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Time-Dependent Effects of Insulin on Lipid Synthesis in Cultured Fetal Rat 
Hepatocytes: A Comparison Between Lipogenesis and Glycogenesis 

H. M'Zali ,  C. Guichard, M. Lavau, and C. Plas 

The lipogenic effect of insulin was studied in 18-day-old fetal rat hepatocytes after 2 to 3 days of culture in the presence of 
glucocorticoids when an acute stimulatory effect of insulin on glycogenesis was present. The rate of [1-14C]-acetate 
incorporation into lipids measured for 4 hours was much higher than with [U-14C]-glucose (30 v 3.8 nmol /h /mg protein). The 
stimulatory effect of insulin on lipid labeling remained weak (1.2-fold) and contrasted with its striking stimulatory effect on 
[U-14C]-glucose incorporation into glycogen (fourfold). When lipid labeling was assessed in longer experiments, increasing 
acetate concentrations in the medium stimulated the incorporation rate of [1-14C]-acetate into lipids (3.5-fold from 1 to 5 
mmol/L after 36 hours) and decreased that of [UJ4C]-glucose (by twofold). The stimulatory effect of insulin on the rate of lipid 
labeling developed with both precursors from 12 to 36 hours after insulin exposure (by - twofold)  independently of acetate 
concentration and was not glucocorticoid-dependent, contrary to the glycogenic response. Addition of a glucose load 
simultaneously with insulin increased the stimulation of lipogenesis when measured with [U-~4C]-glucose {twofold to 
3.7-fold). Besides contributing to an accumulation of larger and numerous lipid droplets in the cells, insulin increased fatty acid 
synthase activity by 26%, whereas malic enzyme was not affected. Thus, insulin-dependent lipogenesis in cultured fetal 
hepatocytes appears to be mostly regulated by a long-term mechanism, contrary to the glycogenic effect of insulin. 
Copyright © 1997 by W.B. Saunders Company 

T HE IMPORTANCE OF THE LIVER as a lipogenic organ 
is well known. After ingestion of a high-carbohydrate 

diet, the liver stores some carbohydrate as glycogen and 
transforms the rest into fatty acids. Insulin has been shown to be 
required for dietary induction of hepatic lipogenic enzymes in 
previously fasted diabetic rats refed with a high-carbohydrate, 
fat-free diet 1 and in young rats during the suckling-weaning 
transition. 2 Also, in the rhesus monkey, chronic fetal hyperinsu- 
linemia leading to insulin levels similar to those observed in 
human infants of diabetic mothers enhances hepatic lipogenic 
enzyme activities. 3,4 Investigations on the regulation of lipo- 
genic enzymes by nutritional factors and insulin have led 
researchers to distinguish two types of mechanisms according 
to the necessary time to exert an effect. 5,6 On the other hand, 
studies in isolated and cultured adult hepatocytes have shown 
that hormonal factors, particularly insulin, are implicated in 
short- and long-term regulation of hepatic lipogenesis. 7,8 

During the perinatal period in the rat, storage of liver 
glycogen in late gestation and its mobilization at birth occur 
under the influence of hormonal factors such as insulin and 
glucagon, 9 a situation that can be mimicked in cultured fetal 
hepatocytes. 1° Also, an inverse relationship between liver 
glycogen and lipid syntheses around birth has been de- 
scribed.11,i2 A previous study has shown an increase in glycogen- 
esis in cultures of term fetal hepatocytes after a 24-hour period 
of exposure to insulin, which was accompanied by an increase 

in fatty acid synthase activity/3 Chick embryo hepatocytes 
cultured in a chemically defined medium have provided a 
particularly useful system to study the regulation of lipogenesis 
by substrates and hormones. 6 In these cells, triiodothyronine 
stimulates the transcription of fatty acid synthase, with this 
effect being amplified by insulin and insulin-like growth 
factor-I. 14 Cultured fetal rat hepatocytes, which are suitable to 
characterize the early and time-dependent stimulatory effect of 
insulin on glycogen synthesis, 15 were used in the present 
investigation to study the effect of the hormone on lipid 
synthesis. To compare lipogenesis and glycogenesis, incorpora- 
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tion o f  [1-14C]-acetate and [U-14C]-glucose into lipids and 

g lycogen was measured during t ime-variance experiments  in 

the presence  and absence of  insulin. A stimulatory effect o f  
insulin on lipid synthesis  f rom both precursors,  which was 

hardly seen after 4 hours, developed fol lowing prolonged 

exposure  to the hormone.  This was independen t  o f  the presence 

o f  glucocorticoids,  contrary to the glucocor t icoid-dependent  

deve lopment  of  the glycogenic  effect o f  insulin, a response  

already fully expressed early. The long- term stimulation of  

l ipogenesis  by insulin was accompanied  by an increase in 
cellular lipid content  and a stimulation of  fatty acid synthase 

activity. 

