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Abstract In this study, we explored the paradox that in
suckling rats the serum concentration of LDL is high al-
though the liver secretes only minimal quantities of VLDL,
the presumed precursor of LDL. Freshly isolated hepato-
cytes and hepatocytes in primary culture obtained from
adult (90 days old) and suckling (17 days old) rats were used
to investigate the synthesis and secretion of apolipoprotein
B (apoB) and lipids as well as the density profile of secreted
apoB-containing lipoproteins. Furthermore, the effects of
dexamethasone and oleate on apoB biogenesis were investi-
gated in primary cultures of hepatocytes from adult and
suckling rats. Hepatocytes from suckling rats were unable to
assemble mature VLDL but secreted apoB as primordial
lipoprotein particles in the LDL-HDL density range. Intra-
cellular degradation of apoB was also reduced in hepato-
cytes from suckling rats compared with that in hepatocytes
from adults. The immaturity in VLDL assembly and apoB
degradation of hepatocytes from suckling rats could be
overcome by treating the cultures with dexamethasone plus
oleate or dexamethasone alone. The lower microsomal tri-
acylglycerol transfer protein (MTP) mRNA concentrations in
hepatocytes from suckling rats in comparison with hepato-
cytes from adult rats were not reflected in lower MTP activity
levels. Furthermore, dexamethasone plus oleate treatment
had no effect on MTP activity although VLDL assembly and
secretion were clearly stimulated.  We conclude that, dur-
ing the suckling period of the rat, serum LDL is directly
produced by the liver. This is a result of impaired hepatic
VLDL assembly, which is a consequence of low triglyceride
synthesis and an inefficient mobilization of bulk lipids in
the second step of VLDL assembly.

 

—Plonné, D., H-P.
Schulze, U. Kahlert, K. Meltke, H. Seidolt, A. J. Bennett, I. J.
Cartwright, J. A. Higgins, U. Till, and R. Dargel.
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Throughout postnatal development rats undergo dra-
matic changes in their nutritional and hormonal state.
During the suckling period the high fat, low carbohydrate

 

diet is accompanied by high glucagon and low insulin and
glucocorticoid plasma levels (1). At the time of weaning
the nutrition becomes poor in fat and rich in carbo-
hydrates, which is associated with an increase in the insulin/
glucagon ratio and the glucocorticoid concentration (2–
8). In parallel, remarkable changes occur in lipid and
lipoprotein metabolism. During suckling most of the fatty
acids taken up as triglycerides with the milk are directed
into 

 

b

 

-oxidation and ketogenesis for energy production
whereas hepatic lipogenesis is generally low (8–11) due to
low gene expression of lipogenic enzymes (12). In spite of
substantially reduced hepatic triglyceride synthesis, livers
of sucklings contain large amounts of triglycerides (13)
but secrete only minimal quantities of VLDL, so that
nearly all triglycerides in plasma are of intestinal origin
(14–16). On the other hand, apart from the decreased
hepatic apolipoprotein B-48 (apoB-48) production, be-
cause of the lower apoB mRNA editing in the liver of suck-
lings (17–20) the synthesis and secretion of apoB-100, the
main structural component of VLDL, is the same in hepa-
tocytes from suckling and adult animals (16). The differ-
ent metabolic situations in suckling and adult rats are also
reflected by different serum profiles of apoB-containing
lipoproteins. During the suckling period, serum VLDL
apoB concentrations are about four times lower, whereas
the LDL apoB concentrations are 4- to 5-fold higher than
in adult animals (20–22). The high concentration of LDL
in suckling rat serum raises the question of the origin of
this lipoprotein at that period of development. Because
of the low hepatic VLDL secretion and the predominant
production of apoB-48 by the intestine it seems unlikely
that the LDL fraction arises from triglyceride-rich lipopro-
teins, but rather implies their direct hepatic secretion.

 

Abbreviations: MTP, microsomal triacylglycerol transfer protein;
SER, smooth endoplasmic reticulum.
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This hypothesis is supported by the fact that the visceral
yolk sac of the rat (23–26) and Hep-G2 cells (27, 28),
both of which have low triglyceride synthesis or availabil-
ity, secrete apoB as lipoprotein particles in the LDL but
not in the VLDL density range. However, the pattern of
apoB-containing lipoproteins secreted by livers of suck-
ling rats is unknown and neither is its hormonal and met-
abolic regulation.

In the present study we have grown hepatocytes from
suckling rats (17 days old) and adult rats (90 days old) in
suspension culture and in primary culture, and used them
to investigate the production and secretion of apoB-
containing lipoproteins at these two typical stages of devel-
opment. Even though hepatocytes in suspension culture
might reflect the in vivo metabolic conditions with suffi-
cient accuracy they do have limitations. Freshly isolated
cells can only be used for up to 2 h with good viability.
They can neither generate cell-cell contacts nor attach to
an extracellular matrix, both of which are important for
normal hepatocellular function. We have therefore car-
ried out most experiments on primary cultures and con-
firmed the results as far as possible, using freshly isolated
hepatocytes in suspension. Our experiments demon-
strated that without additives hepatocytes from suckling
rats do not produce VLDL particles but secrete apoB in
the LDL-HDL density range because of immature apoB as-
sembly. Only after addition of both oleic acid and dexa-
methasone to the culture medium do hepatocytes from
suckling animals secrete apoB in the VLDL density range,
similar to hepatocytes prepared from adult rats.

MATERIALS AND METHODS

 

Materials

 

l

 

-[

 

35

 

S]methionine (370 MBq/ml; 37 TBq/mmol), [

 

a

 

-

 

32

 

P]UTP
(3,000 Ci/mmol), Hyperfilm-MP, and Amplify were from Amer-
sham Buchler (Braunschweig, Germany). [

 

3

 

H]glycerol (7.4
GBq/mmol) and [

 

3

 

H]mevalonolactone (740 GBq –1.48 TBq/
mmol) were from NEN Life Science Products (Boston, MA). Wil-
liams’ medium E as a powder medium, leupeptin, and fatty acid-
free BSA were from Serva (Heidelberg, Germany). Aprotinin was
from Fluka (Berlin, Germany). DNase and tRNA were from Boeh-
ringer Mannheim (Mannheim, Germany). Collagenase (Worth-
ington type CLS) was from Seromed Biochrom KG (Berlin, Ger-
many). Soluene 350 was obtained from Packard (Groningen, The
Netherlands). All other chemicals were of analytical grade. Anti-
rat apoB antiserum was prepared as described (29), using puri-
fied serum LDL from fetal rats (23).

