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Abstract The role of glucocorticoids on adipose conversion has 
been studied using confluent Ob1771 mouse preadipose cells 
maintained in a serum-free culture medium able to support the 
emergence of early but not that of late markers of differentiation. 
Under these culture conditions, glucocorticoids play, at physio- 
logical concentrations, a permissive role for terminal differentia- 
tion, characterized by glycerol-3-phosphate dehydrogenase ex- 
pression and triacylglycerol accumulation within 12 days, 
whereas progesterone, testosterone, and estradiol are inactive. 
Glucocorticoids behave as mitogenic-adipogenic stimuli able to 
trigger growth-arrested, early marker-expressing cells to enter 
the terminal phase of the differentiation program and thus ap- 
pear to mimic the mitogenic-adipogenic activity already de- 
scribed for arachidonic acid and cyclic AMP-elevating agents, 
especially prostacyclin. When compared to corticosterone alone, 
exposure of Ob1771 cells to both corticosterone and arachidonic 
acid leads to an additional increase in the glycerol-3-phosphate 
dehydrogenase activity and number of differentiated cells; this 
potentiation is further enhanced when the culture medium is 
supplemented with the cyclic AMP phosphodiesterase inhibitor 
3-isobutyl-1-methylxanthine. This suggests indirectly the in- 
volvement of prostacyclin as a metabolite of arachidonic acid 
able to induce cyclic AMP accumulation. In agreement with this 
hypothesis, it is found that a promoting effect is exerted by cor- 
ticosterone on the metabolism of arachidonic acid, leading in 
turn to an increase in the production of prostacyclin. e These 
findings allow a better understanding of the role of glucocorti- 
coids on adipose cell differentiation and explain a posteriori the 
effectiveness of the combination of dexamethasone-isobutyl- 
methylxanthine used in innumerable studies.- Gaillard, D., 
M. Wabitsch, B. Pipy, and R. Nigrel. Control of terminal 
differentiation of adipose precursor cells by glucocorticoids. 
J Lipid Res. 1991. 32: 569-579. 
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Cells from various preadipocyte clonal lines, able to  
differentiate in vitro, have allowed new insights into the 
events that occur dur ing  the process of adipose conversion 
(1). The expression of early markers such as  lipoprotein 
lipase a n d  pOb24 m R N A  in Ob1771 preadipocytes takes 
place at  growth arrest (2, 3). I n  contrast, a limited 

proliferation of these already committed, early marker- 
containing cells, is subsequently required for the expres- 
sion of late markers of adipose conversion such as  glycerol- 
3-phosphate dehydrogenase (GPDH) and triacylglycerol 
accumulation (4-6). T h i s  situation, which suggests that 
terminal differentiation of adipose cells is controlled by 
specific mitogenic stimuli, is in agreement with in vivo 
da ta  obtained by means of pulse-labeling of [3H]thymidine 
into D N A  dur ing  the development of adipose tissue in 
newborn rodents (7, 8). 

T h e  establishment of serum-free hormone-supplemented 
media, able to  support growth and/or differentiation of 
preadipocyte cell lines or cell strains (9-13), has provided 
the opportunity to  characterize some extracellular a n d  in- 
tracellular signals that  a re  involved in the control of adi- 
pose conversion (14, 15). Using this approach, we have 
previously shown that  cells of the Ob1771 preadipocyte 
clonal line, able to  express lipoprotein lipase in 5F 
medium (containing insulin, transferrin, triiodothyro- 
nine, growth hormone, and fetuin), required additional 
mitogenic stimuli to  enter  the terminal par t  of the differ- 
entiation program (14, 15). A m o n g  these stimuli, agents 
able to  trigger the cyclic AMP pathway played a pivotal 
role, whereas those able to trigger inositol phospholipid 
breakdown were acting as  modulators. Arachidonic acid, 
as  a promoter of both the cyclic AMP and the inositol 
phospholipid pathways via two of its metabolites, prosta- 
cyclin ( PGIz) and prostaglandin F2a ( PGFza), respectively, 

Abbreviations: GPDH, glycerol-3-phosphate dehydrogenase; PGI', 
prostacyclin; PGF',, prostaglandin F2-; DME medium, Dulbecco's 
modified Eagle's medium; FGF, fibroblast growth factor; TS, tri- 
iodothyronine; LDH, lactate dehydrogenase; EGF, epidermal growth 
factor; IBMX, 3-isobutyl-1-methylxanthine; TLC, thin-layer chroma- 
tography; HPLC, high performance liquid chromatography. 
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was indeed able to trigger terminal differentiation when 
added to 5F medium (14, 15). 

The  role of glucocorticoids has been the subject of 
numerous investigations both in vivo and in vitro. Gluco- 
corticoids, which are thought to be key hormones for adi- 
pose tissue development (16), in particular the abdominal 
fat depot (17), have been shown to promote in vitro the 
differentiation of adipose precursor cells from various spe- 
cies (18-23). We have recently reported a promoting effect 
of glucocorticoids on the differentiation of human adipose 
precursor cells in a serum-free chemically defined medium 
(22). However, the mechanisms by which these hormones 
are active in adipose cell direrentiation after binding to 
the glucocorticoid receptor are still unclear. In the present 
report we demonstrate that glucocorticoids behave as 
adipogenic-mitogenic stimuli and are able to trigger the 
terminal differentiation of mouse Ob1771 preadipocyte 
cells maintained in 5F medium. In agreement with our 
previous findings (14, 15), the growth- and differentiation- 
promoting effect of corticosterone appears to be related to 
its ability to stimulate arachidonic acid metabolism lead- 
ing especially to the enhancement of prostacyclin produc- 
tion. The adipogenic-mitogenic erect of glucocorticoids is 
discussed with respect to adipose conversion in vitro and 
adipose tissue development in vivo 

the culture medium as a 1:100 dilution of the stock solu- 
tion and thus ethanol concentrations never exceeded 1%. 
Control experiments showed that exposing the cells to 1%) 
ethanol had no effect on the various parameters under in- 
vestigation. Primary cultures of adipose precursor cells 
present in the stromal-vascular fraction of mouse or 
human adipose tissues were obtained after collagenase 
digestion. After plating in serum-supplemented mediuni 
and careful washings, these cultures were maintained 
under the same serum-free culture conditions as Ob1771 
cells (12, 13). 

Biochemical assays 

GPDH (EC 1.1.1.8) and lactate dehydrogenase (LDH; 
EC 1.1.1.27) were assayed spectrophotometrically in cell 
homogenates as previously described (14, 15). Assays were 
carried out in duplicate at day 12 after confluence. Inter- 
assay variability as well as variability among mean values 
from separate wells maintained under identical culture 
conditions never exceeded 5% in the same series of cells. 
Protein and DNA contents of cell homogenates were de- 
termined according to Lowry et al. (27) and Labarca and 
Paigen (28), respectively. G P D H  specific actibity was ex- 
pressed in milliunits (nmoledmin) per mg of protein. 

Intracellular cyclic AMP concentrations and inositol 
phospholipid breakdown were measured as previously 
reported (14, 15) using a protein binding assay and 
[ lH]inositol-prelabeled cells, respectively. 

The epidermal growth factor (EGF) receptor-binding 
assay used to monitor the in vivo activation of protein 
kinase C was performed as described by Doglio et al. (29). 