MATERIALS AND METHODS 

Chemicals 

[1-14C]-acetic acid, sodium salt (50 to 60 mCi/mmol) was purchased 
from Amersham (Buckinghamshire, UK) and [U-14C]-glucose (3.5 
mCi/mmol) from Dupont-NEN (Mississauga, Canada). Insulin was a 
gift from Eli Lilly Laboratories (Indianapolis, IN). The source of other 
chemicals has been specified previously.15 

Culture Procedure 

Primary cultures of hepatocytes were obtained from 18-day-old 
Sprague-Dawley rat fetuses (Iffa credo, Lyon, France) as described 
previously. 6 After mild trypsin treatment, the isolated cells were plated 
on a collagen substratum to which only the hepatocytes adhered, and 
after 6 hours, nonadhering hematopoietic cells were removed. At this 
step and after 18 hours, the culture medium (1 mL/dish) was replaced. 
The basal medium consisted of NCTC 109 medium 17 at a concentration 
of 5.5 mmol/L glucose and 0.36 mmol/L acetate and containing 10 
mmol/L HEPES, pH 7.4. It was supplemented or not with 10% (vol/vol) 
fetal calf serum, 10 pmol/L cortisol, 8 mmol/L glucose, and various 
concentrations of acetate as indicated for each experiment. 

Lipid Studies 

Different labeled precursors were used to measure lipid synthesis: 
[1-14C]-acetate (1.0 gCi/mL) supplemented with unlabeled acetate to 
produce various final concentrations in the medium; and [UJ4C] - 
glucose (1.0 laCi/mL) in the presence or absence of an 8-mmolfL 
glucose load (final concentration in the medium, 13.5 retool/L). Acetate 
content in the culture medium was measured by enzymatic method after 
conversion of acetic acid to acetyl coenzyme A (CoA) (Boehringer, 
Mannheim, Germany). Glucose concentration in the culture medium 
was determined by the glucose oxidase procedure after deproteinization 
with Ba(OH)z/ZnSO4. Different sets of labeling procedures were 
performed: in short-labeling experiments, [1-14C]-acetate or [U-14C] - 
glucose was added to the medium at day 2 of culture together with 
insulin (10 nmol/L) or its HC1 vehicle (2.5 lamol/L), and cultures were 
incubated for periods up to 4 hours; in long-labeling experiments, 
labeled precursors and agents to be tested were introduced after 18 
hours of culture at the time of medium renewal, and cultures were 
incubated for periods up to 48 hours; and in continuous-labeling 
experiments, [1-14C]-acetate or [U-14C]-glucose was added to the 
medium at the start of culture to produce a final activity of 0.2 pCi/lamol, 
which was maintained throughout the 3-day culture period, with insulin 
(10 nmol/L) and/or a glucose load (8.0 mmol/L) being present from 18 
hours of culture. After completion of the incubation, the medium was 
removed and the cells were washed with cold phosphate buffered saline 
(PBS). Total lipids were extracted with chloroform, methanol, and 
water, Is and radioactivity was assessed from dried aliqnots of chloro- 
form extracts. The results are expressed per milligram protein, with 
protein content measured according to the method of Lowry et al. 19 

Fatty acid synthase activity was determined as described by Guichard 
et al20 by measuring malonyl CoA-dependent oxidation of reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) at 35°C. 21 
Malic enzyme activity was assayed by the method of Ochoa 22 as 
previously reported. 23 For the data reported herein, 1 U enzyme activity 
is defined as the amount of enzyme needed to catalyze the oxidation or 
reduction of 1 nmol NADPH or nicotinamide adenine dinucleotide 
phosphate (NADPH) per minute at 35°C, with enzyme activities 
expressed in units per milligram protein. 

Staining with Nile red, a selective fluorescent dye for intracellular 
lipid droplets, 24 was performed on cells grown on glass cover slips 
using the culture conditions described earlier for long-term experiments 
in the presence and absence of 10 nmol/L insulin from 18 hours. After 
48 hours of hormone exposure, cells were washed rapidly with ice-cold 
PBS and transferred to culture dishes containing PBS. They were then 
stained with Nile red (100 ng/mL) and kept for 15 minutes at room 
temperature in the absence of light. After washing with PBS to remove 
excess dye, cells were viewed using a Leitz Orthoplan (Leica, St Gall, 
Switzerland) fluorescence microscope (excitation, 450 to 490 nm; 
emission > 520 nm). Paired micrographs were taken with Kodak 
TMAX-film (3200 ASA; Eastman Kodak, Rochester, NY). Intracellular 
neutral lipid droplets were quantified in representative fields using a 
Quantimet 570 image analysis system (Leica). 

Glycogen Studies 

Glycogen labeling in the presence of [U-14C]-glucose and glycogen 
content were measured as previously described. 16 Short- and continuous- 
labeling experiments were conducted in parallel with the lipid studies 
already described. 

Presentation of Data 

Each protocol involved at least three experiments performed with 
different cell preparations. Data are presented as the mean _+ SD for the 
number of independent experiments (n). For statistical analyses, 
Student's t test for paired samples was used, with treated cultures and 
the corresponding controls for n independent experiments. To express 
the insulin or glucose load response, a stimulation index (SI) was used, 
defined as the following ratio: nanomoles of precursor in lipids (or in 
glycogen) per milligram cell protein in treated cultures divided by 
nanomoles of precursor in lipids (or in glycogen) per milligram cell 
protein in control cultures. The cell population of a culture dish was on 
the order of 0.6 × 106 hepatocytes, which corresponds to 230 pg protein 
and 1.6 mg wet liver. 