 

Animals

 

Suckling (17-day-old) and adult (90-day-old) Wistar rats of the
strain Han-Wist were used for all experiments. Adult rats were
housed under standard conditions and fed a standard laborator y
chow diet (Altromin, Lage, Germany) with drinking water ad
libitum. Suckling rats were allowed free access to maternal milk
until they were used for hepatocyte preparation.

 

Isolation and culture of rat hepatocytes

 

Hepatocytes from adult and suckling rats were isolated by a
collagenase digestion method according to Seglen (30) as modi-
fied by Zimmermann et al. (31). Generally, after isolation the vi-

ability of the hepatocytes was higher than 85% as measured by
the trypan blue exclusion test. After isolation the hepatocytes
were used either in suspension culture or in primary culture.

For suspension culture, 25 

 

3

 

 10

 

6

 

 freshly isolated hepatocytes
were resuspended in 5 ml of Williams’ medium E supplemented
with 1.2% BSA, 25 mM NaHCO

 

3

 

, and gentamicin (50 

 

m

 

g/ml)
and incubated with gentle shaking at 37

 

8

 

C under a 95% O

 

2

 

/5%
CO

 

2

 

 atmosphere for a maximum of 2 h.
For primary culture, hepatocytes were resuspended at a den-

sity of 0.75 

 

3

 

 10

 

6

 

 cells/ml (suckling rats) or 0.45 

 

3

 

 10

 

6

 

 cells/ml
(adult rats) in Williams’ medium E supplemented with 10% fetal
calf serum (FCS), 25 mM NaHCO

 

3

 

, and gentamicin (50 

 

m

 

g/ml).
Two milliliters of the cell suspension was plated in collagen-
coated 35-mm plastic culture dishes and maintained at 37

 

8

 

C in a
water-saturated atmosphere of 95% air and 5% CO

 

2

 

. After 2 h,
the plating medium and nonadherent cells were aspirated from
each plate and replaced with 1.5 ml of feeding medium [Wil-
liams’ medium E supplemented with 10% FCS, 0.6% BSA (fatty
acid free), 25 mM NaHCO

 

3

 

, and gentamicin (50 

 

m

 

g/ml) and, if
indicated, with 0.4 mM oleate and/or 100 nM dexamethasone].
The cultures were used for experiments 24 h after plating.

 

Experiments with hepatocytes in suspension culture

 

To radiolabel secreted apoB-100 and apoB-48, 5 ml of the
hepatocyte suspension was incubated with 25 

 

m

 

l of [

 

35

 

S]-
methionine (10 MBq). After 2 h of incubation, the medium was
obtained by centrifugation; EDTA (2.5 mM), leupeptin (0.1
mM), and aprotinin (0.2 mM) were added and the density of the
medium was adjusted to d 

 

5

 

 1.21 g/ml by addition of solid KBr.
The incorporation of [

 

35

 

S]methionine into secreted apoB and
the density profile of the secreted lipoproteins were determined
as described previously (26).

To determine synthesis of triglycerides or cholesterol and cho-
lesteryl esters 1 mM [

 

3

 

H]glycerol or 0.1 mM [

 

3

 

H]mevalonolac-
tone, respectively, was added to the medium. After a 2-h incuba-
tion, lipids in cells and media were extracted by the method of
Folch, Lees, and Stanley (32). Triglycerides, cholesteryl esters,
and free cholesterol were separated by TLC, using the solvent
system hexane–diethyl ether–glacial acetic acid 81:17:2 (v/v/v).
The spots were visualized with iodine vapor and scraped off, and
the radioactivity was measured by 

 

b

 

 counting. As was proven
in prior experiments the incorporation of [

 

35

 

S]methionine,
[

 

3

 

H]glycerol, and [

 

3

 

H]mevalonolactone into apoB, or lipid, was
linear over the 2-h incubation period (data not shown).

 

Experiments with hepatocytes in primary culture

 

For incorporation studies, the medium was changed to Wil-
liams’ medium E without methionine (for apoB) or with me-
thionine (for lipids) containing 1.2% BSA, 25 mM NaHCO

 

3

 

, and
gentamicin (50 

 

m

 

g/ml) and 0.4 mM oleate and/or 100 nM dexa-
methasone was added as indicated. To radiolabel apoB, cells
were incubated with 5 

 

m

 

l of [

 

35

 

S]methionine per ml of medium
for 4 h and the cells and media were separated by centrifugation.
Radioactivity incorporated into apoB-100 and apoB-48 was deter-
mined by immunoprecipitation, as described by Sparks and
Sparks (33) followed by SDS-PAGE. After autoradiography the
apoB-100 and apoB-48 bands were excised from gels and the
radioactivity was measured as described in Plonné et al. (26).
The density profile of secreted newly synthesized apoB-100 and
apoB-48 was analyzed with 4 ml of medium, as described above
for cells in suspension culture.

To monitor the intracellular degradation of newly synthesized
apoB-100 and apoB-48 hepatocytes were preincubated for 30
min in methionine-free medium followed by 20 min with
[

 

35

 

S]methionine. This “pulse” was followed by a “chase” initiated
by replacing the labeling medium with medium containing no
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radioactivity but 0.1 mM cold methionine. After 0, 1, 2, and 4 h
the medium was harvested, the cells were lysed, and apoB was
immunoprecipitated and analyzed after SDS-PAGE.

Determination of the synthesis and secretion of newly synthe-
sized triglycerides, free cholesterol, and cholesteryl esters was
the same as that described above for cells in suspension culture,
except that the incubation time was 4 h. As was proven in prior
experiments the incorporation of [

 

35

 

S]methionine, [

 

3

 

H]glycerol,
and [

 

3

 

H]mevalonolactone into apoB, or lipid, was linear over
the 4-h incubation period (data not shown).

 

Analysis of microsomal lipids

 

Total microsomes were prepared from livers of suckling and
adult rats, as described previously (34). Lipids were extracted
and separated by high performance TLC (HPTLC), and the
masses were determined by laser densitometry with a Camlab
(Cambridge, UK) densitometer (35, 36).

 

Immunoblotting

 

Homogenates or microsomes were mixed with reducing SDS
sample buffer to a final protein concentration of 1 

 

m

 

g/

 

m

 

l, boiled
for 5 min, and 20 

 

m

 

g of protein from each sample was separated
by SDS-PAGE on 4–20% gradient gels. The proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membrane and
blocked for 1 h followed by overnight incubation at 4

 

8

 

C with the
anti-apoB antiserum (1:500 dilution). The membranes were
washed and incubated with horseradish peroxidase conjugated
to goat IgG as secondary antibody (1:10,000 dilution). This was
detected with Western blotting Luminol reagent (Santa Cruz
Biotechnology, Santa Cruz, CA).