MATERIALS AND METHODS 

Cell culture 

Stock cultures of Ob1771 cells, obtained after subcloti- 
ing of Ob17 cells, established from the periepididymal 
adipose tissue of the genetically obese C57B16J mouse 
(24), were maintained in Dulbeccds modified Eagle's 
(DME) medium supplemented with biotin, pantothenate, 
antibiotics, and 10% (v/v) fetal bovine serum as previ- 
ously described (25). All experiments were performed in  
serum-free hormone-supplemented medium with cells 
previously grown in 4F medium consisting of a mixture 
of D M E  medium and Ham's F I 2  medium (l:l, v/v) con- 
taining insulin (5 pglml), transferrin (10 pg/ml), a par- 
tially purified kallikrein-like activity from rat submaxil- 
lary gland [l pg/ml, (26)] and fibroblast growth factor 
(FGF, 25 ng/ml). Confluent cells grown under these latter 
conditions were subsequently shifted (day zero) to the 
same basal medium as above enriched with sodium ascor- 
bate (100 pM) plus sodium selenite (20 nM) and contain- 
ing insulin (5 pg/ml), transferrin (10 pg/ml), fetuin (500 
pg/ml), bovine growth hormone (2  nM), and triiodo- 
thyronine (T3, 200 p ~ ) .  This culture medium, referred 
to as 5F medium (14, 15), was further supplemented or 
not as indicated in the Results section. Two medium 
changes were subsequently performed at days 3 and 7. All 
added compounds, dissolved in ethanol, were present in 

Metabolism of arachidonic acid in Ob1771 cells 

Confluent cells were labeled with [ "H ]arachidonic acid 
(1K6 h t .  0.5 pCi/culture well) in 5F medium for 48 h.  
Under these conditions 80 5% o f  the radioactivity was 
incorporated into the cells, 95% of which was incorpo- 
rated into polar lipids as checked by T L C  of the extracted 
cellular lipids using hexane-diethylether-formic acid 
80:20:1 (v/v) as the developing solvent. These prelabeled 
cells were washed with DME-F12 medium 1:l (vi.) and 
maintained for the next 24 h in 5F medium (0.5 ml) alone 
or supplemented as indicated in the text (see also the 
legend of Fig. 4). Each culture medium was pooled with 
its respective cell wash (0.5 ml o fDME/F12  medium) and 
collected in the presence of butyl-hydroxytoluene (50 phi). 
Labeled arachidonic acid and the metabolites released 
into the culture medium were recovered after acidification 
with HC1 either by solvent extraction using a mixture of 
cyclohexane-ethyl acetate 1:l (v/v) or by chromatography 
on Sep-Pak C I 8  cartridges (Waters) as described by 
Powell (30). Arachidonic acid metabolites were eluted 
with methanol (5 ml). After drying under nitrogen, the 
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extracted material was dissolved in a small volume of 
methanol-ethyl acetate 1:l ( v h )  and aliquots of known 
radioactivity content were applied to thin-layer silica gel 
plates. T L C  plates were developed to a height of 19 cm in 
the organic phase of ethyl acetate-isooctane-acetic acid- 
water 11:5:2:10 (v/v) with unlabeled or tritiated standards 
run in parallel. Plates were cut into segments of 1 cm and 
the radioactivity in each zone was assayed by liquid scin- 
tillation counting. HPLC analysis was performed after 
extraction of samples using Sep-Pak C I S  cartridges as 
described above. The dry extracted lipids were suspended 
in acetonitrile-water-acetic acid 35:65:0.6 and subjected 
to reverse-phase HPLC. A Hewlett-Packard HPLC sys- 
tem was used with a Hewlett-Packard 5-pm (218 column 
(200 x 4 mm). The  solvent, acetonitrile-water-acetic 
acid buffered to p H  5.0 with triethylamine, was used at a 
1.1 ml/min flow rate. Arachidonic acid metabolites were 
eluted during an initial isocratic phase for 7 min (35:65:0.6), 
a stepwise gradient increase of acetonitrile to 91:9:0.6 for 
37 min, and during a final isocratic phase for 10 min 
(91:9:0.6). The  radioactivity in the effluent was monitored 
with a Berthold LB506D model HPLC radioactivity de- 
tec t or. 

Materials 

Steroids were purchased from Sigma Chemical Co. (St. 
Louis, MO), [3H]arachidonic acid from Dupont New En- 
gland Nuclear (Paris, France), and 1251-labeled EGF from 
Amersham International (Amersham, Bucks, U.K.). The 
sources ofculture reagents and all other products were the 
same as reported previously (14, 15, 22). 

RESULTS 

Adipogenic-mitogenic effect of glucocorticoids 

Confluent Ob1771 cells, maintained in 5F medium, are 
known to express early markers of differentiation such as 
lipoprotein lipase (31) and pOb2+ mRNA [(32) and 
A. Pradines-Figukres, D. Gaillard, and R. NCgrel, un- 
published results]. Addition to 5F medium of physiologi- 
cal concentrations (IO-’ M to io-’ M) of corticosterone, 
the major circulating glucocorticoid in rodents, allowed 
the cells to express late markers indicative of terminal 
differentiation. Induction of terminal differentiation by 
corticosterone is illustrated by the expression of high 
levels of G P D H  activity used as an indicator of terminal 
differentiation measured after 12 days of exposure to the 
hormone (Fig. 1). Induction of terminal differentiation is 
also illustrated by the cytoplasmic accumulation of tri- 
acylglycerol, easily detectable under the microscope as 
refringent lipid droplets in a variable number of cells as 
shown in the photomicrographs of Fig. 2. It should be 
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Fig. 1 .  Effect of corticosterone on the activity levels of glycerol-3- 
phosphate dehydrogenase in Ob1771 cells. Confluent Ob1771 cells were 
maintained for 12 days in 5F medium supplemented or not with various 
concentrations of corticosterone as indicated. GPDH activities were then 
determined as described in Materials and Methods. The values are the 
means + SEM of duplicate determinations obtained from 4 to 12 (n) in- 
dependent series of cells. 

recalled that a tight correlation has been previously ob- 
served between the specific activity of GPDH measured at 
day 12 and the proportion of triacylglycerol-containing 
cells under various serum-free culture conditions (14). 
The adipogenic effect of corticosterone in 5F medium was 
dose-dependent and culminated very reproducibly at 

M for both GPDH activity (Fig. 1) and the number of 
triacylglycerol-containing cells (Fig. 2, A-E). Long-term 
treatments with higher concentrations of corticosterone 
were less effective M) or even became inhibitory 

M). Similarly, the maximally effective adipogenic 
concentration of corticosterone was found to be lo-* M 

for primary culture of mouse adipose precursor cells pres- 
ent in the stromal vascular fraction isolated from sub- 
cutaneous or periepididymal adipose tissue (Fig. 2F). 

The effects of chronic exposure of Ob1771 cells to other 
steroids on the expression of GPDH are shown in Fig. 3. 
Hydrocortisone had effectiveness and potentiality similar 
to corticosterone, whereas cortisone behaved as a poor 
adipogenic agent. Dexamethasone was the most potent 
steroid: its adipogenic activity was already significant at 

M.  In contrast, aldosterone and progesterone were 
less potent since concentrations of io-’ M or even M 
were required to promote G P D H  expression. Testoster- 
one, estrone, 17a- and 17a-estradiol were found to be in- 
active when added to 5F  medium at concentrations rang- 
ing from lo-’’ to M.  According to i) the binding 
properties of the glucocorticoid receptor, which has been 
described in various tissues ( 3 3 ) ,  including adipose tissue 
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Fig. 2. Morphological diferentiation of Ob1771 cells and mouse adipose precursor cells exposed to corticosterone in serum-free hormone SUP 

plemented medium. Photomicrographs (magnification x250) of representative fields of Ob1771 cells (A-E) and stromal-vascular cells from adult 
mouse subcutaneous adipose tissue (F) were taken after 6 (A-C) or 12 (D-F) days of exposure to 5F medium alone (A) or 5F medium supplemented 
with either 10-8 XI (R. D, and F) or IO" XI corticosterone ( C  and E). Ob1771 cells were previously grown during the exponential phase as described 
in Materials and Methods. Primary cultures of mouse stromal vascular cells were shifted to the serum-free culture conditions after plating overnight 
in serum-supplemented medium as previously described for rat and human cells (12, 13). 