RESULTS 

Short-Term Insulin Effect on [1-]4C]-Acetate and 
[UJ4C]-Glucose Incorporation Into Lipids and Glycogen 

The t ime course for incorporation o f  [1-14C]-acetate into 

lipids was first measured in fetal rat hepatocytes  grown for 2 
days in the presence of  cortisol after 10 nmol/L insulin was 

added or not  to the condi t ioned med ium containing 0.2 mmol /L  
acetate. Total lipid labeling developed linearly for the first 3 
hours,  and the rate was 28.3 +- 1.1 nmol  [1-14C]-acetate/h/mg 
protein (n = 3) in the absence o f  insulin (Fig 1A). The insulin 
effect was hardly detectable 1 hour after its addition, with lipid 
labeling being slightly stimulated after 2 hours (SI, 1.19 -+ 0.02; 
n = 4). Insulin at 100 nmol/L had the same results (SI, 
1.15 + 0.04; n = 3). W h e n  insulin was added in the presence  o f  
higher  acetate concentrat ions up to 25 mmol/L,  the hormone  
stimulatory effect on short- term [1-14C]-acetate incorporation 
into lipids remained weak (Fig 2). The distribution o f  [1-14C] - 
acetate be tween  lipids and glycogen was also investigated by 



INSULIN EFFECTS ON HEPATOCYTE LIPID SYNTHESIS 347 

120 

2 

18 co 
£3 
(3_ 
. _J  

O 
F-- 
z 
z 
_ o ~ 1 2  

or" 

n t:~ 
r r  E 

z 

~ 6 
O9 © 

_..I 
CO 

B 

/,¢? 
z 2 0 0  LU 
CO 
O 
¢.3 
>- 

o 150 I-- 
Z 
Z c 
o _ ' ~  

< o_ 
cc 100 
2 g  
© 
0 c 
7 ~ 

w 5 0  
co 
© 

_J  

g o 

-c 4, 

/ 

1 2 3 4 

TIME (h) 

-8 -& 

o 

._c ~.  

O O '~  

~ E  
.c_ 

¢E 

8 < 
o 

175 
A 

150 

125 

100 

75 

5O 

25 

0 
2 .5  5 10 20 25 

175 

_--(2 150 
o 

--~g 125 

~ o _  1 0 0  
o ~ 
~ E  
o___ ~ 75 

50 

as 
..,$ 

0 

B 

2 .5  

/ / .  

T./. ~ 
g4 
//-/~ 
/ / l  

_ _ _  

i i i ,  
, ¢ r ,  
, 1 1 ,  

20 5 10 25 

[Acetate] (raM) 

Fig 2. Effect of medium acetate concentrations on basal and insulin- 
stimulated [1-14C]-acetate incorporation into lipids. Cells were incu- 
bated at 37°C with or wi thout  10 nmol/L insulin in the absence {A) or 
presence {B) of an 8-mmol/L glucose load, and lipid synthesis was 
determined after exposure to [1-14C]-acetate (1.0 FtCi/mL} for 4 hours 
at the various acetate concentrations indicated. Incorporation of 
[1-14C]-acetate into total lipids in the absence (]7) and presence ([]) of 
insulin is shown. 

parallel labeling measurements of both products. As expected, 
the low amount of radioactivity incorporated from [1J4C]- 
acetate into glycogen, which after 2 hours represented only 1% 
to 2% of the radioactivity incorporated into lipids regardless of 
whether insulin was present, likely corresponded to exchange 
reactions. 

Incorporation of [U-14C]-glucose into lipids was then studied 
in the conditioned medium containing 4 mmol[L glucose. In the 
presence and absence of insulin, labeling occurred linearly for 

Fig 1. Time course of lipid and glycogen labeling in the presence of 
[1-14C]-acetate or [U-14C]-glucose. At  day 2, cells were incubated at 
37°C up to 4 hours wi th [1-~4C]-acetate or [U-14C]-glucose (1.0 ixCi/mL) 
in the presence of 10 nmol/L insulin or vehicle in conditioned medium 
containing 0.20 mmol/L acetate and 4 mmol/L glucose. Lipid labeling 
from [1-14C]-acetate (A} or [U-l~C]-glucose (B) and glycogen labeling 
from [U-14C]-glucose (C) in the presence of insulin (1) and in the 
absence of the hormone (m) are shown. Each symbol corresponds to 
the mean _+ SD obtained with triplicate cultures. 
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at least 3 hours, and the rate was 3.7 -+ 0.1 nmol glucose/h/rag 
protein (n = 3) in the absence of the hormone (Fig 1B). A slight 
stimulatory effect of insulin detected after 1 hour did not change 
thereafter (SI, 1.19-+ 0.02 after 3 hours; n = 4). Basal and 
insulin-stimulated time courses were thus similar to those 
observed with [1-14C]-acetate, yet with a much lower rate of 
lipid labeling. In parallel cultures, incorporation of [U-14C] - 
glucose into glycogen was also measured (Fig 1C). The insulin 12 
stimulatory effect was clear as early as 1 hour and developed 
with time (SI, 2.12 _+ 0.1 and 4.23 -+ 0.32 after 1 and 4 hours, c~ o. 
respectively; n = 7). Moreover, glycogen labeling largely ex- ._n lo 

