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Chronic treatment with glucocorticoids increases the mass of adipose tissue and promotes metabolic
syndrome. However little is known about the molecular effects of dexamethasone on adipose biology. Here,
we demonstrated that dexamethasone induces progenitor cells to undergo adipogenesis. In the adipogenic
pathway, at least two cell types are found: cells with the susceptibility to undergo staurosporine-induced
adipose conversion and cells that require both staurosporine and dexamethasone to undergo adipogenesis.
Dexamethasone increased and accelerated the expression of main adipogenic genes such as pparg2, cebpa
and srebflc. Also, dexamethasone altered the phosphorylation pattern of C/EBP, which is an important
transcription factor during adipogenesis. Dexamethasone also had effect on mature adipocytes mature
adipocytes causing the downregulation of some lipogenic genes, promoted a lipolysis state, and decreased
the uptake of glucose. These paradoxical effects appear to explain the complexity of the action of
glucocorticoids, which involves the hyperplasia of adipose cells and insulin resistance.

etabolic imbalance is connected to hypertrophic and/or hyperplastic obesity. Hyperplastic obesity is due

to an enhanced recruitment and commitment of progenitor cells toward a terminally differentiated

adipocyte phenotype. A better understanding of the early molecular processes involved in adipogenesis
is a basic concept in adipose biology that has importance in clinical settings.

The study of differentiation processes has been highly facilitated by cell culture models that use specific
molecules to promote the various differentiation programs. 3T3-F442A cells, which are derived from murine
embryonic 3T3 cells, develop morphological characteristics of mature white adipocytes both in vivo and in vitro;
these characteristics include a spherical shape, an accumulation of triglycerides and the expression of adipocyte-
specific markers' ™. The 3T3-F442A cell line is a clone that was isolated from the 3T3 Clone18 line to ensure single-
cell clone characteristics®. The 3T3-F442A clone differentiates in vitro into adipocytes, and injection of these
preadipocytes into nude mice give rise to fat pads that exhibit histological features of adipose tissue, indistin-
guishable from the host’s normal adipose tissue, demonstrating that they respond to in vivo physiological signals*.
Similar pads were not observed when nude mice were injected with the sister 3T3-L1 cell line*. These results make
the 3T3-F442A cells a suitable model for studying adipose differentiation and molecules that could regulate it.

To undergo adipose differentiation, confluent 3T3-F442A cells require approximately 48 h in a medium
supplemented with fetal bovine serum (FBS), which typically has high adipogenic activity®, whereas 3T3-L1 cells
additionally require methyl isobutyl xanthine (MIX) and dexamethasone (Dex) in FBS medium”®. If 3T3-F442A
cells are cultured in the absence of fetal bovine serum or growth hormone (non-adipogenic media), the cells do
not undergo adipose differentiation®.

Because 3T3-F442A cells respond to physiological differentiation signals in the body? these cells are an
adequate model for the study of the effect of glucocorticoids on adipocyte cell biology and metabolism. We have
previously reported that in serum-free media or the absence of additional adipogenic factors, low concentrations
of staurosporine (St), which is a serine/threonine kinase inhibitor, rapidly induce 3T3-F442A cells to undergo
adipogenesis through the induction of GSK3p activity’. We also demonstrated that early adipogenesis includes
two identifiable stages; the first stage involves the induction of adipogenesis by St (0-4 h), and the second stage,
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which occurs in the absence of St, is the stabilization stage (4-48 h),
at the end of which (44 h after the initiation of St induction), the cell
is stable. This 44-h timeframe is susceptible to manipulation by
various substances that block adipogenesis, which would return the
cells to the initial state such that the cells would need to be re-induced
to undergo differentiation’. After these two stages, the cells enter
clonal expansion and express the adipose phenotype'’. The iden-
tification of the two stages of early adipogenesis makes it possible
to study the early molecular events that regulate both the induction
and stabilization stages of the adipogenic process in more detail,
which includes the identification of the participating genes and the
analysis of the effect of different drugs on these processes.

Other studies have shown that high glucocorticoid levels can cause
metabolic syndrome in animal models''. As shown in a genome-wide
analysis, these compounds appear to modify the gene expression
network that is involved in triglyceride homeostasis'>. However,
the changes that occur in response to glucocorticoid treatment are
poorly understood. Chronic treatment with glucocorticoids, such as
Dex, induces obesity and metabolic syndrome, which impairs the
adipose tissue metabolism such that it resembles the metabolism
observed in individuals with Cushing’s syndrome'>'. These effects
may persist after treatment with glucocorticoid is terminated, which
demonstrates its severity'®. Adipose tissue comprises several cell
types, including preadipocytes and terminally differentiated
(mature) adipocytes. Thus, the in vivo administration of Dex in an
animal model makes it difficult to differentially study the action of
glucocorticoids in preadipocytes and adipocytes because many of the
biological effects are combined in the adipose tissue; in addition,
other organs and tissues are involved. A cell culture system allows
for separate study of the action of substances in preadipocytes and
mature adipocytes. Thus, it is possible to define the biological effects
that are exerted by glucocorticoids during early adipogenesis and in
mature adipocyte lipid metabolism.