(34, 35), and zi) the order of potency of the various 
steroids, these results indicate that the adipogenic effect of 
steroid hormones in Ob1771 cells was specific for gluco- 
corticoids. 

It is noteworthy that, whatever the active steroid being 
used as an agonist, a strong reduction in its adipogenic ac- 
tivity was systematically observed beyond the maximally 
effective concentration. For instance, long-term treatment 
with the most potent glucocorticoid, dexamethasone, which 
is maximally active at lo-' M did not lead to an increase 
in GPDH activity when present at lo-' M (Fig. 3). The 
loss of this promoting effect at high concentrations of the 

hormones on GPDH activity was accompanied by a parallel 
lack of the intracellular lipid accumulation (Fig. 2E). 

The effects of increasing concentrations of corticosterone 
were also investigated when Ob1771 cells were exposed to 
the hormone only for the first 3 days after confluence with 
assays being performed at day 12 (Table 1). Under these 
conditions, the adipogenic effect of corticosterone was less 
pronounced but the inhibitory effect observed at lo-' M 

during chronic exposures was no longer apparent. Inter- 
estingly, a potent enhancement, leading to a dramatic in- 
crease in the GPDH activity at day 12, was obtained when 
5F medium was also supplemented during the first 3 days 
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800 one round of cell division (14), adipogenic glucocorticoids 
should also behave as mitogenic stimuli. As expected, ex- 
posure of confluent Ob1771 cells to M or lo-' M cor- 

3 ticosterone led to increases in cell number that were read- 
ily apparent under the microscope within 3 to 6 days (Fig. 

v E m  

2, A-C). At day 12, when differentiated cells were har- 0 

vested for GPDH determination, the DNA content of u 400 

V both M and M corticosterone-treated cultures 
was threefold higher than in control cultures: 1.52 5 0.12 s 
versus 0.51 f 0.06 kg DNAkulture well. Likewise, a e 

3: dose-dependent increase in DNA content at day 12 was 2 observed when Ob1771 cells were exposed for the first 
3 days after confluence to increasing concentrations of 
corticosterone providing the simultaneous presence of 

0 0  

IBMX (Table 1). In contrast to glucocorticoids, but in 
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Fig. 3. Adipogenic effect of glucocorticoids in Ob1771 cells. GPDH ac- 
tivities were determined in confluent cells maintained for 12 days in 5F 
medium supplemented with the indicated concentrations of dexametha- 
Sone (01, hydrocortisone (O), cortisone (O), d-aldosterone (A), and 
progesterone (W). The values are the mean of duplicate determinations 
obtained in two independent series of cells; they did not differ by more 
than 10%. Testosterone, estrone, 17a- and 17P-estradiol tested from 

M to lob6 M failed to induce GPDH expression and triacylglycerol 

agreement with their lack of adipogenic activity, testoster- 
one, estrone, and l7CY- and 170-estradiol failed to promote 
a cell increase within 12 days when present in 5F medium 
at concentrations ranging from lo-'' M to M (data 
not shown). 

accumulation 

with M isobutyl methylxanthine (IBMX) as a cyclic 
AMP phosphodiesterase inhibitor (Table 1). A similar 
result was obtained when confluent Ob1771 cells were ex- 
posed for the first 3 days to IBMX and to the stable ana- 
log of prostacyclin, Le., carbaprostacyclin (cPG12), added 
as an activator of cyclic AMP production (Table 1 and 
ref. 15). 

Since terminal differentiation of growth-arrested, early 
marker-containing Ob1771 cells in 5F medium is depen- 
dent on DNA synthesis (2-6) and is preceded by at least 

Relationships between corticosterone, cyclic AMP, and 
arachidonic acid metabolism 

In the light of our previous findings using Ob1771 cells 
grown and maintained in serum-free medium (14, 15), the 
mitogenic-adipogenic effect of glucocorticoids should be 
linked to a stimulation of the intracellular events involved 
in the control of the critical mitoses which lead to terminal 
differentiation. In that respect the cyclic AMP pathway, 
which is the key intracellular signal for this process in 
Ob1771 cells, appeared as an event that might be affected 
by these hormones. A possible relationship between 
glucocorticoids and the cyclic AMP pathway in triggering 

TABLE 1. Adipogenic-mitogenic effect of corticosterone during a 3-day exposure in the 
presence or absence of IBMX 

Culture Conditions IBMX Specific Activity of GPDH DNA Content 

m U/mS &culture well 

5F medium 
5F medium 

+ Corticosterone 10-9 M 

+ Corticosterone M 

+ Corticosterone M 
+ Corticosterone 10-8 M 

+ Corticosterone 10.7 M 
+ Corticosterone M 

+ CPGI, 2 x 10-7 M 
+ C P G I ~  2 x 10-7 M 

- 

+ 

- 

+ 

40 k 10 
200 k 30 

110 k 15 
470 k 40 

220 f 20 
950 50 

250 k 30 
1680 k 95 

330 f 35 
1630 f 80 

0.46 f 0.05 
0.48 f 0.06 

0.50 i 0.05 
0.60 f 0.06 

0.52 + 0.06 
0.95 f 0.07 

0.55 k 0.06 
1.35 k 0.08 

0.61 f 0.04 
1.42 f 0.07 

Confluent Ob1771 cells were maintained during the first 3 days in 5F medium supplemented ( + )  or not ( - )  
with M carbaprostacyclin. At days 3 and 
7, cells were exposed to fresh 5F medium without any other supplement and maintained until day 12. Cells were 
then washed, scraped, and homogenized for GPDH activity, protein, and DNA contents. The activity values are 
reported as medians k ranges of duplicate determinations performed with two independent series of cells under 
each culture condition. 

M IBMX and various concentrations of corticosterone or 2 x 
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the terminal differentiation was indeed already suggested 
by the potentiating effect of IBMX on the mitogenic- 
adipogenic activity of corticosterone (Table 1). However, 
in contrast to arachidonic acid, cPGI,, or other cyclic 
AMP-elevating agents, a short-term exposure (5 min) of 
Ob1771 cells to corticosterone (lo-" M to M) in 5F 
medium did not lead to any increase in the intracellular 
content of cyclic AMP (data not shown). Moreover, among 
other possible intracellular events able to modulate the 
mitogenic response of Ob1771 cells during terminal differ- 
entiation, neither inositol phospholipid breakdown nor 
protein kinase C activation (monitored through the re- 
duction of lZ5I-labeled EGF binding) appeared to be 
affected during short-term exposures (15-30 min) to cor- 
ticosterone (data not shown). Since none of these short- 
term intracellular events seemed to be responsible for the 
effect of glucocorticoids on adipose cell differentiation, 
possible long-term effects of these hormones were inves- 
tigated. 