• O 
ceeded [UJ4C]-glucose incorporation into lipids (by 3.3-fold ~- 
and 11-fold after 4 hours in the absence and presence of insulin, ~ ~ 8 

× respectively). ,~ "a" 

Effect of Various Acetate Concentrations on [1JeC]-Acetate "6 
or [U-'4C]-Glucose Incorporation Into Lipids ~ _ 

The effect of insulin on [1-14C]-acetate incorporation into m E 4 
lipids was investigated during longer incubation periods up to 
36 hours by varying the acetate concentration in the medium. 
Lipid labeling increased for 20 hours and then reached a plateau < 2i 
at the lowest acetate concentration, ie, 1 mmol/L (Fig 3A). a.° 
Between 20 and 36 hours, lipid labeling increased with 2.50 and o 
5 mmol/L acetate, with a clear insulin stimulatory effect shown 
after 36 hours at all acetate concentrations (SI, 1.35 -+ 0.02 at 5 15o 

(,9 
mmol/L acetate; n = 3). When using [UJ4C]-glucose, lipid 
labeling increased during the first 20 hours and remained 
constant thereafter at 2.50 and 5 mmol/L acetate in the absence o 
of insulin, whereas it increased throughout the incubation at z 

2" IO0 0.36 mmol/L acetate (Fig 3B). The presence of insulin produced ~ ~ 
a stimulatory effect on lipid labeling mostly after 36 hours at all 
acetate concentrations (SI, 1.49 _+ 0.03 at 0.36 mmol/L acetate; u~: 
n = 3). Thus, acetate dose dependency showed after 36 hours a o 
progressive increase of [1-14C]-acetate incorporation into lipids ~ =~ 

L.U ~ 50 from 1 to 5 mmol/L acetate (Fig 3C). By contrast, a more 
(3 

important [U-14C]-glucose incorporation into lipids was ob- 
tained at low acetate concentration, with incorporation not 
being modified between 2.50 and 5 mmol/L. The stimulatory 
effect of insulin, whatever the precursor, did not vary greatly 
with acetate concentration, o 

Saturation of the incorporation of [1-14C]-acetate into lipids 
with the lower concentration of 1 mmol/L acetate could be 
attributed to the consumption of acetate by the cells. This 
consumption was examined during 48 hours under culture 
conditions using acetate supplementation or renewal of the 
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Fig 3. Effect of various medium acetate concentrations on [1-14C] - ~ ~- 
acetate and [U-14C]-glucose incorporation into lipids. At day 2, ~ 
medium was replaced and cells were incubated at 37°C up to 36 hours ~ 
with [1-14C]-acetate (0.2 i~Ci/l~mol) (A) or [U-14C]-glucose (0.2 i~Ci/ O O 
i~mol) (B) at various acetate concentrations. Labeling of total lipids in __ 
the presence of 0.36 (O, ©), 1 (0 ,  ~),  2.50 (A,  A), and 5 mmol/L (11, uJ E 
I-]) acetate in the presence (filled symbols) and absence (empty ~ ~ 
symbols) of insulin is represented. (C) Results obtained after 36 hours LU 
are expressed as a function of acetate concentration. Incorporation of <0 
[1-14C]-acetate (x) and [U-14C]-giucose (+) into total lipids in the 
presence (~)  and absence (----) of 10 nmol/L insulin is shown. A 
representative experiment is shown where SD values for measure- 
ments of triplicate cultures were in all cases < 15% of the mean values 
shown. 

medium, which permitted acetate concentrations to vary from 5 
to 10 mmol/L. The results showed that a 5-mmol/L acetate 
concentration when the medium was not supplemented for the 
48-hour period seemed to be insufficient, since an important 
part of acetate (60%) was consumed by the cells; yet acetate 
consumption became saturated with further acetate supplies up 
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Table 1. Acetate Consumption by the Cells During Long 
Incubation Periods 

Acetate Lipid 
Consumption Synthesis 

Cu[ture (pmol/48 h/ (nmol/mg 
Conditions Addition culture protein) 

5 mmol/L acetate 

at 18 h 

5 mmol/L acetate 

at 18 h, medium 

renewed after 24 h 

5 mmol/L acetate 
at 18 h, medium 

supplemented 

with 5 mmol/L 

acetate after 24 h 

10 mmol/L acetate 

at 18 h 

No insulin added 3.12 -+ 0.29 

10 nmol/L insulin 3.37 -- 0.30 

No insulin added 7.55 -4- 0.65 

10 nmol/L insulin 7.72 +- 0.69 

No insulin added 7.33 -+ 0.67 

10 nmol/L insulin 7.42 -4- 0.65 

367.6 _+ 35.0 

488.1 _+ 50.2* 

553.8 + 52.3 

778.4 -- 69.4* 

621.5 _+ 59.1 

954.0 _+ 87.0* 

No insulin added 7.44 _+ 0.70 665.4 + 62.7 

10 nmol/L insulin 7.55 _+ 0.67 1,011.4 _+ 98.3* 

NOTE. Cells were incubated as from 18 hours with [1-14C]-acetate 

under the different culture conditions indicated in the presence or 

absence of 10 nmol/L insulin for a further 48-hour period, during 

which acetate specific activity was maintained at the same value (0.2 

pCi/pmol). Acetate concentration in the medium was measured after 

24 and 48 hours, and [1-14C]-acetate incorporation into lipids was 

determined at the end of incubation. Values are the mean _+ SD from 

data obtained with triplicate cultures. 