 

Isolation of total hepatic RNA and determination
of apoB and microsomal triacylglycerol
transfer protein (MTP) mRNA levels

 

Total hepatic RNA was extracted from livers, freshly isolated
hepatocytes, and primary culture hepatocytes from suckling and
adult rats by the guanidine thiocyanate method as described by
Chomczynski and Sacchi (37). A 275-bp fragment of rat apoB
cDNA (nucleotides 6512–6786) was cloned into the 

 

Hin

 

dIII

 

-
Eco

 

RI site of pCR Script SK

 

1

 

 (Stratagene, La Jolla, CA) to syn-
thesize the apoB RNA probes with [

 

a

 

-

 

32

 

P]UTP (3,000 Ci/mmol;
Amersham Buchler). RNA solution hybridization was performed
according to the protocol of the RNase protection assay system
from Promega (Madison, WI). MTP mRNA levels were quanti-
fied by RNase protection assay as previously described (38, 39).
Results were corrected for variation in the mRNA content of
total RNA samples by quantitation of poly(A) RNA, using
oligo(dT)

 

18

 

 hybridization (40). All mRNA values are expressed
as attomoles of mRNA per microgram of total RNA normalized
to 20 ng of poly(A) RNA per 

 

m

 

g of total RNA. Poly(A) RNA lev-
els were not found to differ significantly between samples taken
at different life stages.

 

MTP activity assay

 

The MTP activity was measured with a fluorometric MTP activ-
ity assay kit from Calbiochem (Calbiochem-Novabiochem, Bad
Soden, Germany) according to the manufacturer instructions.
Freshly isolated or harvested cultured hepatocytes were washed
three times with ice-cold PBS and finally sonicated in an appro-
priate volume of homogenization buffer [10 mM Tris (pH 7.4),
150 mM NaCl, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl fluo-
ride, leupeptin (20 

 

m

 

g/ml)]. Homogenate protein (100 

 

m

 

g) was
made up to 20 

 

m

 

l with homogenization buffer and combined
with 480 

 

m

 

l of assay buffer [10 mM Tris (pH 7.4), 150 mM NaCl,
2 mM EDTA] containing 10 

 

m

 

l of donor molecule and 10 

 

m

 

l of
acceptor molecule. In addition, a blank sample was prepared

containing 20 

 

m

 

l of homogenization buffer instead of the sam-
ple. After incubation for 5 h at 37

 

8

 

C the fluorescence intensity
was measured (excitation, 465 nm; emission, 535 nm) and the
fluorescence intensity of the samples was corrected by subtract-
ing the blank fluorescence intensity.

 

RESULTS

 

ApoB and lipid compositions of livers
from adult and suckling rats

 

The concentrations of apoB-100 and apoB-48 (micro-
grams of apoB per milligram of total protein) were higher
in microsomal fractions than in whole homogenates
(

 

Fig. 1A

 

), as would be expected as these are secretory pro-
teins. The apoB-48 concentration was similar in samples
from adult and suckling rats, whereas apoB-100 was at a
higher concentration in livers of suckling rats compared
with that from adult rats. This is consistent with our previ-
ous finding, that apoB mRNA editing is higher in hepato-
cytes from adult animals (85%) than in hepatocytes from
suckling rats (30%), resulting in a preponderance of he-
patic apoB-100 during the suckling period (20). The mRNA
levels for apoB in freshly isolated hepatocytes from adult

Fig. 1. ApoB and lipid compositions of homogenates and micro-
somal fractions prepared from livers of adult rats (90 days old) and
suckling rats (17 days old). A: Immunoblotting analysis of apoB-100
and apoB-48. Equal amounts (20 mg of protein) of homogenates
and microsomes were subjected to SDS-PAGE and proteins were
transferred onto PVDF membranes for immunoblotting with rabbit
antisera against rat apoB as described in Materials and Methods. B:
Lipid analysis of homogenates and microsomal fractions. The lip-
ids were extracted and analyzed by HPTLC. FC, Free cholesterol;
CE, cholesteryl esters; PC, phosphatidylcholine; PE, phosphati-
dylethanolamine; PI, phosphatidylinositol; PS, phospha-
tidylserine; SM, sphingomyelin. Data are expressed as means 6
SD (n 5 4). 1 Significant difference at the P , 0.05 level versus the
adult value.
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rats (22.8 

 

6

 

 6.2 pg of apoB mRNA per 

 

m

 

g of total RNA;
n 

 

5

 

 10) and suckling rats (20.5 

 

6

 

 5.1 pg of apoB mRNA
per 

 

m

 

g of total RNA; n 

 

5

 

 6) were similar. Differences in
apoB were not, therefore, a consequence of differences
in transcription.

The lipid composition of the livers from adult and suck-
ling rats exhibited some differences (Fig. 1B). Phosphati-
dylcholine was two times lower in liver homogenates from
adult rats, whereas sphingomyelin, cholesteryl esters, and
free cholesterol were, respectively, 2-fold, 1.6-fold, and 1.4-
fold higher in liver homogenates from suckling rats. The
most prominent difference in the lipid composition was a
5-fold higher cholesteryl ester content per milligram of
protein in microsomes from suckling rats in comparison

with those from adult animals. Apart from slightly en-
hanced triglyceride and slightly diminished phosphatidyle-
thanolamine amounts the quantities of all other microso-
mal lipids were identical at the two stages of development.

 

Net synthesis of apoB and lipid in hepatocytes from
adult and suckling rats in suspension culture

 

Freshly isolated hepatocytes incubated in suspension
culture synthesized and secreted apoB, triglyceride, cho-
lesteryl esters, and free cholesterol (

 

Fig. 2

 

). However,
there were marked differences between cells isolated from
suckling and adult rats. Although net secretion of apoB-
100 was similar, net secretion of apoB-48 by hepatocytes
from suckling rats was reduced about 2.5-fold compared

Fig. 2. Incorporation of radioactivity into apoB-100, apoB-48, triglyceride, cholesteryl esters, and free cho-
lesterol synthesized by hepatocytes of adult rats (90 days old) and suckling rats (17 days old) in suspension
culture. Freshly isolated hepatocytes from adult and suckling rats were incubated in Williams’ medium E
(1.2% BSA) in the presence of [35S]methionine (apoB-100 and apoB-48), [3H]glycerol (triglyceride), or
[3H]mevalonolactone (cholesteryl esters and free cholesterol) for 2 h. The radioactivity of secreted apoB-100
and apoB-48 was measured in the total lipoprotein fraction after ultracentrifugation of the medium at den-
sity d 5 1.21 g/ml as described in Materials and Methods. The lipids of cells and media were extracted and
separated by TLC. After visualization by iodine vapor the corresponding spots for triglycerides, cholesteryl
esters, and free cholesterol were scraped off and the radioactivity was measured by b counting. Data are ex-
pressed as means 6 SD (n 5 3 or 4). 1 Significant difference at the P , 0.05 level versus the adult value of
secreted radioactivity.
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with that from adult rats. Triglyceride net synthesis and se-
cretion were reduced in hepatocytes from suckling rats by
50% and 75%, respectively, compared with hepatocytes from
adult rats. Cholesteryl ester net synthesis, but not secre-
tion, was also reduced in cells from suckling rats and cho-
lesterol net synthesis was not altered.