In this study, we utilize 3T3-F442A cells in culture, the defined
stages of adipogenesis, and the formation of terminally differentiated
adipocytes to study the action of Dex on the early stages of adipose
differentiation and the lipid metabolism of mature adipocytes. We
analyzed the expression of pparg2 and cebpa, which are two well-
known genes in adipogenesis'®'®, the induction of the early adipo-
genesis transcription factors cebpb and srebf1a'®", and the induction
of srebflc, which is involved in the regulation of the expression of
lipogenic genes®. The transcription factor C/EBP participates in the
transactivation of pparg2 and cebpa®' and appears to be related to the
clonal expansion of these cells®*. In 3T3-L1 cells induced with
adipogenic serum and MIX/Dex, cebpb is expressed early during
the adipogenic program'. However, the acquisition of the DNA
binding activity of cebpb and transactivation of pparg2 and cebpa
are delayed more than 14 h*. We recently discovered that cebpb is
induced early and is transiently expressed and that its protein (C/
EBP) is phosphorylated at the Thr188 residue through the activity
of GSK3, which ultimately leads to the transactivation of srebfla'.

Our results indicate that Dex enhances the recruitment of 3T3-
F442A progenitor cells toward adipogenesis. In mature adipocytes,
Dex decreased both the lipogenic gene expression and glucose uptake
and increased lipolysis. Our results show that Dex might have a
complex dual role in the impairment of adipose tissue homeostasis:
1) it stimulates the differentiation of preadipocytes into adipocytes;
and, 2) alters the lipid metabolism and insulin sensitivity of differ-
entiated fat cells. These actions might lead to obesity and impaired
lipid homeostasis and induce insulin resistance in an organism,
which are 3 of the main symptoms of metabolic syndrome.

Results

Dex increases the recruitment of adipose cell progenitors in a cell
culture of 3T3-F442A cells. To determine the effect of Dex on the
adipogenesis of 3T3-F442A cells, post-confluence cultures were

incubated with non-adipogenic media with different concentra-
tions of Dex and 10 nM St for 4 h. After 4 h, the cultures were trans-
ferred to non-adipogenic media and incubated for an additional
140 h to allow the cells to reach terminal differentiation and form
mature adipocytes. To quantify the extent of adipogenesis, we
counted the number of adipose clusters at the end of the experi-
ments. The cells that were induced to differentiate upon treatment
formed adipose clusters; thus, the number of adipose clusters corre-
sponds with the number of induced progenitor cells. The admini-
stration of 0.25 pM Dex increased the number of adipose clusters by
2-fold when the glucocorticoid was added either simultaneously with
St during the induction stage (first 4 h) or stabilization stage (4-48 h,
after the removal of St. Figure 1A, B). Dex also promoted the forma-
tion of larger clusters of adipocytes, which suggests that it also en-
hanced the selective amplification of the induced cells (Figure 1C).
The addition of Dex before treatment with St did not increase the
number of adipose clusters, even if the cells were allowed to incubate
in the presence of Dex for up to 8 h (Figure 1C). The administration
of Dex alone, even at concentrations as high as 1 uM, did not
promote adipose conversion (Figure 1A). These results demon-
strate that Dex does not induce adipogenesis but only enhances its
induction by St, which suggests that Dex might increase the
recruitment of progenitor cells toward the differentiation process.
We performed experiments to determine the colony formation
ability and differentiation. We seeded 3T3-F442A cells at a low
density (200 cells per 100-mm dish) in non-adipogenic media until
the cells formed large colonies that were confluent at the center of the
colony but did not undergo adipose conversion. We then induced
adipogenesis through the addition of St in the absence or presence of
0.25 uM Dex for 4 h. The cultures were then transferred to non-
adipogenic media and monitored for an additional 192 h, at which
point the cells were fixed and stained with Oil Red O. The results
show that the total colony formation ability of 3T3-F442A cells was
approximately 50% in all culture conditions (Figure 1D). The
cultures under non-adipogenic conditions exhibited only a low
number of adipose colonies (18% of the total colonies), whereas
the cultures to which only St was added formed 31% of the total
adipose colonies (Figure 1D). The cultures induced with St for 4 h
and treated with Dex during either the induction stage or stabili-
zation stage formed approximately 53% of the adipose colonies; this
amount is similar to the percentage observed in cultures incubated in
the highly adipogenic FBS media (Figure 1D), which promotes
maximum adipose conversion of 3T3-F442A cells®. The incubation
of the cells with Dex alone did not increase the number of adipose
colonies (Figure 1D). When we quantified the number of adipose
clusters per adipose colony, we found that more than 90% of
the adipogenic colonies were formed by a single adipose cluster at
the center of the colony (Figure 1E). This finding further supports the
conclusion that each adipose cluster arises from the selective multi-
plication of a single adipose parental cell. These results suggest that
Dex can recruit progenitor cells toward adipose differentiation only if
St induces the cells during or before treatment with the gluco-
corticoid. Because constant incubation of 3T3-F442A cells with
FBS promoted the same proportion of adipose conversion as the
St/Dex treatment (Figure 1F), we concluded that the treatment
with the combination of St and Dex for 4 h during the induction
stage is sufficient to recruit the same proportion of susceptible
progenitor cells toward adipogenesis as obtained with FBS treat-
ment. These results also demonstrate that 3T3-F442A cells comp-
rise at least two progenitor or preadipocyte cell types that are able to
undergo adipogenesis; one group of cells can be induced by St alone,
and the other group is recruited by both Dex and St. Therefore, Dex
can recruit additional progenitor cells toward adipogenesis and
enhances the clonal amplification of the induced cells, which
suggests that these two mechanisms would exert a hyperplastic
state of adiposity.
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Figure 1| Dexincreases the number of adipose clusters in 3T3-F442A cells induced to undergo adipogenesis by St. (A). Effect of the Dex concentration
on adipose differentiation. Post-confluence 3T3-F442A cells were incubated with St and various concentrations of Dex for 4 h. Parallel cultures were
either incubated with 1 pM Dex for 4 h or maintained in non-adipogenic medium. (B). Induction of adipogenesis by St in the presence or absence of Dex.
(C). Adipose cluster formation. Representative photographs of 3T3-F442A cell cultures treated with St and Dex are shown. The images show the adipose
cell clusters. (D). Recruitment of adipose progenitors. The analysis was performed using a colony-based assay. (E). Representative photograph of the
colony-based assay used to evaluate the effect of Dex on the recruitment of new adipose progenitors. (F). Comparison of the adipogenesis induced by the
St/Dex mixture with that induced by a highly adipogenic serum. (G). Effect of RU486 on the recruitment of adipogenic progenitors. All of the results are
representative of 3 independent experiments. The asterisks in the plots indicate significant differences (with a P =< 0.05). N-Ad, non-adipogenic