According to the model that we have recently proposed 
(15), cyclic AMP production and protein kinase C activa- 
tion could be triggered in an  autocrine manner by PG12 
(prostacyclin) and PGFz,, respectively, which are both 
metabolites of arachidonic acid in preadipocyte cells 
(36-38). Therefore, the influence of corticosterone on ter- 
minal differentiation in the simultaneous presence of 
arachidonic acid was examined. As shown in Table 2, cor- 
ticosterone and arachidonic acid, when present for 12 
days in 5F medium, were able to potentiate each other in 
their ability to promote GPDH expression. The  effect of 
suboptimal concentrations of arachidonic acid (2 and 
5 x M) in inducing G P D H  expression was strongly 

TABLE 2. Mutual potentiation of corticostc 

enhanced in the presence of lo-' M and M cortico- 
sterone. Furthermore, when 5F medium was supple- 
mented with 7.5 x M arachidonic acid, a maximal 
expression of G P D H  (2500 mU/mg), accompanied by ac- 
cumulation of triacylglycerol in most of the cells, was 
reproducibly observed at lo-' M corticosterone. This con- 
centration of corticosterone is one order of magnitude lower 
than the maximally effective concentration of the hormone 
in the absence of exogenous arachidonic acid. The inhibi- 
tory effect of a long-term treatment with M corticoster- 
one was again readily observed when Ob1771 cells were 
simultaneously exposed to arachidonic acid or car- 
baprostacyclin, agents which are able, when present 
alone, to trigger the differentiation of a very large propor- 
tion of the cells. The effect of corticosterone on the expres- 
sion of GPDH at day 12 was also enhanced during a 3-day 
exposure of the cells to the hormone in the presence of 
IBMX and arachidonic acid (Table 2). Under these con- 
ditions, the maximally active concentration of corticoster- 
one was shifted from M to M.  

Altogether, the synergistic effects of arachidonic acid 
and corticosterone suggested that the mitogenic-adipogenic 
activity of the hormone might be exerted through the en- 
hanced generation of some metabolite(s) of arachidonic 
acid, especially able to elicit cyclic AMP production, Le., 
prostacyclin. Therefore, [3H]arachidonic acid-prelabeled 
Ob1771 cells were used to examine the effect of cortico- 
sterone on arachidonic acid metabolism. 

The results of Fig. 4 were obtained with Ob1771 cells 
that had been prelabeled with [3H]arachidonic acid. Cells 
were then exposed for 24 h to corticosterone andlor ex- 
ogenous unlabeled arachidonic acid, in the absence or the 

:rone and arachidonic acid as adipogenic agents 

Conccntration ol Corticostcronc 

Culturc  Conditions 0 1 or'' \ I  1o-fi hl 1u-7 $1 

1) 12-Day exposure 
5F medium 
+ Arachidonic acid (2  x M) 
+ Arachidonic acid (5 x M) 
+ Arachidonic acid (7.5 x AI) 

+ cPGI, (0.2 x 10-6 M) 

2) 3-Day exposure 
5F medium + IBMX (1 x IV4 M) 
+ Arachidonic acid (1 x hf) 

+ Arachidonic acid (5 x M) 

200 f 30 
300 f 50 
800 in0 

CPDH specijic activity (mU/mg) 

250 ?r 80 500 * 50 
700 100 1050 k 200 

1560 k 150 1850 f 200 
2500 f 300 2100 + 200 
2700 f 250 2300 + zoo 

470 f 40 950 f 50 

1300 k 100 2000 i 190 
600 f 70 1500 k 150 

60 k 15 
200 k 30 
380 f 50 
200 f 40 
800 i 70 

1680 f 95 
1400 f 150 
1750 f 130 

Confluent Ob1771 cells were maintained under the various culture conditions indicated in the left column, in 
the absence or  presence of increasing concentrations of corticosterone. In the first culture protocol (1 2-day exposure) 
each culture medium added at day zero was renewed at days 3 and 7 .  In the second protocol (3-day exposure) cells 
were maintained under the various indicated culture conditions during the first 3 days only and were fed at days 
3 and 7 with 5F medium. In each case, cell homogenates were prepared at day 12 for GPDH and protein determina- 
tion. The values are the medians ranges of duplicate determinations performed with three (12-day exposure) 
or two (3-day exposure) independent series of cells under each culture condition. 
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Fig. 4. Effect of corticosterone on the synthesis of prostacyclin in [3H]arachidonic acid-prelabeled cells. Confluent Ob1771 cells prelabeled with 
[3H]arachidonic acid in 5F medium for 48 h (see Materials and Methods) were washed with DME/FI2 medium (i: l ,  v/v) and maintained for the next 
24 h in 5F medium alone ( A )  in Fig. A or enriched with 5 x M arachidonic acid ( A )  in Fig. B. These media were supplemented in Fig. A: 
with h.I corticosterone (m) alone or together with M 

aspirin (X). Culture media from six individual culture wells under each culture condition were mixed with their respective cell washes in the presence 
of butylhydroxytoluene (50 p ~ ) .  After counting of an aliquot, the collected media from each culture condition were pooled, acidified, extracted with 
cyclohexane ethyl acetate, and analyzed by TLC as described in Materials and Methods. The radioactivity recovered in each fraction expressed in 
dpm corresponds to the material present in the lipid extract from six pooled culture wells. The chromatograms are representative of three independent 
experiments performed under each culture condition. In one of them, extraction of arachidonic acid and its metabolites has been performed using 
Sep-Pak C 1 8  cartridges 

M aspirin (X) and in Fig. B: with M corticosterone (m) alone or together with 

presence of aspirin. First, a higher amount of radioac- 
tivity was reproducibly recovered in the lipid extract of 
the culture medium of corticosterone-treated cells as com- 
pared with untreated cells (at lo-* M ,  the increase was 
10 2% of the total). This increase was almost exclu- 
sively associated with the peak migrating with authentic 
6-keto-PGF,,, the stable decomposition product of PG12. 
As expected, when the cells were maintained in the pres- 
ence of aspirin, a cyclooxygenase inhibitor that has been 
shown to prevent adipose conversion induced by exogenous 
arachidonic acid (15), the production of 6-keto-PGF1, as 
well as that of other prostaglandins was abolished whereas 
a concomitant increase in unmetabolized arachidonic 
acid was observed (Fig. 4A). When the cells were simul- 
taneously exposed to unlabeled arachidonic acid, the 
effect of corticosterone on arachidonic acid metabolism 
became even more striking (note the change in scale in 
Fig. 4B). Addition of 5 x M arachidonic acid to 5F 
medium led to an  increase of 25 f 5% in the recovered 
radioactivity from the lipid extract; this increase rose to 
100 10% when lo-' M corticosterone was simultane- 
ously present. Under the latter condition, the rise in 
radioactivity of the lipid extract was mainly associated 
with three peaks: unmetabolized arachidonic acid, 6-keto- 

PGF1,, and metabolites that might include HHT, PGA,, 
and PGB2. As control experiments, using a different tech- 
nique to identify and quantitate the various metabolites of 
arachidonic acid, analyses by reverse phase HPLC have 
shown similar results, i.e., higher amounts of the different 
metabolites, including 6-keto-PGF1,, were indeed deter- 
mined from the lipid extract of the culture medium of 
corticosterone-treated cells than in that of untreated cells. 
It is of interest to observe that, whether or not unlabeled 
arachidonic acid was included in the culture medium, the 
presence of corticosterone did not lead to an increase in 
the production of PGE2 known to be ineffective in the adi- 
pose conversion process (15, 39). 

DISCUSSION 

Since the first reports (18, 40, 41) showing that a 48-h 
treatment of confluent 3T3-Ll preadipocyte cells in 
serum-supplemented medium with a mixture of dexa- 
methasone and IBMX led to an  acceleration and amplifi- 
cation of their adipose conversion, a similar adipogenic 
effect of glucocorticoids and/or IBMX has been reported 
for several other preadipocyte models (19-23). IBMX is 
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known to enhance the intracellular level of cyclic AMP by 
inhibiting both soluble and particulate cyclic AMP phos- 
phodiesterases present in these cells (42). Nevertheless, no 
clear evidence on the role of glucocorticoids in this 
process has been given so far, although it has been sug- 
gested that these hprmones might increase the production 
of a rate-limiting factor required for fat cell differentiation 
(18, 20, 43). 

