z. Illaaruel, M. A. Rodriguez, D. 
Vas, and A. D. Sniderman. Regulation of apoB secretion from 
HepG2 cells: evidence for a critical role for cholesteryl ester syn- 
thesis in the response to a fatty acid challenge. J. Lipid Res. 1990, 
31: 2045-2055. 

Supplementary key words triglyceride acylation stimulating protein 

The risk of premature coronary artery disease is, to a 
large extent, a function of the number of LDL particles 
in plasma. LDL particle number is, in turn, a function 
of the rate at which these particles are formed and the rate 
at which they are catabolized. Both mechanisms may be 
perturbed by disease with LDL particle number rising as 
a consequence. Thus the LDL particle number may rise 
because the LDL catabolic pathway has failed either due 
to a defect in the ligand, such as in the familial defective 
B-100 syndrome (l), or to any of a series of faults within 
the pathway itself, all of which present clinically as famili- 
al hypercholesterolemia (2). On the other hand, overpro- 
duction of hepatic apoB lipoproteins such as occurs in 
hyperapobetalipoproteinemia can also lead to an elevated 
LDL particle number (3), and as a consequence, increased 
risk of premature COI-OM~~ disease (4). The immediate patho- 
genesis of disorders that produce an elevated LDL parti- 
cle number due to impaired ca t aboh  is now well understood; 
the pathogenesis of disorders of overproduction is not. 

It is known that long chain fatty acids can increase the 
synthesis and secretion of triglyceride by the liver (5-7). 
However, even though most observers report a simultane- 
ous increase in apoB secretion (5-9), the mechanism by 
which this occurs has not yet been explicated. Since syn- 
t h e  of mglymide occuls in the smooth endoplasmic dculum 
whereas synthesis of apoB occurs in the rough endoplas- 
mic reticulum, the purpose of the present studies was to 
i d e n e  a mechanism that could d t  in coordinate regulation 
of these two processes, one synthesis of a lipid, the other 
synthesis of a protein. To do so, we have used the human 
hepatoma cell line, HepG2. Our hypothesis was that s y n -  
the& of cholesteryl ester - a procgs that occurs predominantly 
in the rough endoplasmic reticulum (10) - is a critical link 
between triglyceride synthesis and apoB secretion from the 
hepatocyte. 

Abblwiatim: PBS, phcsphate-buffered saline; BSA, bovine - albumin; 
ACAT, acyl CoA:cholesterol acyltransferase; ASP, acylation stimulating 
protein; HPTLC, high performance thin-layer chromatography; LDL, 
low density lipoproteins. 
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MATERIALS AND METHODS 

Tissue culture 

HepG2 cells obtained from the American Tissue Cul- 
ture Collection (Rockville, MD) were routinely grown in 
Minimum Essential Medium supplemented with 10% fe- 
tal calf serum and 100 IU penicillin-streptomycin in 75-cm* 
flasks with 15 ml medium in a 37OC incubator with 5% 
CO,. Flasks were subcultured every 7 days with a split ra- 
tio of 1:3. The cells were dislodged from the culture flask 
with 0.25% trypsin in Cap'- and Mg*+-free phosphate- 
buffered saline (PBS) for 5 min at 37OC. For experiments, 
cells were plated out at a density of 1.3 x lo4 cells per cm* 
in 17-mm dishes (24-well plates) or 60-mm dishes. 

Experimental conditions 

[l- 14C]Oleic acid (sp act 52.6 mCi/mmol), [2-sH]glycerol 
(sp act 200 mCi/mmol), [l- "Clacetic acid, sodium salt (sp 
act 86.4 mCi/mmol), and "'I radionuclide were purchased 
from DuPont-New England Nuclear (Canada). Oleic acid 
(sodium salt), progesterone, 2-bromooctanoate, and fatty 
acid-free bovine serum albumin Fraction V (BSA) were all 
obtained from Sigma Chemical Co., (St. Louis, MO). Tis- 
sue culture medium was purchased from Flow Laborato- 
ries (McLean, VA). Fatty acid was added to the medium 
at the indicated concentrations complexed to BSA at a ra- 
tio of 5:l according to the method of Van Harken (11). 

ASP was isolated by a modification (12) of a previously 
published method (13). LDL was isolated from normal human 
plasma (14) and iodinated by the method of McFarlane as 
modified by Bilheimer, Eisenberg, and Levy (15). Lovastatin 
was generously provided by Merck (Rahway, NJ) and com- 
pound 58-035 by Sandoz (East Hanover, NJ). Progester- 
one and lovastatin were dissolved in isopropanol and added 
to the cells in order to deliver the deskd amount in a volume 
of isopropanol not exceeding 0.01% of the total medium 
volume. Compound 58-035 was dissolved in dimethylsul- 
foxide and delivered to the cells in a volume not exceed- 
ing 0.01% of the fotal medium volume. 2-Bromooctanoate 
was dissolved in 0.9 % NaCl. Control cells were run in parallel 
with isopropanol alone or dimethyl sufoxide alone in the 
presence of 1% BSA. 