* P <  .01 vcorresponding control in the absence of insulin. 

to 10 mmol/L (30%) (Table 1). The presence of insulin did not 
significantly modify consumption of acetate whatever the 
culture conditions tested. Basal and insulin-stimulated lipid 
synthesis was enhanced when the medium was enriched with 
acetate from 5 to 10 mmol/L (-twofold),  whereas the stimula- 
tion of lipid synthesis by insulin was not greatly modified (SI, 
1.30 to 1.50). 

Long-Term Insulin Effect on Lipogenesis and Glycogenesis 
and Effect of Glucocorticoids 

The effect of insulin was also investigated in continuous- 
labeling experiments in the presence of [1-~4C]-acetate and 
[UJ4C]-glucose during 3 days of culture, with 10 nmol/L 
insulin and/or 8.0 mmol/L glucose added at 18 hours. This led to 
different lipogenesis time courses. [1-~4C]-acetate incorporation 
into lipids increased during the first 48 hours of culture and 
tended to reach a plateau between 54 and 66 hours in the 
absence of insulin regardless of whether a glucose load was 
present (Fig 4A). A clear insulin stimulation of lipid labeling 
was shown between 30 and 54 hours, whereas the concomitant 
presence of a glucose load had a slight beneficial effect during 
the entire incubation period. When [U-]4C]-glucose was used, 
the stimulatory effect of insulin appeared as early as 30 hours 
(Fig 4B). The same situation was observed with a glucose load 
alone, and additive effects were present when both agents were 
added together. The increase in lipid labeling between 18 and 66 
hours was fourfold in the presence of insulin and reached 
6.4-fold in the presence of both agents, with a corresponding 
increase in untreated cultures of 2.4-fold. 

In parallel experiments, the effect of insulin and a glucose 
load was studied on [u-]aC]-glucose incorporation into glyco- 
gen and glycogen content for 48 hours (Table 2). Insulin and a 
glucose load increased the radioactivity present in glycogen to 
the same extent (SI, 2.75 _+ 0.12 and 2.66 + 0.15, respectively; 
n = 3). Simultaneous addition of both agents gave a stimulatory 
effect more important than in the presence of either agent alone 
(SI, 7.30 + 0.35; n = 3). Glycogen content was increased 
2.5-fold in the presence of insulin, 1.5-fold in the presence of a 
glucose load, and 4.5-fold in the presence of both agents. The 
glycogen content appeared less stimulated in the presence of a 
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Fig 4. Effect of insulin and/or a glucose load on [1-14C]-acetate and [U-14C]-glucose incorporation into lipids during long incubation periods. 
[1-14C]-acetate (5 mmol/L) or [U-14C]-glucose (5.5 mmol/L) was added at the start of culture to produce a final activity of 0.2 i~Ci/i, mol, which was 
maintained throughout the 3-day culture period. After renewal of medium at 18 hours, 10 nmol/L insulin or vehicle and/or 8 mmol/L glucose 
(final concentration in medium, 13.5 retool/L) was added, and cells were incubated for a further 48 hours. Lipid labeling from [1-~4C]-acetate (A) 
and [U-t4C]-glucose (B) in the presence (0 ,  O) or absence (A, A)  of a glucose load and in the presence (filled symbols) or absence (empty 
symbols) of 10 nmol/L insulin is shown. Each symbol corresponds to the mean -+ SD obtained with triplicate cultures. 
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Table 2. Long-Term Insulin Effect on [U-14C]-Glucose Incorporation 
Into Glycogen and Glycogen Content (nmol/mg protein) 

[U-14Cl-Glucose 
Incorporation Glycogen 

Additions Into Glycogen Content 

No insulin added 180 _+ 21 452 -- 48 
10 nmol/L insulin 495 _+ 49 1,132 _+ 100 
8 mmol/L glucose 479 _+ 55 690 _+ 70 
10 nmol/L insulin + 8 mmol/L glucose 1,313 _+ 126 2,048 _+ 198 

NOTE. [U-14Cl-glucose was added at the start of culture to produce a 
final activity of 0.2 pCi/IJmol, which was maintained throughout the 
3-day culture period. After renewal of medium at 18 hours, 10 nmol/L 
insulin or vehicle and/or 8 mmol/L glucose (final concentration in the 
medium, 13.5 mmol/L) were added and cells were incubated for a 
further 48 hours. [U-14C]-glucose incorporation into glycogen and 
glycogen content are the mean _+ SD for 3 experiments performed 
with different cell preparations. 