In the present study, performed with mouse Ob1771 
preadipocyte cells maintained in a chemically defined 
medium, glucocorticoids behaved within a physiological 
range of concentrations, as mitogenic-adipogenic stimuli 
known to be required to trigger terminal events of adipose 
conversion. Under the simplest culture conditions de- 
scribed herein (Le., 5F medium), glucocorticoids ap- 
peared as absolute requirements for terminal differentia- 
tion. As reported in most of the previous studies carried 
out in serum-supplemented media, glucocorticoids ap- 
peared also as modulators and/or accelerators when the 
culture medium was supplemented with other adipogenic 
compounds such as IBMX and/or arachidonic acid. Al- 
though a growth-promoting effect of dexamethasone has 
already been mentioned for preadipocytes in a few reports 
(18, 44, 45), the relationship between the mitogenic effect 
and the adipogenic activity of this glucocorticoid analog 
had never been reported to our knowledge. Such a 
mitogenic-adipogenic property is in agreement with the 
fact that i) the development of adipose cell clusters of vari- 
ous preadipocyte models in vitro proceeds through a 
limited proliferation of committed precursors (4, 46, 47); 
ii) early markers of differentiation such as lipoprotein 
lipase and pOb24 mRNA (31, 32) are expressed in growth- 
arrested Ob1771 cells both in serum-supplemented and 5F 
medium (3, 11); and zzi) the expression of late markers 
such as G P D H  activity and triacylglycerol accumulation, 
indicative of terminal differentiation, requires the ex- 
posure of growth-arrested cells to some specific mitogenic 
stimuli (6, 14, 15). Among these specific stimuli, factors 
able to increase the intracellular level of cyclic AMP are 
of utmost importance for Ob1771 as well as 3T3 cells (14, 
48) and agents able to trigger inositol phospholipid break- 
down or to activate protein kinase C more directly act as 
potentiators or modulators ofthe mitogenic response (14). 
Arachidonic acid and two of its metabolites (PGI, and 
PGF2,, agonists of the cyclic AMP and the inositol phos- 
pholipid pathway, respectively) have been indeed demon- 
strated to play a pivotal role in the control of terminal 
differentiation (14, 15). Since corticosterone elicited en- 
hanced arachidonic acid release and increased synthesis 
of prostacyclin, which is known to lead in turn to cyclic 
AMP production and mitoses, it is proposed that prosta- 
cyclin is the ultimate mediator of the mitogenic-adipogenic 
activity of corticosterone. 

It is striking to observe that, when exposed t o  5F 
medium enriched with an optimal concentration of cor- 

ticosterone, such as in serum-supplemented medium, dif- 
ferentiated cells were arranged in clusters of variable size. 
Supplementation of 5F medium with a combination of 
corticosterone (lo-’ M) and arachidonic acid (2-7.5 x 

M), a condition that gives rise to a higher production of 
prostacyclin, was accompanied by a striking increase in 
the size of differentiated clusters and led very often to a 
near complete monolayer of differentiated cells. It is thus 
very likely that the production of prostacyclin, acting in 
an autocrine manner and by means of its well known abil- 
ity to increase cyclic AMP (15, 49, 50), represents the 
limiting event able to induce mitoses and the progression 
of preadipocytes into the late part of their differentiation 
program. This involvement of prostacyclin would explain 
a posteriori the effectiveness of the adipogenic cocktail 
“dexamethasone-IBMX,” used to amplify and to acceler- 
ate adipose conversion in innumerable studies performed 
mainly in serum-containing media. Furthermore, the 
potentiating effect that occurs between glucocorticoids and 
arachidonic acid also accounts a posteriori for the high 
adipogenic activity exhibited with 3T3 (51) as well as 
Ob17 preadipocytes (11) by an ethanolic extract prepared 
from the serum of various species and which is now 
known to be enriched with both steroid hormones (51), 
fatty acids, and prostaglandins (14). 

The adipogenic effect of glucocorticoids is not restricted 
to cells of preadipocyte clonal lines; it was also observed 
in primary cultures of precursor cells isolated from adi- 
pose tissue of various species including mouse (this 
study), rat (19), rabbit ( 2 3 ) ,  and humans (21, 22). More- 
over, when human cells were cultured in 5F medium sup- 
plemented with cortisol, an amplifying effect of arachi- 
donic acid (5 x M) led both to a two- to threefold 
increase in the GPDH activity level and the number of 
triacylglycerol-containing cells (D. Gaillard and R.  NCgrel, 
unpublished results). Glucocorticoids have also recently 
been shown to stimulate the differentiation of the multi- 
potent clonal fetal rat cell line RCJ 3.1 into four distinct 
phenotypes of mesenchymal origin including bone, car- 
tilage, muscle, and adipose tissue (52). Interestingly, 
whereas the muscle and bone phenotypes were expressed 
at a low frequency in the absence of dexamethasone, the 
formation of chondrocytes and adipocytes was absolutely 
dependent upon the addition of the glucocorticoid and 
showed a similar dose- and time-dependence as compared 
with that observed in our study. 

The effect of glucocorticoids on cell differentiation is 
not restricted to adipose cells and is also known to control 
myogenesis in vitro through the stimulation of multiplica- 
tion and/or differentiation of satellite progenitor cells 
(53-55). This stimulation appears to be related to some 
factor(s) released into the culture medium and acting ac- 
cording to an autocrine/paracrine mode (53). Differentia- 
tion of these satellite cells can take place in serum-free 
medium enriched with fetuin, a polyunsaturated fatty 
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acid (linoleic acid), and either hydrocortisone or dexa- 
methasone (55). Since the involvement of some prosta- 
noids and cyclic A M P  in the control of proliferation and 
differentiation of myoblasts has been invoked (56), it is 
tempting to speculate that prostacyclin might also play a 
critical role in this differentiation process. 

The  inhibitory effect of a long-term treatment with 
high concentrations of glucocorticoids, as observed with 
RCJ 3.1 (52) as well as Ob1771 cells, has already been 
reported for 3T3-F442A preadipocytes (35, 57). Although 
the molecular basis of this inhibitory effect remains to be 
established, it is reasonable to propose that it might result 
from a direct negative control of these hormones at the 
level of gene expression; the involvement of the anti- 
inflammatory properties of glucocorticoids (see below) is 
unlikely since the inhibitory effect was reversed neither by 
arachidonic acid nor carbaprostacyclin (Table 2). 

The  promoting effect of corticosterone upon arachi- 
donic acid metabolism in Ob1771 cells, which leads to an 
increase in the level of unmetabolized arachidonic acid 
and prostanoids including prostacyclin, could be surpris- 
ing in the light of the well-known antiinflammatory 
properties of glucocorticoids. These properties are known 
to be linked to a diminution of arachidonic acid metabo- 
lism related to the ability of glucocorticoids to reduce the 
mobilization of the fatty acid through the expression of 
proteins of the lipocortin or calpactin family (58, 59). In 
fact, numerous works have challenged this view: first, the 
physiological significance of the phospholipase inhibition 
by calpactins has been severely questioned (60-62) and 
second, glucocorticoids fail to act according to this rule 
not only in vitro but also in vivo since these hormones 
have been indeed reported z )  to be without effect upon 
prostaglandin synthesis (63, 64), iz) to stimulate arachi- 
donic acid mobilization (65, 66), and iii) to increase pros- 
taglandin synthesis and cyclooxygenase activity (67-72). 