Prior to experiments, cells were preincubated for 24 h 
at 37 OC in 5% CO, in serum-free medium supplemented 
with 1% BSA. cells were then changed to the speafied medium 
and incubated for the indicated times at 37 OC. At the end 
of the incubation period the cells were placed on ice and 
the medium was removed and set aside for analysis. The 
cells were washed twice with 1 ml of ice-cold PBS with 2 
mg/ml BSA, than twice with 1 ml of ice-cold PBS, and 
the cell lipids were extracted with 2 ml of hexane-isopropanol 
3:2 (v/v). After 30 min the extracts were removed and the 
cells were washed once with an additional 1 ml of hexane- 

isopropanol 3:2 (v/v) and added to the extract. The solu- 
ble cell protein was dissolved in 1 ml of 0.1 N NaOH and 
collected. 

Lipid quantitation 

Cell lipid extracts were evaporated under nitrogen and 
redissolved in a known volume of chloroform-methanol 2:l 
(v/v). An aliquot was applied to a thin-layer chromatog- 
raphy plate prewashed in chloroform-methanol 2:l (v/v). 
The lipids were separated by development of plates in hexane- 
ether-acetic acid 75:25:1 (v/v/v); the lipid spots were visualized 
by exposure to iodine vapor and identified by comparison 
to refaence lipids. The silica gel was scraped into viak containing 
scintillation cocktail and the radioactivity was counted in 
a scintillation counter (Beckman Instruments, Fullerton, 
CA). Aliquots of the medium were also extracted with 5 
volumes of heptane-isopropanol 1:l (v/v) and the organic 
phase was washed twice with 1 ml isopropanol-heptane 4:l 
(v/v) and 1 mlO.O5% KOH to remove the remaining radi- 
oactive free oleate. The sample was then processed in the 
same way as the cell extracts to measure medium triglyceride 
and cholesteryl ester. ['H]Glycerol (avg. sp act = 440 
dpm/pmol) or ["Cloleate (avg. sp act = 5.9 dpm/pmol) 
incorporation into triglycerides was measured. Cholesteryl 
ester was determined from the incorporation of [SH]ace- 
tate (avg. sp act = 105 dpm/pmol) or ["Cloleate (avg. sp 
act = 5.9 dpm/pmol). 
Cellular lipid mas of cholesterol, triglyceride, and cholesteryl 

ester were measured by HPTLC (high performance thin- 
layer chromatography) as modified from Wood, Cornwell, 
and Williamson (16). Briefly, dilutions of >99.9% pure lipid 
standards were applied to 20 x 20 an analytical 0.25-mm 
TLC plates in a volume of 5 pl containing 200-3200 ng 
triglyceride and 50-800 ng of cholesteryl ester and cholesterol. 
Samples of appropriate dilution and standards were sepa- 
rated in a solvent mixture of hexane-isopropylether-acetic 
acid 65:35:2 (v/v/v). Plates were dipped in 3% cupric acetate 
(w/v) in 8% phosphoric acid (v/v) and heated at 175OC 
for 15 min in an oven. Charred spots were read on a scan- 
ning densitometer (Helena Laboratories) at a wavelength 
of 410 nm and quantified against an internal standard of 
oleyl alcohol at 200 ng/5 p1 in every sample. 

HepG2 cells were incubated for 24 h with '*'I-labeled 
LDL under different experimental conditions and total "'I- 
labeled LDL catabolism was measured as the sum of cell- 
associated '*51-labeled LDL and 1P51-labeled LDL degra- 
dation products in the medium. Cell-associated L*51-labeled 
LDL was determined by counting an aliquot of the solu- 
ble cell protein dissolved in 0.1 N NaOH. LDL degrada- 
tion products in the medium were measured after pnxipitation 
of remaining LDL with 10% trichloroacetic acid with 1 
mg/ml bovine serum albumin as carrier protein, followed 
by precipitation of free iodine with 1.7% AgNOJ as previ- 
ously described (12). 
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Protein and apoprotein quantitation 
Cell protein was measured by the method of Bradford 

(17) using BSA as a standard. Apoprotein B and A-I con- 
Centrations in the medium were measured by sandwich enzyme- 
linked-immunoassay by the method of Young et al. (18) using 
a standard curve of 0.025-0.400 pg/ml of apoB. All results 
are the average of triplicate determinations for each ex- 
periment and are expressed per mg cell protein f stan- 
dard error of the mean (SEM). Significance was measured 
by paired Student's T-test between the test value and the 
control value. An individual control was run for each ex- 
periment. 