 

Net synthesis of apoB and lipid in hepatocytes
from adult and suckling rats in primary culture

 

ApoB-100 net synthesis and secretion tended to be
about 30% lower in hepatocytes from suckling rats than
in those from adults whereas apoB-48 net synthesis and
secretion appeared to be lower by 50% and 62%, respec-

tively, in hepatocytes from suckling rats compared with
those from adults (

 

Fig. 3

 

). However, the differences in
apoB were not statistically significant. Triglyceride net
synthesis and secretion in hepatocytes from suckling rats
were reduced significantly and accounted for only 20%
and 7%, respectively, of that in hepatocytes from adult
rats. The net synthesis of cholesteryl esters and free cho-
lesterol in hepatocytes from suckling rats was reduced to
65% of that in cultures of adult hepatocytes. Net secre-
tion of free cholesterol was not different, but the net se-
cretion of cholesteryl esters was about three times lower
in hepatocytes from suckling rats than in those from
adult rats. In suspension culture hepatocytes of sucklings

Fig. 3. Incorporation of radioactivity into apoB-100, apoB-48, triglyceride, cholesteryl esters, and free cho-
lesterol synthesized by hepatocytes of adult rats (90 days old) and suckling rats (17 days old) in primary cul-
ture. Hepatocytes from adult and suckling rats were cultured on collagen-coated dishes in Williams’ medium
E (10% FCS) for 24 h. Thereafter, the medium was changed to Williams’ medium E (1.2% BSA) and the cells
were incubated in the presence of [35S]methionine (apoB-100 and apoB-48), [3H]glycerol (triglyceride), or
[3H]mevalonolactone (cholesteryl esters and free cholesterol) for a further 4 h. After incubation cells and
media were collected and the incorporated radioactivities were determined. ApoB was immunoprecipitated
from media and cell lysates. After separation by SDS-PAGE the apoB-100 and apoB-48 bands were excised
and the radioactivity was measured by b counting. The lipids of cells and media were extracted and sepa-
rated by TLC. After visualization by iodine vapor the corresponding spots for triglycerides, cholesteryl esters,
and free cholesterol were scraped off and the radioactivity was measured by b counting. Data are expressed
as means 6 SD (n 5 3 or 4). 1,# Significant difference at the P , 0.05 level versus the adult value of secreted
(plus sign) and cellular (pound sign) radioactivity.
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secreted 1.2, 1.4, and 1.5 times more apoB-100, choles-
teryl esters, and free cholesterol radioactivities, respec-
tively, than hepatocytes of adult animals. Net secretion of
apoB-48 and triglycerides by hepatocytes of suckling rats
accounted for only 39% and 25%, respectively, of that in
hepatocytes of adult rats. Primary cultured hepatocytes of
sucklings secreted 66%, 38%, 7%, 32%, and 78%, respec-
tively, of the apoB-100, apoB-48, triglycerides, cholesteryl
esters, and free cholesterol radioactivities compared with
those secreted by hepatocytes from adults. Thus, the
secretory capacity of hepatocytes from suckling rats
dropped relatively more than that of hepatocytes from
adult rats when the cells were grown in primary culture
for 24 h. However, a marked difference between apoB
and triglyceride net secretion by hepatocytes from suck-
ling rats was found in both suspension culture and pri-
mary culture. Therefore, compared with hepatocytes of
adult rats, hepatocytes of suckling rats secreted less newly
synthesized triglyceride than newly synthesized apoB re-
gardless of the culture system used. In primary culture,
the net secretion of newly synthesized cholesteryl esters
was also lower in hepatocytes of suckling rats than in
those of adults.

The newly synthesized apoB-100 secreted by adult rat
hepatocytes incubated in suspension culture or primary
culture was mainly in lipoproteins of the density of VLDL,
with smaller amounts in LDL and HDL (Fig. 4). The den-
sity profile of apoB-48 secreted by hepatocytes from adult
rats was similar except that the peak in the HDL density
range was generally higher. In contrast, hepatocytes from
suckling rats secreted apoB in particles of LDL-HDL den-
sity in suspension culture and HDL density in primary cul-
ture, with little of the density of VLDL. Thus, hepatocytes
from suckling rats do not assemble mature VLDL but se-
crete apoB in small lipoprotein particles with a density in
the LDL-HDL range. This property is maintained in pri-
mary culture for at least 24 h, making this model suitable
for further investigations.

Metabolic effects of dexamethasone and
oleate in primary cultured hepatocytes

Because the level of glucocorticoids is extremely low
during the suckling period and increases strikingly after
weaning (2, 3) we have examined whether dexametha-
sone affects the production of apoB-containing lipopro-
teins in primary cultured hepatocytes. Addition of dexa-

Fig. 4. Density profiles of secreted, newly synthesized apoB-100 and apoB-48 from of adult rat (90 days old) and suckling rat (17 days old)
hepatocytes in suspension culture and in primary culture. For suspension culture (left) freshly isolated hepatocytes from adult and suckling
rats were incubated in Williams’ medium E (1.2% BSA) in the presence of [35S]methionine for 2 h. For primary culture (right) hepatocytes
were grown on collagen-coated dishes in Williams’ medium E (10% FCS, 0.6% BSA) for 24 h. Thereafter, the medium was changed to
methionine-free Williams’ medium E (1.2% BSA) and the cells were incubated in the presence of [ 35S]methionine for a further 4 h. After
incubation the medium was subjected to ultracentrifugation at density d 5 1.21 g/ml. The total lipoprotein fraction (i.e., the supernatant)
was collected and further separated into 12 fractions by means of density gradient ultracentrifugation. The apolipoproteins of each fraction
were separated by SDS-PAGE and the radioactivity of the excised apoB-100 and apoB-48 bands was measured by b counting. Values are given
as the percentage of apoB radioactivity in each fraction. Each profile represents the average of three separate experiments. For clarity the
standard deviations are not shown.
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methasone to the culture medium increased the total
apoB-100 and apoB-48 net synthesis, with a greater effect
on hepatocytes of suckling rats (3-fold) than on hepato-
cytes of adults (1.5-fold), and slightly increased the percent-
age of secreted apoB-100 and apoB-48 by about 6–15% at
both developmental stages (Fig. 5). Dexamethasone
tended to decrease the total net synthesis of triglycerides
(0.6 times), cholesteryl esters (0.3 times), and free choles-

terol (0.8 times) in hepatocytes of adult rats, although the
differences were not statistically significant. Dexametha-
sone had no effect on total net synthesis of lipids in hepato-
cytes of suckling rats. However, dexamethasone increased
the percentage of newly synthesized lipids secreted by hepa-
tocytes from both adult and suckling rats, in comparison
with the control without dexamethasone.