The  rise in 6-keto-PGF1, released from corticosterone- 
treated Ob1771 cells is likely to be related to an increase 
in the amount or activity of prostacyclin synthetase. This 
effect might be somewhat specific since general protein 
synthesis remained unaffected under these conditions (not 
shown) and PGE2 production was not affected. Further- 
more, it is interesting to note that unmetabolized labeled 
arachidonic acid and other metabolites as well as un- 
known hydrosoluble oxidation products also accumulated 
upon exposure of Ob1771 cells to corticosterone. This 
phenomenon, which might be due to a blockade of re- 
esterification reactions (see above and ref. 66), should 
contribute first to the enhanced availability of precursor 
arachidonic acid and second to a potentiation of the 
mitogenic-adipogenic effect of prostacyclin, since polyun- 
saturated fatty acids have been reported to behave as pro- 
tein kinase C activators (73-75). 

Altogether these results emphasize the role played by 
glucocorticoids in the control of terminal differentiation of 

adipose cells in vitro, as modulators of the autocrine ac- 
tion of prostacyclin, in agreement with the model that we 
have proposed (15) and recently validated (76). Glucocor- 
ticoids, which are known to affect the mass of various adi- 
pose depots in mammals (16, 17), should thus act in vivo 
on developing preadipocytes before any metabolic action 
on mature adipocytes (77, 78). It is proposed that these 
hormones are involved not only in the hypertrophic but 
also in the hyperplastic growth of adipose tissue. Such an 
involvement could explain the excessive development of' 
intra-abdominal adipose tissue associated with hypercor- 
tisolism in Cushing's Syndrome (17, 78). I 

We thank M. Caza1Z.s for excellent technical help and G. Oillaux 
for expert secretarial assistance. We also thank Professor G. Ail- 
haud for helpful comments. This work was supported by the 
Centre National de la Recherche Scientifique (UPR 7300) and 
the Institut National de la Santt et de la Recherche MCdicale 
(grant CRE 892015 to R. N.). 
Manuscript received 24 July 1990 and in revised form I3 November 1990. 

REFERENCES 

1. 

2. 

3. 

4 

5 

6. 

7. 

8. 

9. 

10. 

Gaillard et a1 

Ailhaud, G. 1982. Adipose cell differentiation in culture. 
Mol. Cell. Biochem. 49: 17-31. 
Ailhaud, G., C. Dani, E. Amri, P. Djian, C. Vannier, A. 
Doglio, C. Forest, D. Gaillard, R. Nkgrel, and P. Grimaldi. 
1989. The molecular basis of adipose tissue growth. In 
Obesity in Europe. Vol. I. P. Bjorntorp and R.  Rossner, 
editors. John Libbey Company Ltd., London, U. K. 

Ailhaud, G., C. Dani, E. Amri, P. Djian, C. Vannier, A. 
Doglio, C. Forest, D. Gaillard, R. Ntgrel, and P. Grimaldi. 
1989. Coupling growth arrest and adipocyte differentiation. 
In Environmental Health Perspectives. Vol. 80. U.S. 
Department of Health and Human Services. G. W. Lucier 
and G. E. R. Hook, editors. Public Health Service National 
Institute of Health USA. 17-23. 
Djian, P., P. Grimaldi, R. NCgrel, and G. Ailhaud. 1982. 
Adipose conversion of Ob17 preadipocytes: relationships 
between cell division and fat cell cluster formation. Exp. Cell 
Res. 142: 273-281. 
Vannier, C., D. Gaillard, P. Grimaldi, E. Amri, P. Djian, 
C. Cermolacce, C. Forest, J. Etienne, R.  Ntgrel, and G. 
Ailhaud. 1985. Adipose conversion of Ob17 cells and 
hormone-related events. Int. J Obes. 9: 41-53. 
Amri, E., C. Dani, A. Doglio, J. Etienne, P. Grimaldi, and 
G. Ailhaud. 1986. Adipose cell differentiation: evidence for 
a two-step process in the polyamine-dependent Ob1754 
clonal line. Biochem. J. 238: 115-122. 
Pilgrim, C. 1971. DNA synthesis and differentiation in de- 
veloping white adipose tissue. Dev. Biol. 26: 69-76. 
Cook, J. R., and L. P. Kozak. 1982. Sn-glycerol-3- 
phosphate dehydrogenase gene expression during mouse 
adipocyte development in vivo. Dev. Biol. 92: 440-448. 
Gaillard, D., R. Ntgrel, G. Serrero-Davt, C. Cermolacce, 
and G. Ailhaud. 1984. Growth of preadipocyte cell lines 
and cell strains from rodents in serum-free hormone- 
supplemented medium. In Vitro. 20: 79-88. 
Darmon, M., G. Serrero, A. Rizzino, and G. Sato. 1981. 
Isolation of myoblastic, fibro-adipogenic and fibroblastic 

371-376. 

Role of glucocorticoids in adipose conversion 577 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

clonal cell lines from a common precursor and study of 
their requirements for growth and differentiation. Exp. Cell 
Res. 132: 313-327. 
Gaillard, D., G. Ailhaud, and R. NCgrel. 1985. Fetuin 
modulates growth and differentiation of Ob17 preadipose 
cells in serum free hormone-supplemented medium. Bio- 
chim. Biophys. Acta. 846: 185-191. 
Deslex, S., R. Ntgrel, C. Vannier, J. Etienne, and G. Ail- 
haud. 1986. Differentiation of human adipocyte precursors 
in a chemically defined serum-free medium. Znt. J Obex 10: 

Deslex, S., R. Ntgrel, and G. Ailhaud. 1987. Development 
of a chemically defined serum-free medium for complete 
differentiation of rat adipose precursor cells. Exp. Cell Res. 

Gaillard, D., R. Ntgrel, M. Lagarde, and G. Ailhaud. 
1989. Requirement and role of arachidonic acid in the 
differentiation of preadipose cells. Biochem. J 257: 389-397. 
Ntgrel, R., D. Gaillard, and G. Ailhaud. 1989. Prostacyclin 
as a potent effector of adipose cell differentiation. Biochem. J .  