glucose load than with insulin, contrary to the results obtained 
for glycogen labeling. This was due to differences in the relative 
contribution of glucose to glycogen formation. 25,26 

In these experiments, cortisol (10 Hmol/L) was always 
present in the culture medium. As glucocorticoids are known to 
be necessary for development of the insulin glycogenic re- 
sponse in cultured fetal rat hepatocytes, 27 it was of interest to 
compare the effect of glucocorticoids on [1J4C]-acetate incor- 
poration into lipids and on glycogen content in the presence of 5 
mmol/L acetate. Labeled precursors and insulin were added 
after 18 hours at the time of medium renewal, and cultures were 
incubated for a further 48 hours. [1-14C]-acetate and [U-14C] - 
glucose incorporation into lipids was slightly decreased when 
cells were grown in the absence of glucocorticoids, whereas the 
stimulatory effect of insulin on lipogenesis was similar in the 
presence and absence of glucocorticoids (SI, 1.34 _+ 0.15 and 
1.28 + 0.14, respectively; n = 3) (Fig 5A). [uJnc]-glucose 
incorporation into lipids showed a comparable pattern. In 
parallel cultures, glycogen content and the insulin glycogenic 
response were strikingly dependent on the presence of glucocor- 
ticoid (Fig 5B). This situation was identical regardless of 
whether the medium was supplemented with 5 mmol/L acetate. 
On the other hand, the effect of the deprivation of fetal calf 
serum during 48 hours after the initial 18-hour period in its 
presence was tested in terms of lipid synthesis. In the absence of 
serum, incorporation of both [1-14C]-acetate and [UJ4C]- 
glucose into lipids was increased under basal and insulin- 
stimulated conditions (Table 3). This serum effect could be due 
to the fact that a metabolite originating from a precursor present 
in the serum diluted the radioactivity of the label and decreased 
lipid labeling independently of insulin. As to the stimulatory 
effect of insulin on lipid labeling, it was enhanced significantly 
for both precursors when the medium was deprived of serum 
(1.58 +_ 0.19 v 1.32 +_ 0.17, n = 4, P < .05, in the presence of 
[1-14C]-acetate). 

Long-Term Insulin Effect on Fatty Acid Synthase and Malic 
Enzyme Activities 

The effect of insulin on lipogenic enzyme activities, ie, fatty 
acid synthase and malic enzyme, was investigated in cultures 
grown in the presence of glucocorticoids after a 48-hour period 
in the presence and absence of insulin as described for Fig 4. 

Under such conditions, insulin enhanced the cytosolic protein 
content by 20% with no modification of total proteins. This 
could not be due to differences in cytosolic protein degradation, 
which has been shown to be unaffected by insulin in cultured 
fetal hepatocytes. 28 Insulin increased fatty acid synthase spe- 
cific activity by 26%, whereas a glucose load (15 mmol/L) had 
no effect, with the stimulatory effect of the simultaneous 
presence of insulin and a glucose load being similar to that 
obtained with insulin alone (Table 4). Malic enzyme specific 
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Fig 5. Compared effects of glucocorticoids in lipogenesis and glyco- 
genesis. Two parallel sets of culture were grown in the presence or 
absence of glucocorticoids. After renewal of medium at 18 hours, 
cells were incubated with [1-14C]-acetate (5 mmol/L, 0.2 i~Ci/i, mol) 
for a further 48 hours, with insulin (10 nmol/L) present or not from 18 
hours. Lipid labeling from [1-14C]-acetate (A) and glycogen content (B) 
in cells grown in the presence (A,  A )  or absence (111, [3) of 10 iLmol/L 
cortisol and incubated in the presence (filled symbols) or absence 
(empty symbols) of 10 nmol/L insulin are shown. Each symbol 
corresponds to the mean -+ SD obtained with triplicate cultures. 
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Table 3. Effect of Fetal Calf Serum on Basal and Insulin-Stimulated 
[1-14C]-Acetate and [U-14C]-Glucose Incorporation Into Lipids 

(nmol/mg protein) 

[UJ4Cl-Acetate [U-14Cl-Glucose 
Incorporation Incorporation 

Media Into Lipids Into Lipids 

Medium containing serum 

No insulin added 367.6 _+ 35.2 175.5 _+ 16.2 

10 nmol/L insulin 488.1 _+ 50.1 228.7 ± 20.4 

Medium deprived of serum 

No insulin added 428.0 _+ 41.7 283.7 ± 30.2 

10 nmol/L insulin 661.3 _+ 59.3 417.7 ± 41.5 

NOTE. After 18 hours of culture in the presence of glucocorticoids 
and fetal calf serum, medium was replaced by a medium deprived or 
not of serum but always supplemented with glucocorticoids. At this 
time, [1-14C]-acetate (5 mmot/L, 0.2 pCi/pmol) or [U-14C]-glucose (5.5 
mmol/L, 0.2 pCi/pmol) together with 10 nmol/L insulin or vehicle were 
added and cells were incubated for a further 48 hours. Values are the 
mean ± SD from data obtained with triplicate cultures. 

activity was not modified in the presence of insulin or a glucose 
load, whereas the combination of the two agents increased this 
activity by 20%. 