Addition of oleate to the culture medium slightly stimu-

Fig. 5. Incorporation of radioactivity into apoB-100, apoB-48, triglyceride, cholesteryl esters, and free cholesterol synthesized by primary
culture hepatocytes of adult rats (90 days old) and suckling rats (17 days old) without additives (control) or with 100 nM dexamethasone
(Dex), 0.4 mM oleate (OA), or 100 nM dexamethasone plus 0.4 mM oleate (DexOA). Hepatocytes from adult and suckling rats were cul-
tured on collagen-coated dishes in Williams’ medium E (10% FCS, 0.6% BSA) without additives (control) or with 100 nM dexamethasone
(Dex), 0.4 mM oleate (OA), or 100 nM dexamethasone plus 0.4 mM oleate (DexOA) for 24 h. Thereafter, the medium was changed to Wil-
liams’ medium E (1.2% BSA) and the cells were incubated with the same additives in the presence of [35S]methionine (apoB-100 and apoB-
48), [3H]glycerol (triglyceride), or [3H]mevalonolactone (cholesteryl esters and free cholesterol) for a further 4 h. After incubation cells
and media were collected and the incorporated radioactivities were determined. ApoB was immunoprecipitated from media and cell lysates.
After separation by SDS-PAGE the apoB-100 and apoB-48 bands were excised and the radioactivity was measured by b counting. The lipids
of cells and media were extracted and separated by TLC. After visualization by iodine vapor the corresponding spots for triglycerides, choles-
teryl esters, and free cholesterol were scraped off and the radioactivity was measured by b counting. Data are expressed as means 6 SD (n 5
3 or 4). 1,# Significant difference at the P , 0.05 level versus the control value of secreted (plus sign) and cellular (pound sign) radioactivity.
The numbers along the x axis represent the percentage of secreted radioactivity.
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lated total apoB-100 net synthesis by 1.6-fold and 1.5-fold
in hepatocytes from adult rats and suckling rats, respec-
tively, and had no effect on total apoB-48 net synthesis.
Triglyceride net synthesis was markedly stimulated after
oleate treatment by 4-fold and 24-fold in hepatocytes from
adults and suckling rats, respectively. Apart from in-
creased net synthesis of cholesteryl esters by 2-fold in
hepatocytes of suckling rats, there were no additional sig-
nificant changes in lipid net synthesis after oleate treat-
ment. The percentage of newly synthesized lipid secreted
by hepatocytes from adult or suckling rats was not affected
by addition of oleate.

The effects of dexamethasone plus oleate in combina-
tion were additive. Stimulation of triglyceride net synthe-
sis by oleate was reduced if dexamethasone was also added
to the medium. This effect was more distinct in hepato-
cytes of sucklings than in those of adults. However, the total
triglyceride net synthesis was still higher in dexamethasone
plus oleate-treated cells than in controls without additives.
The combined treatment caused a clear increase in the
percentage of secreted apoB and lipids, which was more
pronounced in hepatocytes of suckling rats than in those

of adults. The greatest stimulation of net secretion after si-
multaneous dexamethasone and oleate treatment was ob-
served in hepatocytes from suckling rats, in which triglycer-
ide and cholesteryl ester net secretion was 55 and 25 times
higher, respectively, than in the corresponding controls.

Overall, the data reveal that in spite of the massively
stimulated triglyceride net synthesis by oleate, only 12%
and 5% of the newly synthesized triglyceride, respectively,
was secreted by hepatocytes of adult and suckling rats. Not
until dexamethasone was added together with oleate was
the percentage of secreted triglyceride increased signifi-
cantly to 31% (hepatocytes of adult rats) and 51% (hepa-
tocytes of suckling rats). A similar effect was found for
cholesteryl esters.

After treatment of hepatocytes with dexamethasone,
the VLDL peaks of apoB-100 and apoB-48 found in con-
trols disappeared almost completely in hepatocytes of
adult rats and the bulk of secreted apoB-containing lipo-
proteins floated in the LDL-HDL density range (Fig. 6).
Treatment with dexamethasone did not change the den-
sity profile of apoB secreted by hepatocytes of suckling
rats compared with controls; the predominant amounts of

Fig. 6. Density profiles of secreted, newly synthesized apoB-100 and apoB-48 from primary culture hepatocytes of adult rats (90 days old)
and suckling rats (17 days old) without additives (control) or with 100 nM dexamethasone (Dex), 0.4 mM oleate (OA), or 100 nM dexa-
methasone plus 0.4 mM oleate (DexOA). Hepatocytes from adult and suckling rats were cultured on collagen-coated dishes in Williams’ me-
dium E (10% FCS, 0.6% BSA) without additives (control) or with 100 nM dexamethasone (Dex), 0.4 mM oleate (OA), or 100 nM dexa-
methasone plus 0.4 mM oleate (DexOA) for 24 h. Thereafter, the medium was changed to Williams’ medium E (1.2% BSA) and the cells
were incubated with the same additives in the presence of [35S]methionine for a further 4 h. After incubation the medium was subjected to
ultracentrifugation at density d 5 1.21 g/ml. The total lipoprotein fraction (i.e., the supernatant) was collected and further separated into
12 fractions by means of density gradient ultracentrifugation. The apolipoproteins of each fraction were separated by SDS-PAGE and the ra-
dioactivity of the excised apoB-100 and apoB-48 bands was measured by b counting. Values are given as the percentage of apoB radioactivity
in each fraction. Each profile represents the average of three separate experiments. For clarity the standard deviations are not shown.
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radiolabeled apoB were found in the HDL density range.
In contrast, oleate enhanced the VLDL peak of secreted
apoB in cells isolated from rats at either stage of develop-
ment. However, despite a clearly visible VLDL peak in
hepatocytes of suckling rats the main portion of secreted
apoB-100 and apoB-48 was still at LDL-HDL densities.
This pattern was dramatically changed after addition of
dexamethasone and oleate to the culture medium of hepa-
tocytes from suckling rats, resulting in the secretion of
apoB-100 and apoB-48-containing lipoproteins exclusively
as VLDL and IDL. In hepatocytes of adult rats the com-

bined effect of dexamethasone and oleate was not as pro-
nounced as in hepatocytes from suckling rats and the den-
sity profile of apoB-100 and apoB-48 was only slightly
different from that after oleate alone.