RESULTS 

Since the rate of triglyceride synthesis by HepG2 cells 
is known to be a function of the fatty acid concentration 
of the medium (6, 7), the object of the first series of ex- 
periments was to determine whether cholesteryl ester syn- 

This was tested in two ways: first, by increasing the con- 
centration of oleate in the medium, and second, since ASP 
has previously been shown to be a potent stimulant oftriglycerde 
synthesis in fibroblasts and adipoqtes (13), by adding acylation 
stimulating protein (ASP) to the medium. 

The effects of altering the concentration of oleate in the 
medium are shown in Fig. 1. Oleate concentration was inmased 
up to 1 mM oleate complexed to BSA. Triglyceride synthesis 
was measured using [3H]glycerol as radioactive tracer (avg. 

thesis increased concurrently with i n m a d  triglyceride Synthgis. 

nmol /mg cell proteln 
5 

" 
0 0.2 0.4 0.6 0.8 1 

[OLEATE] mM 

sp act = 440 dpm/pmol) while synthesis of cholesteryl es- 
ter was estimated f" ["Hlacetate incorporation into cholesteryl 
ester (avg. sp act = 105 dpm/pmol). Fig. 1A demonstrates 
the changes observed in triglyceride and cholesteryl ester 
synthesis after a 24-h incubation. Synthesis of both increased 
significantly in a concentration-dependent manner (P < 0.05). 
At a concentration of 1 mM oleate, triglyceride synthesis, 
cholesteryl ester synthesis, and apoB secretion were still in- 
creasing. Nevertheless, the increase in triglyceride (almost 
6-fold) was substantially greater than that observed for 
cholesteryl ester (almost %fold). In addition, secretion of 
both triglyceride and cholesmyl gter into the medium inmased 
although the amount of both secreted was about one-tenth 
that synthesized intracellularly (data not shown). The ef- 
fect of the concentration of oleate in the medium on the 
secretion of apoB and A-I is shown in Fig. 1B. ApoB secretion 
increased 2.5-fold (P < 0.0125) at 1 ~ l l ~  oleate whaeas apoA-I 
secretion did not change. Thus, by increasing oleate con- 
centration in the medium, directionally identical changes 
in intracellular synthesis and secretion of triglyceride and 
cholesteryl ester and secretion of apoB were observed. 

Fig. 2 presents the time-dependence of the effect of fat- 
ty acid on the synthesis and secretion of lipoproteins in the 
presence and absence of oleate. The control medium con- 
tained 1% fatty add free BSA while the other was supplemented 
with 825 pM oleate complexed to 1% BSA (molar ratio of 
5:l). At all time points assayed, Le., from 4 to 24 h, sub- 
stantially more apoB was secreted into the oleate-enriched 
medium (P < 0.01). There was a wide range in the con- 
centration of apoB measured in the fatty acid-supplemented 

a/ml/mg cell proteln 

R 

0 0.2 0.4 0.6 0.8 1 

[OLEATE] mM 

Fig. 1. Triglyceride and cholesteryl ester synthesis and apoB and apoA-I secretion. Cells were incubated in 0-1 mM o1eate:BSA (molar ratio 5:l) 
for 24 h (n = 4 experiments). Panel A: ['H]glycerol incorporation into cellular triglyceride ( + ) and ['Hlacetate incorporation into cellular cholesteryl 
ester (the latter x 10) (I?) are expressed as nmollmg cell protein f SEM. Panel B: medium apoB (0) and a p d - I  (*) are expressed as ,ug/ml per 
mg cell protein f SEM. (* P < 0.05; * * P < 0.0125). 
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APO B (ug/ml/mg cell protein) 
6 I 

0 5 10 15 20 25 

TIME (hours )  
Fig. 2. ApoB secretion in oleate medium versus basal medium. Cells 
were incubated in 825 PM o1eate:BSA (molar ratio 5:l) medium or 1% 
BSA alone (basal medium) for 4 to 24 h (n = 4 experiments). ApoB in 
oleate (0) versus basal (*) medium is expressed as average ,ug/ml per mg 
cell protein f SEM. (t P < 0.01 at all time points). 

medium (avg. 4.8 f 1.1 pg/ml per mg cell protein, range 
2 to 7.5 pg/ml per mg cell protein) from one experiment 
to the next. However, in each experiment, the concentra- 
tion of apoB in the fatty acid-supplemented medium was 

nmol /mg cell proteln 
3.5 

0.5 'I 
0 

[ASP] ug/ml 

significantly higher than in the paired control dishes. Though 
not shown, triglyceride and cholesteryl ester synthesis and 
secretion into the medium also increased significantly over 
time in the oleate medium as compared to the control. By 
contrast, the rate at which apoA-I was secreted into the 
medium was unaltered by addition of oleate to the medi- 
um (data not shown). 