Stern, J. S., S. Brown, K. Stanhope, J. Uriu, 7'. W. Caston- 
guay, and G. A. Bray. 1983. Adrenalectomy reduces weight 
gain, adipose cell size and lipoprotein lipase activity in 
obese male Zucker rats. Fed. Proc. 42: 393-394. 
Bjorntorp, P. 1986. Adipose tissue distribution and mor- 
bidity. In Recent Advances in Obesity Research. Vol. V. 
E. M. Berry, S. H. Blondheim, H. E. Eliahou, and E. 
Shafrir, editors. John Libbey, London. 60-65. 
Rubin, C. S., A. Hirsch, C. Fung, a n d 0 .  M. Rosen. 1978. 
Development of hormone receptors and hormonal respon- 
siveness in vitro: insulin receptors and insulin sensitivity in 
the preadipocyte and adipocyte forms of 3T3-Ll cells. 
J Biol. Chem. 253: 7570-7578. 
Wiederer, O., and G. Loffler. 1987. Hormonal regulation of 
the differentiation of rat adipocyte precursor cells in 
primary culture. J Lipid Res. 28: 649-658 
Chapman, A. B., D. M. Knight, and G. M. Ringold. 1985. 
Glucocorticoid regulation of adipocyte differentiation: hor- 
monal triggering of the developmental program and induc- 
tion of a differentiation-dependent gene. J.  Cell Bid. 101: 
1227-1235. 
Hauner, H., P. Schmid, and E. E: Pfeiffer. 1987. Glucocorti- 
coids and insulin promote the differentiation of human 
adipocyte precursor cells into fat cells. J Clin. Endocrinol. 
Metab. 64: 832-835. 
Hauner, H., G. Entenmann, M. Wabitsch, D. Gaillard, G. 
Ailhaud, R. Ntgrel, and E. Pfeiffer. 1989. Promoting effect 
of glucocorticoids on the differentiation of human adipocyte 
precursor cells cultured in a chemically defined medium. 
J.  Clin. Invest. 84: 1663-1670. 
Reyne, Y., J. Nouguks, and J. P. Dulor. 1989. Differentia- 
tion of rabbit adipocyte precursor cells in a serum-free 
medium. In Vitro Cell Dev. Biol. 25: 747-752. 
Ntgrel, R., P. Grimaldi, and G. Ailhaud. 1978. Establish- 
ment of a preadipocyte clonal line from epididymal fat pad 
of o b h b  mouse that responds to insulin and to lipolytic hor- 
mones, Proc. Natl. Acad. Sci. USA. 75: 6054-6058. 
Ntgrel, R., P. Grimaldi, C. Forest, and G. Ailhaud. 1985. 
Establishment and characterization of fibroblast-like cell 
lines derived from adipocytes with the capacity to rediffer- 
entiate into adipocyte-like cells. Methods Enzymol. 109: 377- 
385. 
Catalioto, R. M., R. NCgrel, D. Gaillard, and G. Ailhaud. 
1987. Growth-promoting activity in serum-free medium of 
kallikrein-like arginylesteropeptidases from rat submaxil- 

19-27. 

168: 15-30. 

257: 399-405. 

lary gland. J Cell. Physiol. 130: 352-360. 
27. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R.  J. Ran- 

dall. 1951. Protein measurement with the Folin phenol 
reagent. J.  Biol. Chem. 193: 265-275. 

28. Labarca, C., and K. Paigen. 1980. A simple, rapid and sen- 
sitive DNA assay procedure. Anal. Biochem. 102, 344-352. 

29. Doglio, A., C. Dani, P. Grimaldi, and G. Ailhaud. 1989. 
Growth hormone stimulates c-fos gene expression via pro- 
tein kinase C without increasing inositol lipid turnover. 
Proc. Natl. Acad. Sci. USA. 86: 1148-1152. 
Powell, W. S. 1982. Rapid extraction of arachidonic acid 
metabolites from biological samples using octadecylsilyl sil- 
ica. Methodr Enzymol. 86: 467-477. 
Vannier, C., H. Jansen, R. NCgrel, and G. Ailhaud. 1982. 
Study of lipoprotein lipase content in Ob17 preadipocytes 
during adipose conversion. Immunofluorescent localization 
of the enzyme. J Biol. Chem. 257: 12387-12393. 
Dani, C., A. Doglio, E. Amri, S. Bardon, P. Fort, B. Ber- 
trand, P. Grimaldi, and G. Ailhaud. 1989. Cloning and 
regulation of a mRNA specifically expressed in the preadi- 
pose state. J Biol. Chem. 264: 10119-10125. 

33. Yamamoto, K. R. 1985. Steroid receptor regulated tran- 
scription of specific genes and gene networks. Annu. Rev. 
Genet. 19: 209-252. 

34. Feldman, D., and D. Loose. 1977. Glucocorticoid receptor 
in adipose tissue. Endocrinology. 100: 398-407. 

35. Moustaid, N., B. Hainque, and A. Quignard-Boulangt. 
1988. Dexamethasone regulation of terminal differentiation 
in 3T3-F442A preadipocyte cell line. Cytotechnology. 1: 
285-293. 
Ntgrel, R., and G. Ailhaud. 1981. Metabolism of arachi- 
donic acid and prostaglandin synthesis in Ob17 preadipo- 
cyte cell line. Biochtm. Biophys. Res. Commun. 98: 768-777. 

37. Hopkins, N. K., and R. R. Gorman. 1981. Regulation of 
3T3-Ll fibroblast differentiation by prostacyclin. Biochim. 
Biophys. Acta. 633: 457-466. 

38. Hyman, B. T., L. L. Stoll, and A. A. Spector. 1982. 
Prostaglandin production by 3T3-Ll cells in culture. Bio- 
chim. Biophys. Acta. 713, 375-385. 

39. Ntgrel, R., P. Grimaldi, and G. Ailhaud. 1981. Differentia- 
tion of Ob17 preadipocytes to adipocytes. Effects of 
prostaglandin F2- and relationship to prostaglandin synthe- 
sis. Btochim. Bioplys. Acta. 666: 15-24. 

40. Russell, T. R., and R. J. Ho. 1976. Conversion of 3T3 
fibroblasts into adipose cells: triggering of differentiation by 
prostaglandin FPu and 1-methyl-3-isobutylxanthine. Proc. 
Natl. Acad. Sci. USA. 73: 4516-4520. 
Williams, I. H., and S. E. Polakis. 1977. Differentiation of 
3T3-Ll fibroblasts to adipocytes. The effect of indometha- 
cin, prostaglandin E,  and cyclic AMP on the process of 
differentiation. Biochem. Biophys. Res. Commun. 77: 175-186. 

42. Elks, M. L., and V. C. Manganiello. 1984. Selective effects 
of phosphodiesterase inhibitors on different phosphodiester- 
ases, cyclic AMP and lipolysis in 3T3-Ll adipocytes. Endo- 
crinology. 115: 1262-1268. 

43. Cook, J. S., J. L. Lucas, E. Sibley, M. A. Bolanowski, R .  J. 
Christy, T. J. Kelly, and M .  D. Lane. 1988. Expression of 
the differentiation-induced gene for fatty acid-binding pro- 
tein is activated by glucocorticoid and CAMP. Proc. Natl. 
Acad. Sci. USA. 85: 2949-2953. 

44. Bernlohr, D. A,, M. A. Bolanowski, T. J. Kelly, Jr., and 
M. D. Lane. 1985. Evidence for an increase in transcription 
of specific mRNAs during differentiation of 3T3-Ll 
preadipocytes. J.  Biol. Chem. 260: 5563-5567. 
Russell, T. R., N. Files, and M. Ingram. 1983. Mitosis of 
contact-inhibited 3T3 preadipocytes precedes chemically 

30. 

31. 

32. 

36. 

41. 

45. 

578 Journal of Lipid Research Volume 32, 1991 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

induced differentiation into adipocytes. Proc. SOL. Exp. Biol. 
Med. 173: 471-474. 
Pairault, J,, and H.  Green. 1979. A study of the adipose 
conversion of suspended 3T3 cells by using glycerophos- 
phate dehydrogenase as differentiation marker. Proc. Natl. 
Acad. Sic. USA. 76: 5138-5142. 
Zezulak, K. M., and H. Green. 1986. The generation of 
insulin-like growth factor-1-sensitive cells by growth hor- 
mone action. Science. 233: 551-553. 
Rozengurt, E. 1986. Early signals in the mitogenic re- 
sponse. Science. 234: 161-166. 
Gorman, R. R., R. D. Hamilton, and N. K. Hopkins. 
1979. Stimulation of human foreskin fibroblast adenosine 
3’5’-cyclic monophosphate levels by prostacyclin. J. Biol. 
Chem. 254: 1671-1676. 
Claesson, H. E. 1980. Prostaglandin I2 synthesis and eleva- 
tion of cyclic AMP levels in 3T3 fibroblasts. Biochim. Bio- 
phys. Acta. 618: 399-406. 
Schiwek, D. R., and G. Loffler. 1987. Glucocorticoid hor- 
mones contribute to the adipogenic activity of human 
serum. Endocrinology. 120: 469-474. 
Grigoriadis, A. E., J. N. M .  Heersche, and J. E. Aubin. 
1988. Differentiation of muscle, fat, cartilage and bone 
from progenitor cells present in a hone-derived clonal cell 
population: effect of dexamethasone. J Cell Biol. 106: 

Rraun, S., C. Tranchant, J. T. Vilquin, P. Labouret, J. M. 
Warter, and P. Poindron. 1989. Stimulating effects of pred- 
nisolone on acetylcholine receptor expression and myogene- 
sis in primary culture of new born rat muscle ce1ls.J. Neurol. 
Sci. 92: 119-131. 
Florini, J. R., and S. B. Roberts. 1979. A serum-free 
medium for the growth of muscle cells in culture. In Vitro. 