Intracellular apoB degradation
Because apoB secretion is known to be regulated to a

great extent by intracellular apoB degradation, we carried
out pulse-chase experiments to study this process in cul-
tured hepatocytes from adult and suckling rats (Fig. 7). In
control hepatocytes of adult rats, 38% of the initial radio-

Fig. 7. Pulse-chase analysis of apoB-100 and apoB-48 in primary cultures of adult rat (90 days old) and suckling rat (17 days old) hepato-
cytes treated without additives (control) or with 100 nM dexamethasone (Dex), 0.4 mM oleate (OA), or 100 nM dexamethasone plus 0.4
mM oleate (DexOA). Hepatocytes from adult and suckling rats were cultured on collagen-coated dishes in Williams’ medium E (10% FCS,
0.6% BSA) without additives (control) or with 100 nM dexamethasone (Dex), 0.4 mM oleate (OA), or 100 nM dexamethasone plus 0.4 mM
oleate (DexOA) for 24 h. Thereafter, the medium was changed to methionine-free Williams’ medium E (1.2% BSA) containing the same ad-
ditives and the cells were pulse labeled with [35S]methionine for 20 min and chased for 0, 1, 2, and 4 h. After the chase apoB in the culture
medium and in the cell lysate was immunoprecipitated and subjected to SDS-PAGE, and the radioactivity in the excised apoB-100 and apoB-
48 bands was measured by b counting. Results are given as the percentage of radioactivity in cellular apoB at t 5 0 h. The total radioactivity
was calculated as the sum of the relative cellular and secreted apoB radioactivities. The data represent the means of two or three indepen-
dent experiments. For clarity the standard deviations are not shown.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1874 Journal of Lipid Research Volume 42, 2001

labeled apoB-100 was recovered at the end of the 4-h
chase (12% in cells and 26% in medium), indicating that
62% of newly synthesized apoB-100 was intracellularly de-
graded during this time. Dexamethasone decreased the
intracellular degradation of apoB-100 to 43% without
changing the cellular recovery (11%) but increasing the
secreted portion to 46% of the initial radioactivity at the
beginning of the chase. After oleate treatment of hepato-
cytes from adult rats, the intracellular apoB-100 degrada-
tion was 42%, and the recovered radioactivity was higher
in both the cells (21%) and the medium (37%) by about
10% in comparison with controls. The simultaneous addi-
tion of dexamethasone and oleate had an effect interme-
diate between each of these additives alone. Fifty percent
of apoB-100 was degraded, with 15% and 34% of the initial
radioactivity recovered in cells and medium, respectively.
The results of the pulse-chase experiments for apoB-48
were similar to those for apoB-100. At the 4-h chase point
39% of the initial apoB-48 radioactivity was recovered in
cells (16%) plus medium (23%), indicating an intracel-
lular degradation of 61%. The apoB-48 degradation was
decreased to 51%, 31%, and 50% after treatment with
dexamethasone, oleate, and dexamethasone plus oleate,
respectively. Like apoB-100, apoB-48 was recovered to a
greater extent exclusively in the medium after dexa-
methasone treatment. In contrast, oleate increased the
recovery of apoB-48 in cells and medium by similar
amounts.

In control hepatocytes from suckling rats 74% of radio-
active apoB-100 was recovered at the end of the chase, in-
dicating that only 27% of newly synthesized apoB-100 was
degraded, 35% less than in control hepatocytes of adults.
After the 4-h chase, 31% of the initial radioactivity was se-
creted but most of the nondegraded apoB-100 was found
in the cells (42% of the initial apoB-100 radioactivity).
After dexamethasone treatment the radioactivity recovered
in the cells dropped to 11% and that in medium slightly in-
creased to 39%, giving a total recovery of 50% at the 4-h
chase point, a situation similar to that of dexamethasone-
treated hepatocytes from adult rats. The total recovery of
initial apoB-100 radioactivity was highest in hepatocytes of
sucklings after oleate treatment and was 90% of initial ra-
dioactivity (42% secreted and 48% cellular). After dexa-
methasone plus oleate treatment, the recovered cellular
and secreted apoB-100 radioactivity was almost the same
as after dexamethasone alone. Like in hepatocytes of
adults the behavior of apoB-48 was similar to that of apoB-
100. The recovery of radiolabeled apoB-48 amounted to
74% in control cells. The stimulation of intracellular deg-
radation of apoB-48 by dexamethasone was not as pro-
nounced as for apoB-100 but increased from 26% in con-
trols to 35% in treated hepatocytes. The inhibitory effect
of oleate on apoB-48 degradation was comparable to that
on apoB-100, giving a recovery of 82% at the end of the
chase. Like for adult hepatocytes, the state after dexa-
methasone plus oleate treatment was an average of the
states resulting from treatment with each alone.

In general, on the basis of mathematical modeling
(data not shown), the pulse-chase curves suggest a two-

compartment system consisting of an “early” and a “late”
intracellular degradation pool for both apoB-100 and
apoB-48 in hepatocytes of adult and suckling rats. The
lower apoB degradation in control hepatocytes of suck-
lings in comparison with hepatocytes of adults could be
explained by negligible apoB degradation principally in
the late compartment. Dexamethasone seems to inhibit
the apoB degradation in the early degradation compart-
ment at both stages of development but has different ef-
fects on the degradation in the late pool. The degradation
in the late pool seemed to be unaltered in hepatocytes of
adults but was clearly stimulated in hepatocytes of suck-
lings by dexamethasone. Furthermore, dexamethasone
tended to accelerate apoB secretion in hepatocytes of
sucklings more than in hepatocytes of adults. The most
distinct inhibition of intracellular apoB degradation found
after oleate treatment was restricted to the early compart-
ment in hepatocytes of both adults and sucklings. In addi-
tion, oleate tended to slow down apoB secretion.