Next the effect of ASP was investigated. In these experiments, 
ASP was added to the medium in concentrations from 20 
to 50 pg/ml at a constant oleate concentration of 825 p M  
complexed to 1% BSA at a molar ratio of 5 3 ,  and ["Cloleate 
(avg. sp act = 5.9 dpm/pmol) incorporation into triglyceride 
and cholesteryl ester was measured. Fig. 3A demonstrates 
that ASP caused triglyceride synthesis to increase by 58% 
(P < 0.0125). Triglyceride secretion also increased (117%, 
P < 0.05). Note that essentially identical results were ob- 
tained using either ['H]glycerol or ["Cloleate as tracer to 
estimate triglyceride synthesis (data not shown). Cholesteryl 
ester synthesis and secretion also increased (108% and 70%, 
respectively, P < 0.05 at the highest concentration of ASP), 
Moreover, ASP provoked a substantial increase in the amount 
of apoB secreted into the medium; the amount secreted 
rose by 50%, P < 0.0025 (Fig. 3B). By contrast, no effect 
was observed on apoA-I release into the medium. The ef- 
fect of ASP was in addition to the stimulatory effect of the 
oleate alone. Again therefore, concordance was demonstrated 
amongst the changes induced by ASP in that cholesteryl 
ester and triglyceride .synth& and Secretion and apoB SeCTrtion 
all rose in parallel. 

ug/ml/mg cell protein 

l2 I 

* t  
0 
0 5 10 15 20 25 30 35 40 45 50 55 60 

[ASP] ug/ml 

Fig. 3. Effect of ASP on intracellular lipid synthesis and apoprotein secretion. Cells were incubated with 0 to 50 pg/ml ASP in 825 PM ["Clole- 
ate:BSA (molar ratio 5:l) for 24 h (n = 10 experiments). Panel A: cellular [14C]triglyceride ( + ) and cellular ["CJcholesteryl ester (the latter x 40) 
(0) expressed as nmol/mg cell protein f SEM. Panel B: medium apoB (0) and apoA-I (*) are expressed as ,ug/ml per mg cell protein f SEM. 
(t P < 0.05; t t P < 0.0125; * t * P < 0.0025). 
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0 0.2 0.4 a6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2 
[LOVASTATI N] uM [LOVASTATIN] uM 

Fig. 4. Effect of lovastatin on intracellular lipid synthesis and apoprotein secretion. Cells were incubated with 0-1 p~ lovastatin in 825 p~ ['4C]ole- 
ate:BSA (molar ratio 5:l) for 24 h (n = 10 experiments). Panel A: cellular ["C]triglyceride ( + ) and cellular ["C]cholesteryl ester (the latter X 40) 
(0) expressed as nmol/mg cell protein f SEM. Panel B: medium apoB (0) and apoA-I (*) are expressed as pg/ml per mg cell protein * SEM. 
(* P < 0.05: t * P < 0.0025). 

In the next series of experiments, we attempted to dis- 
sociate the changes in triglyceride and cholesteryl ester synthesis 
to determine which, if either, was directly associated with 
changes in apoB secretion. Four agents were used: lovastatin, 
2-bromooctanoate, progesterone, and 58-035. The goals 
were to inhibit cholesterol synthesis and so reduce cholesteryl 
ester synthesis (lovastatin) (19); to reduce triglyceride syn- 
thesis with little impact on cholesteryl ester synthesis 
(2-bromooctanoate) (20); or, finally, to inhibit cholesteryl 
ester synthesis (progesterone and 58-035) (21, 22). In all 
cases, the cells were incubated in 825 pM ["C]oleate medium 
with the various additions for 24 h (avg. sp act = 5.9 
dpm/pmol). 

The results obtained when lovastatin, an HMGCaA reduaase 
inhibitor, was added to cells incubated in 825 pM ["Cloleate 
medium are shown in Fig. 4. Over this range of concen- 
trations, no effect on triglyceride synthesis was observed; 
however a dramatic decline in cholesteryl ester synthesis 
occurred (45% decrease at 1 pM lovastatin, P < 0.0025) 
a change that was associated with a significant reduction 
(25%, P <0.05 ) in apoB secretion into the medium. Again 
there was no effect on apoA-I secretion. In this instance, 
thedore, intracellular triglyceride and cholesteqd ester synthesis 
were dissociated and the changes in apoB were direction- 
ally similar to those of cholesteryl ester and not triglycer- 
ide. In contrast, in basal medium unsupplemented with 
oleate, lovastatin had no effect on apoB secretion: 2.1 f 2 
basal versus 2.4 f 3 pg/ml per mg cell protein with 1 p M  
lovastatin (e not significant). 

2-Bromooctanoate has been reported to inhibit triglyceride 
synthesis without effect on synthesis of other lipid classes 
(20). However, under the present experimental conditions, 
incubation uf the HepG2 cells with 0.8 p M  2-bromoactanoate 
resulted in simultaneous decreases in intracellular triglyceride 
(- 18%) and cholesteryl ester (- 53%) with parallel changes 
in apoB concentration in the medium (- 31%). 