Allen, R. E., M. V. Dodson, L. S. Luiten, and L. K. Box- 
horn. 1985. A serum-free medium that supports the growth 
of cultured skeletal muscle satellite cells. In Vitro Cell. Deu. 

Zalin, R. J. 1987. The role of hormones and prostanoids in 
the in vitro proliferation and differentiation of human myo- 
blasts. Exp. Cell Res. 172: 265-281. 
Pairault, J., and F. Lasnier. 1987. Control of the adipogenic 
differentiation of 3T3-F442A cells by retinoic acid, dexa- 
methasone and insulin: a topographic analysis. J Cell 
Physiol. 132: 279-286. 
Blackwell, G. J., R. Carnuccio, M. DiRosa, R.  J. Flower, 
L. Parente, and P. Persico. 1980. Macrocortin: a polypep- 
tide causing the anti-phospholipase effect of glucocorti- 
coids. Nature. 287: 147-149. 
Pepinsky, R. B., R.  Tizard, R. J. Mattaliano, L. K. Sin- 
clair, G. T. Miller, J. L. Browning, E. P. Chow, C. Burne, 
K. S. Huang, D. Pratt, L. Wachter, C. Hession, A. Z. Frey, 
and B. P. Wallner. 1988. Five distinct calcium and phospho- 
lipid binding proteins share homology with lipocortin I. 
J Biol. Chem. 263: 10799-10811. 
Davidson, F. E, E. A. Dennis, M. Powell, and J. R. Glen- 
ney, Jr. 1989. Inhibition of phospholipase A2 by “lipocor- 
tins” and calpactins: an effect of binding to substrate phos- 
pholipids. J Biol. Chem. 262: 1698-1705. 
Hullin, F., P. Raynal, J. M. F. Ragab-Thomas, J. Fauvel, 
and H. Chap. 1989. Effect of dexamethasone on prostaglan- 
din synthesis and on lipocortin status in human endothelial 
cells: inhibition of prostaglandin I synthesis occurring 
without alteration of arachidonic acid liberation and of 
lipocortin synthesis. J Biol. Chem. 264: 3506-3513. 

2139-2151. 

15: 983-992. 

Bi01. 21: 636-640. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

Mitchell, M .  D., F. D. Lytton, and L. Varticovski. 1988. 
Paradoxical stimulation of both lipocortin and prostaglan- 
din production in human amnion cells by dexamethasone. 
Biochem. Biophys. Res. Commun. 151: 137-141. 
Naray-Fejes-Tbth, A,, G. Fejes-Tbth, C. Fischer, and J. C. 
Frolich. 1984. Effect of dexamethasone on in vivo prostanoid 
production in the rabbit. J.  Clin. Invest. 74: 120-123. 
Rosenkranz, B., A. Naray-Fejes-Tbth, G. Fejes-Tbth, 
C. Fischer, M. Sawada, and J. C. Frolich. 1985. Dexa- 
methasone effect on prostanoids formation in healthy man. 
Clin. Sci. 68: 681-685. 
Erman, A., P. G. Baer, and A. Nasjletti. 1985. Augmenta- 
tion of unesterified arachidonic acid in the renal inner 
medulla of dexamethasone-treated rats. J Biol. Chem. 260: 

Duval, D., P. Lynde, A. Hatzfeld, and J. Hatzfeld. 1986. 
Dexamethasone-induced stimulation of arachidonic acid 
release by U937 cells grown in defined medium. Biochim. 
Biophys. Acta. 887: 204-213. 
Tsai, M. Y., M .  W. Josephson, B. Handschin, and D. M. 
Brown. 1983. The effect of prenatal dexamethasone on fetal 
rat lung prostaglandin synthesis. Prostaglandins Leukotrienes 
Med. 11: 171-177. 
Robin, J. L., D. C. Seldin, K. F. Austen, and R. A. Lewis. 
1985. Regulation of mediator release from mouse bone 
marrow-derived mast cells by glucocorticoids. J Immunol. 

Casey, M. L., P. C. MacDonald, and M. D. Mitchell. 1985. 
Despite a massive increase in cortisol secretion in women 
during parturition, there is an equally massive increase in 
prostaglandin synthesis. A paradox? J Clin. Inuest. 75: 

Erman, A,, A. Massid, P. G. Baer, and A. Nasjletti. 1986. 
Treatment with dexamethasone increases glomerular pros- 
taglandin synthesis in rat. J Pharmacol. Exp. Thet: 239: 

Chandrabose, K. A,, E. G. Lapetina, C. J. Schmitges, 
M. I. Siegel, and P. Cuatrecasas. 1978. Action of cortico- 
steroids in regulation of prostaglandin biosynthesis in cul- 
tured fibroblasts. Proc. Natl. Acad. Sci. USA. 75: 214-217. 
Zakar, T., and D. M. Olson. 1989. Dexamethasone stimu- 
lates arachidonic acid conversion to prostaglandin E2 in 
human amnion cells. J Deu. Physiol. 12: 269-272. 
McPhail, L. C., C. C. Clayton, and R. Snyderman. 1984. 
A potential second messenger role for arachidonic acid: ac- 
tivation of Ca2+-dependent protein kinase. Trans. Assoc. Am. 
Physicians. 97: 2 22 -2  3 1. 
Murakami, K., S. Y. Chan, and A. Routtenberg. 1986. 
Protein kinase C activation by cis-fatty acid in the absence 
of Ca2‘ and phospholipids. J. Biol. Chem. 261: 15424-15429. 
Wooten, M. W., and R. W. Wrenn. 1988. Linolenic acid is 
a potent activator of protein kinase C in pancreatic acinar 
cells: its role in amylase secretion. Biochem. Biophys. Res. 
Commun. 153: 67-73. 
Catalioto, R. M., D. Gaillard, J. Maclouf, G. Ailhaud, and 
R. Ntgrel. 1991. Autocrine control of adipose cell differenti- 
ation by prostacyclin and PGF2,. Biochim. Biophys. Acta. 

Krotkiewski, M., J. Krotkiewski, and P. Bjorntorp. 1970. 
Effects of dexamethasone on lipid mobilization in the rat. 
Acta Endocrinol. 63: 185-191. 
Rebuffe-Scrive, M. 1987. Regional adipose tissue metabo- 
lism in women during and after reproductive life and in 
men. In Recent Advances in Obesity Research. Vol. V. 
E. M. Berry, S. H .  Blondheim, H. E. Eliahou, and E. 
Shafrir, editors. John Libbey, London. 82-91. 

4679-4683. 

135: 2719-2726. 

1852-1857. 

296-301. 

1091: 364-369. 

Gaillard et al. Role of glucocorticoids in adipose conversion 579 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