MTP mRNA concentration and MTP activity
To determine whether MTP might contribute to devel-

opmental and dexamethasone and/or oleate-induced
changes in apoB assembly and secretion we measured
MTP mRNA concentrations and MTP activities. Although
the MTP mRNA concentration was nearly twice as high in
livers from adult rats than in those from suckling rats
(Fig. 8) the MTP activity was similar in freshly isolated
hepatocytes from adult and suckling rats (Fig. 9). If hepa-
tocytes were cultured for 24 h MTP mRNA concentration
dropped in hepatocytes from suckling rats, reaching a 10
times lower level than in cultured hepatocytes from adult
animals (Fig. 8). However, apart from a decreased MTP

Fig. 8. MTP mRNA concentrations in livers and primary cultures
of hepatocytes from adult rats (90 days old) and suckling rats (17
days old). Total RNA was isolated by the guanidine thiocyanate
method from livers and from hepatocytes cultured on collagen-
coated dishes in Williams’ medium E (10% FCS, 0.6% BSA) with-
out additives (control) or with 100 nM dexamethasone (Dex), 0.4
mM oleate (OA), or 100 nM dexamethasone plus 0.4 mM oleate
(DexOA) for 24 h. The MTP mRNA levels were quantified by
RNase protection assay as described in Materials and Methods. Data
are expressed as means 6 SD (n 5 4). 1,# Significant difference at
the P , 0.05 level versus the adult value (plus sign) or versus the
corresponding control value (pound sign).
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mRNA concentration of about 50% in hepatocytes of
sucklings after treatment with oleate, there were no signif-
icant changes in MTP mRNA concentrations after treat-
ment with dexamethasone, oleate, or the combination
of both. The differences in MTP mRNA concentration of
cultured hepatocytes (Fig. 8) were not reflected in differ-
ent MTP activities (Fig. 9). MTP activities were somewhat
higher in cultured hepatocytes from suckling rats than in
those from adult animals under all conditions (Fig. 9).
None of the treatments affected MTP activity levels, either
in hepatocytes from adults or in hepatocytes from sucklings.

DISCUSSION

The results presented in this study provide evidence
that hepatocytes from suckling rats do not assemble ma-
ture VLDL but secrete apoB as lipoprotein particles in the
LDL-HDL density range. Because hepatocytes from adult
rats produce VLDL under the same experimental condi-
tions it appears that VLDL assembly and secretion are de-
velopmentally regulated. Although our studies were per-
formed in vitro the findings probably reflect the in vivo
conditions because our initial studies were carried out
with freshly isolated hepatocytes, which closely resemble
hepatocytes in vivo. Furthermore, the density profiles of
apoB-containing lipoproteins secreted by freshly isolated
hepatocytes were similar to those of apoB-containing lipo-
proteins secreted by cells in primary culture (Fig. 4). In
addition, VLDL secreted by hepatocyte cultures was struc-
turally similar to VLDL secreted by perfused livers and to
VLDL found in plasma (41). Thus our data give strong
support to the idea that the high plasma LDL concentra-
tion during suckling of the rat (20–22) is the result of

direct hepatic LDL secretion due to incomplete VLDL
assembly. Furthermore, they extend the findings of Cole-
man et al. (16), who suggested a defect in hepatic VLDL
assembly/secretion during the suckling period of the rat
on the basis of triglyceride and apoB synthesis and secre-
tion data. However, because lipoproteins and lipoprotein
subfractions were not studied by these authors their con-
clusions remained speculative. Interestingly, we observed
that the immaturity in VLDL production could be over-
come in vitro if hepatocytes of sucklings were treated with
dexamethasone plus oleate but not with either alone (Fig.
6). This indicates that the separate induction of apoB net
synthesis by dexamethasone and of triglyceride net synthe-
sis by oleate (Fig. 5) is not sufficient to trigger VLDL assem-
bly in hepatocytes from suckling rats. Rather, VLDL assembly
requires additional factors, which are underexpressed
during suckling and can be stimulated by a synergistic ef-
fect of dexamethasone and oleate in vitro. The assembly
of apoB-containing lipoprotein has been proposed to oc-
cur via a two-step mechanism (42–47). The first step
occurs cotranslationally and involves the transfer of apoB
from the rough endoplasmic reticulum membrane to the
lumen and the formation of partially lipidated particles
having the density and size of HDL. In the second step,
the bulk of lipids is added to the lipid-poor VLDL precur-
sors, generating the mature VLDL-sized particles. Accord-
ingly the initial apoB lipidation, that is, the assembly of
dense apoB-containing lipoproteins in the first step, would
be a necessary requirement for the bulk addition of lipids
and the production of VLDL in the second step of apoB
assembly. Because hepatocytes from sucklings secreted
apoB radioactivity in quantities similar to that of hepato-
cytes from adults, but as dense lipoprotein particles in the
LDL-HDL density range rather than in the VLDL density
range, one can draw the conclusion that the initial lipida-
tion step of apoB is well developed whereas the second
step is undeveloped during suckling. Only after addition
of both dexamethasone and oleate do hepatocytes from
sucklings secrete VLDL dense apoB-containing lipopro-
teins, indicating that the second step of VLDL assembly
was predominantly induced by this treatment. The molec-
ular mechanisms of the second step in VLDL assembly are
poorly understood. However, results from several studies
have suggested that in the smooth endoplasmic reticulum
triglyceride-rich and apoB-free lipid particles fuse with the
apoB-containing VLDL precursors to form complete VLDL
(48–50). It is now well established that MTP is absolutely
necessary for the first step of apoB lipoprotein assembly to
form stable but dense apoB lipoprotein particles (51).
However, it is not yet clear whether MTP is involved in the
second step of VLDL assembly (52, 53). Despite lower
MTP mRNA concentrations in livers and cultured hepato-
cytes from suckling rats than in those from adult animals
(Fig. 8) we have found the same MTP activity in freshly
isolated hepatocytes from adult and suckling rats and
even somewhat higher MTP activities in cultured hepato-
cytes from sucklings in comparison with adults (Fig. 9). A
discrepancy between the regulation of MTP mRNA and
MTP activity levels was also reported by Lin, Gordon,