Progesterone has been reported to inhibit cholesteryl ester 
synthesis and not triglyceride synthesis in fibroblasts (21). 
The results obtained when progesterone (30 p ~ )  was ad- 
ded to the oleate medium are shown in Table 1. Parallel 
decreases were observed in all three parameters of primary 
i n m t :  intracellular triglyceride, cholesmyl ester, and secreted 
apoB. Thus the addition of 2-bmooctanoate and pmpterone 
produced parallel, and simultaneous, decreases in triglyceride 
and cholesteryl ester synthesis and apoB secretion. 

TABLE 1. Effect of progesterone on apoB secretion 

Progesterone 

Without With 

x 
CE 
ApoB 
APOA-I 

4.00 (1.00) 2.68 (0.25) 
0.063 (0.021) 0.041 (0.004) 

5.15 (0.08) 3.83 (0.23) 
3.40 (0.70) 3.5 (0.20) 

Cells were incubated without and with 30 pM progesterone in 825 pM 
["C]oleate:BSA (molar ratio 5:l) for 24 h (n = 5 experiments). Cellular 
[l'C]triglyceride and ["C]cholesteryl ester are expressed as nmol/mg cell 
protein ( * SEM) and medium apoB and apoA-I concentrations are ex- 
pressed as pg/ml per mg cell protein ( f SEM). 
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nmol/mg cell protein ug/ml/mg cell protein 

' I 8  

0'  
0 1 2 3 4 5 6 0 1 2 3 4 5 6 

[58-0351 ug/ml [58-0351 ug/ml 

Fig. 5. Effect of compound 58-035 on intracellular lipid synthesis and apoprotein secretion. Cells were incubated with 0-5 pg/ml compound 58-035 
in 825 p~ ["C]oleate:BSA (molar ratio 5:l) for 24 h (n = 4 experiments). Panel A: cellular ["Cltriglyceride ( + ) and cellular ["C]cholesteryl ester 
(the latter X 40) (U) are expressed as nmol/mg cell protein f SEM. Panel B: medium apoB (0) and apoA-I (*) are expressed as pg/ml per mg 
cell protein i SEM. (* * P < 0.005). 

Finally, the effect of addition of a specific inhibitor of 
acyl CaA:cholesterol a c y 1 t x " w  (m), compound 58-035 
(22), to the oleate medium was determined. These results 
are shown in Fig. 5. Over the concentration range of 58-035 
examined (i.e., from 0 to 5 pg/ml), cholesteryl ester syn- 
thesis and apoB d o n  both declined, a decline that o c m  
in the face of a net increase in intracellular triglyceride 
synthesis. The maximal decline in cholesteryl ester synthesis 
was 59% (P < 0.005), in apoB d o n  was 25% (P < 0.005), 
while the net increase in triglyceride synthesis was 65% 
( E  NS). 

To validate the estimates of lipid synthesis derived from 
the radioactive tracers, the absolute mass of the relevant 
lipids (cholesteryl ester and triglyceride) was also measured 
by HFTLC under the same experimental conditions. As 
shown in Table 2, the directional changes in mass of tri- 

glyceride and cholesteryl ester are identical to the changes 
in synthesis of triglyceride and cholesteryl ester determined 
by radioactive tracer. 

In Fig. 6, the changes in apoB secretion are compared 
to the changes in triglyceride and cholesteryl ester synthe- 
sis in the presence of 825 p~ oleate medium with the var- 
ious additions (Fig. 3-5 and Table 1). There is no sigmfkant 
correlation between triglyceride synthesis and apoB con- 
centration (7  = 0.137 e NS). By contrast, a strong corre- 
lation between cholesteryl ester synthesis and apoB secretion 
exists ( T  = 0.928, P < 0.0005). 

The decrease in medium apoB concentration observed 
in the experiments with lovastatin and 58-035 could, of 
course, be due to increased uptake of secreted apoB by the 
HepG2 cells rather than decreased secretion. Conversely, 
the increase in apoB concentration in the medium sup- 

TABLE 2. Effect of media additions on triglyceride and cholesteryl ester mass 

n; CE 

Addition Measured" Change Measured' Change 

1% BSA basal 4.25 (0.59) 0.77 (0.18) 

+ 825 p~ Oleate + 

+ 825 p~ Oleate + 

+ 825 p~ Oleate 16.13 (1.17) + 279% 0.95 (0.24) + 23% 

1 PM lovastatin 13.61 (0.86) - 15% 0.57 (0.14) - 40% 

5 pg/ml 58-035 13.67 (0.70) - 15% 0.46 (0.14) - 51% 

Cells were incubated for 24 h in the presence of the indicated additions. Triglyceride and cholesteryl ester mass 

'nmol/mg cell protein ( i SEM). 
were measured by HPTU: as described in Methods. 
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MEDIUM APOB (% OF CONTROL) 

120 

20 401 r=  0.137 
p N.S. 