Insulin Effect on Cellular Fluorescence Produced 
by Nile Red Staining 

It was of interest to measure in parallel experiments the 
neutral lipid content of fetal hepatocytes. Cell staining with Nile 
red, a fluorescent dye that provides resolution of cytoplasmic 
neutral lipid droplets, 24 showed striking differences in the 
fluorescence distribution between fetal hepatocytes incubated in 
the presence and absence of insulin (Fig 6). When estimated by 
an image-analysis system, cells were found to display larger and 
more numerous neutral lipid droplets in the presence of insulin: 
the number of lipid droplets expressed per arbitrary representa- 
tive unit of cell culture surface was 87 + 10 and 56 -+ 7 (n = 4) 
in the presence mad absence of insulin, respectively, with a 
corresponding mean droplet area of 110 _+ 23 and 72 + 10 mm 2. 

Table 4. Long-Term Insulin Effect on Fatty Acid Synthase and Malic 
Enzyme Activities 

Additions 

Fatty Acid Malic Protein 
Synthase Enzyme Cytosolic 
Activity Activity Content 

(U/mg protein) (U/mg protein) (IJg/culture) 

No insulin added 4.1 ± 0.9 18.8 ± 5.5 97.7 ± 9.9 

10 nmol/L insulin 5.2 _+ 1.0t 18.0 ± 3.8 118.3 -+ 6.8* 

15 mmol/L glucose 4.4 ± 0.5 19.6 _+ 6.6 103.7 _+ 9.5 
10 nmol/L insu- 

lin + 15 mmo)/L 

glucose 5.3 ± 1.4" 22.5 + 8.11" 122.0 ± 9.7* 

NOTE. After 18 hours of culture, 10 nmol/L insulin and/or 15 mmol/L 

glucose was added to the incubation medium and cells were incu- 

bated up to 66 hours. Fatty acid synthase and malic enzyme activities 

were determined. Values for enzyme activities are the mean -- SD for 3 

experiments, with 1 U enzyme activity defined as the amount of 

enzyme needed to catalyze oxidation or reduction of 1 nmol NADPH or 

NADP per minute at 35°C. Total protein content was 332 ± 26 and 318 ± 29 

pg/culture in the presence and absence of insulin, respectively. 

*P < .05, I-P < .01: significant difference from cultures without 
additions. 

DISCUSSION 

Lipid synthesis was studied in primary cultures of l 8-day-old 
fetal rat hepatocytes using two different labeled precursors: 
[lJ4C]-acetate and [U-14C]-glucose. [1-14C]-acetate has been 
shown to be a useful tool to measure lipogenesis and its 
stimulation by insulin in adult hepatocytes. 7,8 [U-14C]-glucose 
was of interest for the study of the relationship between lipid 
and glycogen synthesis, as the latter is known to be strongly 
stimulated by insulin in cultured fetal hepatocytes. 15,26 The 
results obtained corresponded to an apparent incorporation of 
acetate and glucose into lipids, since 14C label from such 
exogenous substrates can be diluted by endogenous substrate 
carbonfl 9 The rate of lipid labeling with [1-14C]-acetate was 
much higher than with [U-14C]-glucose, a result previously 
obtained with liver slices from term rat fetus. 3° 

Comparison between lipogenesis and glycogenesis in cul- 
tured fetal hepatocytes during short incubation periods showed 
that [1-14C]-acetate was only incorporated into lipids, whereas 
incorporation of [U-14C]-glucose was much more pronounced 
into glycogen than into lipids. With both precursors, the 
short-term insulin lipogenic response remained weak. A similar 
result has been obtained for [1-14C]-acetate incorporation into 
lipids in isolated hepatocytes from term fetuses. 3x In contrast to 
these investigators, we did not find any increase in the insulin 
stimulatory effect on lipid labeling at high acetate concentra- 
tions (-<25 mmol/L). Such a discrepancy may be due to the 
different hepatocyte "in vitro" systems and ages of fetuses. As 
for glycogenesis, in agreement with previous studies] 5 a strong 
stimulatory effect of insulin was maximally expressed in 
cultured fetal hepatocytes after 2 hours of incubation, showing a 
short-term insulin responsiveness much more marked on glyco- 
genesis than on lipogenesis. 

For longer periods of exposure, the rate of lipid labeling with 
both precursors varied when increasing the acetate concentra- 
tion in the medium, yet with a progressive increase for 
[1J4C]-acetate and a decrease for [UJ4C]-glucose. It follows 
that differences in the apparent efficiency of the two labeled 
precursors were less pronounced at low acetate concentrations. 
The stimulatory effect of insulin developed from 20 to 48 hours 
of hormone exposure whatever the precursor. During long 
incubation periods, the concentration of 5 mmol/L acetate in the 
medium could be rate-limiting for [ 1-14C]-acetate incorporation 
into lipids. According to the different methods of acetate 
supplementation used, an increase in lipid synthesis was 
obtained without an increase in the stimulatory effect of insulin. 
A similar long-term insulin stimulatory effect has been shown 
on [1J4C]-acetate incorporation in cultured adult hepatocytes 
incubated for 20 hours with insulin in the presence of 5 mmol/L 
acetate. 8,32 It is not known whether concentrations in fetal 
plasma are within the range of those (0.10 to 0.50 mmol/L) 
found in adult rat blood. 33,34 