Fig. 9. MTP activities in homogenates of freshly isolated (A) and
primary culture (B) hepatocytes from adult and suckling rats.
Freshly isolated hepatocytes and hepatocytes cultured on collagen-
coated dishes in Williams’ medium E (10% FCS, 0.6% BSA) with-
out additives (control) or with 100 nM dexamethasone (Dex), 0.4
mM oleate (OA), or 100 nM dexamethasone plus 0.4 mM oleate
(DexOA) for 24 h were homogenized by sonication. Homogenate
protein (100 mg) was subjected to the MTP activity assay as de-
scribed in Materials and Methods. Data are expressed as mean 6
SD (n 5 4 or 5). 1 Significant difference at the P , 0.05 level versus
the adult value.
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and Wetterau (54), who have shown that this was due to
the long half-life of MTP protein, which amounted to 4.4
days. In their studies a decrease in MTP mRNA levels after
insulin administration had no effect on MTP activity
within 24 h, as in our studies none of the treatments
(dexamethasone, oleate, and dexamethasone plus oleate)
affected MTP activity levels in cultured hepatocytes. The dis-
tinct differences in the density of secreted apoB-containing
lipoproteins between suspended hepatocytes from adult
and suckling rats at essentially the same MTP activities, to-
gether with the extreme density shift of secreted apoB
after dexamethasone plus oleate treatment of cultured
hepatocytes from suckling rats without changes in MTP
activity, reveal that MTP is not a limiting factor in the sec-
ond main lipidation step of VLDL assembly in rat hepato-
cytes. Consistently, in 10-day-old suckling rats, in which
VLDL production is also markedly reduced, MTP levels
were found to be unaltered in comparison with adult ani-
mals (55). Taken together, the data imply that hepatic
MTP is present in excess during rat development and
therefore the incomplete VLDL assembly during the suck-
ling period is not associated with low MTP.

There is now ample evidence that only a small portion
of newly synthesized triglyceride is secreted directly as
VLDL, whereas the main part passes through an intracel-
lular triglyceride storage pool from which it is derived for
VLDL assembly via lipolysis/re-esterification (56–58).
Our finding that livers from suckling and adult rats con-
tain the same masses of triglycerides (Fig. 1) suggests that
hepatocytes from sucklings cannot mobilize their triglyc-
eride stores for VLDL secretion. In addition, even though
oleate treatment stimulated total triglyceride net synthesis
it did not increase the percentage of newly synthesized tri-
glyceride that was secreted after 4 h (Fig. 5; 12% and 5%
for hepatocytes from adults and sucklings, respectively).
Hepatic microsomal lipase (28, 59, 60), which was low in
livers of suckling rats but was increased during weaning
(28), might be responsible for the differences in triglycer-
ide mobilization and VLDL secretion between hepato-
cytes from adult and suckling rats and could be the sub-
ject of further investigations.

Another enzyme known to play an important role in
regulating processes in the VLDL assembly/secretion
pathway is cholesterol 7a-hydroxylase (61). Transcrip-
tional stimulation of cholesterol 7a-hydroxylase induces
triglyceride net synthesis and secretion of large triglyceride-
rich VLDL whereas inhibition of cholesterol 7a-hydroxylase
transcription decreases triglyceride secretion (62). Inter-
estingly, the expression of cholesterol 7a-hydroxylase
mRNA is low during suckling and increases after weaning
(63), coinciding with the increasing ability of hepatocytes
for triglyceride secretion. However, whether cholesterol 7a-
hydroxylase is important for developmental control of
VLDL assembly in rat hepatocytes remains to be elucidated.

Beside VLDL assembly intracellular apoB degradation
is also clearly under developmental control as shown by
the pulse-chase experiments (Fig. 7). These experiments
revealed that there may be early and late degradation sites
for apoB-100 and apoB-48 in hepatocytes of adult and

suckling rats, which were also shown in most other pri-
mary hepatocytes examined (64–67). The low apoB deg-
radation in hepatocytes of suckling rats is mainly due to
the lack of apoB degradation in the late degradation site,
which was stimulated by dexamethasone to nearly the
adult level. On the other hand, dexamethasone inhibited
apoB degradation in the early degradation site at both
stages of development. Interestingly enough, cholesterol
7a-hydroxylase, which can be stimulated by dexametha-
sone, blocked the ubiquitin-dependent proteasome deg-
radation of apoB-53 in Chinese hamster ovary cells by re-
ducing ubiquitin conjugation (68). The most distinct
inhibition of apoB degradation was found after oleate treat-
ment of hepatocytes from both adult and suckling rats (Fig.
7). Oleate apparently protects apoB from degradation in
the early degradation site, thus increasing the stability of
cellular apoB. This was also found for primary hamster and
rabbit hepatocytes (69) and for Hep-G2 cells, in which ole-
ate facilitated translocation of newly synthesized apoB
across the endoplasmic reticulum membrane (70, 71).

In conclusion, hepatocytes from suckling rats are un-
able to assemble mature VLDL; rather, they secrete apoB
as primordial lipoprotein particles in the LDL-HDL den-
sity range. This is in part due to the low hepatocellular tri-
glyceride synthesis during the suckling period. However,
even after massive stimulation of triglyceride synthesis by
oleate, hepatocytes from suckling rats were still unable to
efficiently assemble VLDL for triglyceride secretion. Only
after simultaneous addition of dexamethasone and oleate
to the culture medium were hepatocytes from suckling
rats capable of producing mature VLDL. Although we
cannot explain this phenomenon on the basis of our data
it is noteworthy that strong synergistic effects of dexa-
methasone and oleate are also described for stimulating
the expression of the transcription factors peroxisome
proliferator-activated receptor a and retinoid X receptor
a, known to play a key role in regulating the transcription
of essential proteins of lipid and lipoprotein metabolism,
such as cholesterol 7a-hydroxylase, apoA-I, apoA-II, apoC-
III, HMG-CoA synthase, acyl-CoA oxidase, and fatty acid-
binding protein (72–76). Our data reveal that MTP is not
a limiting factor in VLDL assembly during rat develop-
ment. Rather, they imply that the MTP-dependent first
step in VLDL assembly, that is, the production of primor-
dial, dense apoB-containing lipoproteins, is equally devel-
oped at both stages of development. The second step, the
addition of bulk lipids to form mature VLDL, is still imma-
ture during the suckling period and requires other, still
unknown factors beside MTP.

Our studies of VLDL assembly during the suckling pe-
riod of the rat, a state characterized by hypertriglyceri-
demia and hyposinsulinism, might be of general interest.
It is well known that the severely atherogenic small, dense
LDL (phenotype B) preferentially appear in association
with hypertriglyceridemia and insulin resistance (77–80).
However, the mechanisms of the formation of the small,
dense LDL subfraction are still unknown. In kinetic
studies Packard et al. (81) have found that a substantial
amount of LDL apoB was directly produced by the liver
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bypassing the VLDL precursor pathway. Our findings sup-
port the concept that the liver can secrete LDL directly
under certain circumstances that might be possible also
for a small, dense LDL subfraction.
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