0' I 
0 60 100 160 200 

CELL TG (% OF CONTROL) 

from the medium did not change by more than 20% at 
all oleate concentrations up to 1 mM with either 1 */ml 
or 5 pg/ml of medium '2'I-labeled LDL apoB. This was 
the case for both c e l l - d a t e d  LDL apoB and the degraded 
apoB in the medium. 

The same agents used to examine modifications in apoB 
production were also examined for an effect on '261-labeled 
LDL removal. ASP, lovastatin, progesterone, bromooctanoate, 
and 58-035 were added to the cells in the presence of 825 
p~ oleate and the amount of '461-labeled LDL that was 
cell-associated or degraded was measured after a 24-h in- 
cubation. Lovastatin increased the LDL apoB uptake and 
degradation slightly (18%, not significant) whereas none 
of the other additions had any effect on 'P611-labeled LDL 
apoB uptake and degradation (Fig. 8). About 50% of the 
'P51-labeled LDL catabolized was present as degradation 

20 '9 r =  0,928 
p<0.0005 

0' I 

CELL CE (% OF CONTROL) 
0 60 100 160 200 260 

Fig. 6. Correlation of medium apoB with intracellular triglyceride and 
cholesteryl ester. The data from Figs. 3-5 and Table 1 were integrated. 
Each value is expressed as a percentage of the control value which is taken 
as 100%. Upper panel: % change in medium apoB versus % change in 
intracellular triglyceride (T = 0.137; not sigruficant). Lower panel: 7% change 
in medium apoB concentration versus '% change in intracellular cholesteryl 
ester ( r  = 0.928; P < 0.0005). 

plemented with oleate or ASP could be the result of a decrease 
in LDL removal from the medium. LDL could be removed 
either via the receptor specific pathway or via nonspecific 
association with the HepG2 cells. For this reason, the removal 
of LDL by HepG2 cells under these experimental condi- 
tions was investigated in two ways. 

First, the effect of oleate concentration on LDL uptake 
and degradation was investigated in the presence of two 
concentrations of '"I-labeled LDL apoB in the medium. 
Concentrations of 1 pg/ml and 5 pg/ml were chosen since 
they represented the average amount of apoB present in 
the medium after 24 h of incubation in the absence and 

the presence of 825 pM oleate (1.84 f 0.38 and 5.37 f 1.20 
pg/ml per mg cell protein, respectively). As shown in Fig. 
7, the overall amount of "'I-labeled LDL apoB removed 

ug apoB/ mg cell protein 

1.2 

0.2 IErZ  0 a2 a4 0. e 0.8 1 

[OLEATE] mM 

ug apoW mg cell protein 
3.6 

o'6 0 0 5 a2 a4 a0 0.8 1 

[OLEATE] mM 
Fig. 7. Effect of oleate on "II-labeled LDL degradation. Cells were in- 
cubated with 1 a/ml (upper panel) or 5 pg/ml (lower panel) of 1*51-labeled 
LDL apoB with increasing concentrations of o1eate:BSA (molar ratio 5:l) 
for 24 h (n = 4 experiments). Cell-miated (*), degraded (0). and total 
(0) "51-labeled LDL B are expressed as pg/mg cell protein f SEM, where 
total LDL apoB removed is the sum of cell-associated and apoB degra- 
dation products in the medium. 
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Fii. 8. Efhrt of lovastatin, 58-035, and ASP on 1p51-labeled LDL degradation. 
Cells were incubated with 1 &/ml (upper panel) or 5 pg/ml (lower panel) 
of '451-labeled LDL apoB with 825 PM o1eate:BSA (molar ratio 5:l) for 
24 h (n = 4 experiments). Lovastatin (*) maximum concentration 1 p ~ ,  
58-035 (0) maximum concentration 5 pg/ml, and ASP (0) maximum 

tion increased after a fatty acid challenge (5-9), no cor- 
responding change in apoB mRNA levels that might have 
mediated this increase was demonstrated, suggesting that 
post-transcriptional control existed (8, 9). The present study 
was designed to test one specific model of such control, 
namely that synthesis of cholesteryl ester in the rough en- 
doplasmic reticulum is a key event coordinating the secre- 
tion of apoB in response to increased triglyceride synthesis 
in the smooth endoplasmic reticulum. 

The rate of triglyceride synthesis in the smooth endo- 
plasmic reticulum is a function of the rate of delivery of 
the key substrates, fatty acids, and glycerol-3-phosphate, 
and the activity of the series of enzymes involved in its syn- 
thesis. The rate of cholesteryl ester synthesis in the rough 
endoplasmic reticulum is, in turn, a function of the con- 
centration of substrates, free cholesterol, and fatty acid, 
and the activity of the enzyme, AUT. Moreover, it should 
also be noted that apoB is itself acylated (Z3,24), and therefore, 
this process as well could be affected by the level of the 
fatty acid precursor pool. 