The pronounced stimulatory effect of insulin on lipid labeling 
after 48 hours of hormone exposure was associated with an 
increase in the number and size of lipid droplets. The higher 
cellular neutral lipid content could be accounted for by an 
increased lipid synthesis, although a decreased lipoprotein 
secretion in response to insulin could intervene, as shown in 
cultured adult hepatocytes. 35 The long-term effect of insulin on 
lipogenesis in cultured fetal hepatocytes should be linked to an 
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Fig 6. Effect of insulin on Nile red fluorescence of cultured fetal hepatocytes. Cells incubated under the same conditions as in Fig 3 were grown 
on glass cover slips and stained with Nile red (100 ng/mL). After staining, cells were examined with a Leitz Orthoplan fluorescence microscope. 
Representative fields of cells incubated in the absence (A) or presence (B) of 10 nmol/L insulin and photographed at identical microscope and 
camera settings are shown. 

increase in the activity of some key lipogenic enzymes. The 
activity of fatty acid synthase, a multifunctional enzyme, was 
increased either by insulin or by insulin together with a glucose 
load, but not by a glucose load alone. By contrast, glucose has 
been found to enhance stimulation of the enzyme activity in the 
presence of insulin in cultured term fetal and adult hepato- 
cytes.  13'36'37 Malic enzyme plays an important role by providing 
NADPH for lipogenesis (together with the active pentose 
phosphate pathway) and participates with insulin in the coordi- 
nated regulation in response to nutritional factors in adult 
liver. 1,5 In this study, an increase in malic enzyme activity was 
observed only in the simultaneous presence of insulin and a 
glucose load. Malic enzyme activity has been found to be 
scarcely detectable in the rat fetus,  38'39 and insulin in the 
presence of glucocorticoids has a low stimulatory effect on the 
enzyme protein content in cultured fetal rat hepatocytes. 4° 
Another key lipogenic enzyme, acetyl CoA carboxylase, cata- 
lyzes the first necessary step of fatty acid biosynthesis. This 
enzyme is concerned with a short-term regulation by allosteric 
effectors and phosphorylation-dephosphorylation in adult 
liver. 6,41 It has been shown to be activated by insulin in isolated 
adult rat hepatocytes, in which fatty acid synthase is not subject 
to acute hormonal regulation. 42 The activity of acetyl CoA 
carboxylase was barely detectable in extracts of cultured fetal 
hepatocytes (H. M'Zali, unpublished observation, July 1996), in 
accordance with the fact that the activity of this enzyme has 
been shown to be low and rate-limiting in the fetal liver) 2,43 

Insulin regulation of the key lipogenic enzymes at a pretrans- 
lational and transcriptional level has been the object of many 
important studies. 6 In cultured adult rat hepatocytes, insulin has 
been shown to regulate total RNA and poly(A) + RNA content, 
as well as expression of specific mRNAs. 44 In chick embryo 
hepatocytes in culture, insulin amplifies the triiodothyronine- 
induced enzyme activity together with the level and rate of 
transcription of mRNA for both fatty acid synthase and malic 
enzyme, but has little or no effect by itself. 6'14 Levels of malic 

enzyme mRNA, which was barely detectable throughout the 
neonatal rat period, 45 have been found to be increased in 
cultured fetal hepatocytes by insulin when added in combina- 
tion with triiodothyronine. 4° The enzymatic equipment could be 
specific to the fetal liver with regard to lipid metabolism. 46 For 
example, fatty acid synthesis is active in fetal liver despite the 
extremely low levels of mRNA-S14 encoding for a protein 
involved in liver lipogenesis in adult rats and at weaning. 39 

The situation for lipogenesis regulation in cultured fetal 
hepatocytes differs from that described for adult isolated and 
cultured hepatocytes] ,8 since their ability for a rapid insulin 
response on lipogenesis was poor. Also, the insulin responses 
characteristic of adult hepatocytes, ie, stimulation of lactate 
production, 47 stimulation of the amino acid transport A sys- 
tem, 48'49 and inhibition of protein degradation, 5° are not present 
in fetal hepatocytes. 26,28,31,5°-52 Glucocorticoids did not influ- 
ence the pattern of insulin regulation of lipogenesis in cultured 
fetal hepatocytes. This was at variance with the situation for 
glycogenesis, inasmuch as exposure to glucocorticoids is known 
to allow development of an acute glycogenic response to 
insulin, 2v proving the presence of a functional insulin receptor at 
these stages. The situation particular to cultured fetal hepato- 
cytes requiring a delay for insulin to stimulate lipogenesis and 
accompanied by stimulation of fatty acid synthase activity 
could be due to incomplete maturation of key lipogenic liver 
enzymes in late gestation. The results of the present study show 
that the anabolic insulin action was exerted first on glycogenesis 
and then on lipogenesis during fetal hepatocyte development in 
culture. 
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