It was anticipated that increased influx of fatty acid into 
the cell would result in increased synthesis of both trigly- 
ceride and cholesteryl ester. Our experimental results demon- 
strate this to be the case. As extracellular oleate concentration 
was increased, intracellular triglyceride synthesis and choles- 
teryl ester synthesis increased pari passus. At the same time, 
secretion of apoB increased as well. As noted previously 
(7, 8), although there was considerable variability from one 
experiment to the next, apoB concentration from the cells 
incubated in the presence of oleate always increased sig- 
nificantly as compared to the concurrent control within 
each experiment. Furthermore, incubation of the cells with 
ASP, a plasma protein that markedly enhances triglycer- 
ide synthesis in adipose tissue and fibroblasts (13), also en- 
hanced triglyceride and cholesteryl ester synthesis in the 

concentration 50 pg/ml were added in increasing concentrations. Results 
are expressed as total LDL catabolized in pg/mg cell protein f SEM where 

HepG2 cells, and in so doing, resulted in the Same 

total LDL apoB removed is the sum of cell-wociated and apoB degra- come* increased apoB concentration' Thus the first 
dation products in the medium. Data for bmmooctanoate and progesterone ment of the hypothesis, namely that increased fatty acid 
not shown (see text). 

products in the medium while the remaining was present 
as 1251-labeled cell-associated LDL apoB. Similarly, there 
was no effect when these were examined individually. It 
should be noted that the maximal decreases in apoB mass 
accumulation in the medium with the lipid inhibitors were 
substantially greater than the total amount of '451-labeled 
LDL apoB catabolized during the same time period. 

DISCUSSION 

The mechanisms that regulate the synthesis and secre- 
tion of apoB particles by the liver have so far remained 
obscure. In studies of HepGZ cells from which apoB secre- 

entry into the hepatocyte would result in concurrent in- 
creases in cholesteryl ester and triglyceride synthesis and 
apoB accumulation in the medium, was validated. 

The amount of apoB in the medium, however, represents 
the balance between cellular secretion and removal from 
the medium. An increase in medium apoB could be due 
either to an increased production or decreased removal. 
In these experiments, there was no effect on overall lZ5I- 
labeled LDL apoB uptake and catabolism at a high con- 
centration of LDL apoB (5 pg/ml) and only a marginal 
effect at a lower concentration of LDL apoB (1 ,ug/ml). 
These results are similar to previous findings with pulse 
chase studies (7). Moreover, Fuki et al. (25) demonstrated 
a decrease in 1*51-labeled LDL binding with increasing oleate 
concentration, but the decrease in binding was not suffi- 
cient to account for the oleate-induced increase in apoB 
in the medium. 
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Altered catabolism cannot account, therefore, for the 
degree to which the apoB inmased in the medium. Mor", 
under all subsequent experimental conditions, where there 
was a change in apoB concentration (that is with the ad- 
dition of ASP, lovastatin, or 58-035 to an oleate-containing 
medium), there was no effect on '*51-labeled LDL apoB 
removal from the medium. Finally, it must be noted that 
these estimates of catabolism were based on LDL isolated 
from normal human plasma. Since it has been recently re- 
ported that there is little or no interaction of newly secreted 
apoB-containing lipoproteins with HepG2 cells, the influence 
of catabolism on apoB concentration in the medium might 
be even less than is suggested by our results (25, 26). 

The second serig of experiments were undertaken to attempt 
to dissociate the effects of triglyceride and cholesteryl es- 
ter on apoB secretion. The d t s  obtained with progesterone 
and 2-bromooctanoate were disappointing in that, contrary 
to previous reports, neither agent was selective in its inhi- 
bition of lipid synthesis with regard to triglyceride and cho- 
lesteryl ester. Progesterone, which has been shown to inhibit 
cholesteryl ester synthesis but not triglyceride synthesis in 
fibroblasts (21), inhibited both in our HepGZ cells. Simi- 
larly, 2-bromooctanoate has been reported to inhibit trigly- 
ceride synthesis selectively in primary rat hepatocytes (ZO), 
but again, this did not appear to be the case in the HepGZ 
cells. The reasons for these discrepancies, though, are not 
apparent to us. With both agents, synthesis of triglyceride 
and cholesteryl ester decreased, as also did secretion of 
apoB, again a pattern of coordinate response. 

On the other hand, the results obtained with the specif- 
ic ACAT inhibitor, 58-035, and the HMG-CoA reductase 
inhibitor, lovastatin, appear to strongly support the hypothe- 
sis that cholesteryl ester synthesis might be a critical ele- 
ment regulating apoB secretion by hepatocytes. The data 
demonstrate that, in the presence of oleate, lovastatin reduced 
apoB secretion, diminished cholesteryl ester synthesis, but 
did not affect triglyceride formation. However, these ef- 
fects of lovastatin on apoB secretion were not seen in the 
absence of oleate, results that are consistent with those of 
Pullinger et al. (8) who also examined the effect of lovastatin 
on apoB secretion in HepG2 cells and found no change 
using a medium that did not contain oleate. 

Our results indicate that lovastatin decreases apoB secre- 
tion from oleate-supplemented HepGZ cells. These in vitro 
observations appear to complement the in vivo observa- 
tions of Arad, Ramakrishnan, and Ginsberg (27) since, in 
their study, it was shown that in patients with combined 
hyperlipidemia treated with lovastatin, apoB production 
decreased with no effect on LDL apoB fractional catabol- 
ic rate. Of greater interest, with regard to mechanism, was 
the observation that in the face of a fatty acid challenge 
in the presence of 58-035, triglyceride synthesis increased 
but cholesteryl ester synthesis decreased. Now, with direc- 
tionally opposite changes in intracellular synthesis of the 
two nonpolar lipids, apoB secretion diminished in parallel 

with the decrease in intracellular cholesteryl ester synthe- 
sis. In this regard, it should be noted that the importance 
of cholesteryl ester in the secretion of lipoprotein triglyceride 
has also been noted in intestinally derived CaCo-2 cells, 
although in these studies apoB levels in the medium were 
not determined (22). 

The principal limitation of this study- the use of HepGZ 
cells as surrogates for normal human hepatocytes - must, 
of course, be emphasized. Although HepGZ cells retain many 
of the biologic capacities of the normal hepatocyte such 
as the capacity to synthesize lipoproteins (5-9), they are 
transformed cells, and premature generalization to the nor- 
mal cell in situ must be avoided. In addition, only apoB 
secretion into the medium and not apoB synthesis was mea- 
sured. Moreover apoB mRNA was not quantitated, although, 
to date, in all studies of apoB synthesis, whether of apoB-100 
synthesis in the liver or of apoB-48 synthesis in the intes- 
tine, no evidence has yet appeared pointing to transcrip- 
tional regulation (8, 9, 28). On the contrary, all such studies 
have been interpreted as consistent with post-transcriptional 
regulation of apoB synthesis. 

It is a biologic truism, though nonetheless vital, that cells 
strictly regulate their intracellular free cholesterol content. 
Free cholesterol can be inserted within phospholipid bilayers 
but the capacity to do so is limited. Excess cholesterol wi- 
thin the cell is esterified to cholesteryl ester, and as a con- 
sequence, because of its extreme nonpolarity, the product 
can no longer remain within the bilayer (29). In the case 
of the hepatocyte, cholesteryl esterification takes place in 
the rough endoplasmic reticulum as does synthesis of apoB 
(10). It seems possible, therefore, that cholesteryl ester, as 
it is synthesized in the bilayer, and then extruded from it, 
might be inserted between the newly synthesized apoB in 
the membrane and the membrane of the rough endoplas- 
mic reticulum, detaching the apoB and initiating its pas- 
sage through the cell, first to the smooth endoplasmic 
reticulum where triglyceride is added, and then, eventu- 
ally, to the Golgi apparatus, after which it is finally secret- 
ed from the cell. Such a model is, we believe, consistent 
with the experimental observations presented in this study. 
It is also consistent with previous morphologic observations 
(30) and the observations made by Borchardt and Davis 
(31) that suggest that movement of apoB out of the endo- 
plasmic reticulum is the rate-limiting step in secretion of 
lipoprotein. 

The fact that cholesteryl ester synthesis within the liver 
is quantitatively much less than triglyceride synthesis in no 
way speaks against the potential validity of the model. More- 
over the model outlines a series of mechanisms that might 
underlie the increased apoB secretion noted in a variety 
of disorders. For example, significant reduction in ASP mep- 
tors in peripheral cells has been documented in a substan- 
tial proportion of patients with hyperapobetalipopmteinemia 
(12). This reduced capacity to form triglyceride in peripheral 
cells might then lead to increased influx of fatty acids to 
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the liver and increased apoB secretion by the route shown. 
Indeed the eduction in apoB levels due to decreased produc- 
tion of hepatic apoB particles observed after lovastatin 
therapy in patients with combined hyperlipidemia (27) and 
hyperapobetalipoproteinemia (32) might result from the 
mechanisms deduced from this study. Similarly the increased 
apoB secretion that has been documented in cholesteryl 
ester storage disease (33) and betasitosterolemia (34), as 
well as the increased plasma apoB levels documented in 
cholestanolosis (35), might relate to increased synthesis of 
the relevant sterol ester within the liver. Much beyond this, 
the present data suggest a model that intertwines lipid and 
protein secretion within the cell, a connection which itself 
is of note, so far as it may account for control of the secre- 
tion of hepatic apoB lipoproteins. I 
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