treatment; St, staurosporine; Dex, dexamethasone; FBS, fetal bovine serum.

We also tested the effect of RU486, which is a well-known ant-
agonist of Dex that has been reported to block the action of
Glucocorticoid Receptor (GR)*. A similar number of adipose clus-
ters were found in the cultures treated with St/Dex in the absence or
presence of RU486 (Figure 1G). Importantly, the cultures treated
with only St and RU486 (in the absence of Dex) also underwent an

adipose differentiation that was similar to that observed in the cul-
tures that were treated with St/Dex (Figure 1G), suggesting that this
compound also enhanced adipose differentiation similarly to Dex. It
is interesting to note that the D1 cell line, which differentiates into
osteoblasts and adipocytes, also underwent adipose conversion in the
presence of this glucocorticoid antagonist®®. These results are not
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surprising since the activation or repression of specific genes occurs
through the GR and that selective ligands would lead to positive or
negative effects (Please see Discussion).

Our results raise the possibility that the 3T3-F442A cell line com-
prises a group of cells with certain characteristics of adipose progeni-
tors and stem cells-like that can be induced to differentiate by defined
small molecules. One of the characteristics of a stem cell is its poten-
tial to renew itself in each division cycle, thereby maintaining a
similar proportion of stem cells during serial cultivation and terminal
differentiation. If this hypothesis were correct, it would be expected
that cultures that are terminally differentiated into adipocytes should
maintain a certain proportion of adipose cell precursors. To test this
hypothesis, we studied cultures of terminally differentiated adipo-
cytes. We seeded the cells from these terminally differentiated adip-
ose cultures into indicator dishes at cloning cell densities and treated

them with adipogenic conditions as described above. We performed
these experiments with 5 subsequent culture transfers. Throughout
these culture transfers, the cells were capable of continuous subcul-
ture and gave rise to a constant proportion of differentiated colonies
depending on the adipogenic conditions used (Figure 2A). Because
the number of differentiation-susceptible cells remained constant
throughout the subcultures and no depletion in their cloning effi-
ciency and adipogenic potential was observed (Figure 2A), we deter-
mined that the 3T3-F442A clones comprise a population of cells with
the ability to give rise to two daughter cells; one daughter cell is
committed to the adipose lineage, and the other has the capability
of self-renewal, which means that it remains a progenitor or stem
cell-like even in highly differentiation-inducing culture conditions.
The 3T3 cell cultivation protocol used by others and by us in previous
adipogenesis studies involves the culture of 3T3 cell stocks and the

A
Number of Adipocytes per Subculture into Cloning efficiency Adipose colonies
culture transfer terminally differentiated indicator dishes (%) (%)
culture (%)

1 47 Non adipogenic 22,7 +/- 0.6 19
Adipogenic serum 48 h 26.0 +/- 2 22
St/Dex 4 h 18.7 +/-4 29

2 51 ND
ND
ND

3 68 ND
ND
ND

4 62 Non adipogenic 32.0 +/-1.7 10
Adipogenic serum 48 h 345 +/-4.1 24
St/Dex 4 h 25.3+4/-34 43

5 64 Non adipogenic 31.3+/-4.5 12
Adipogenic serum 48 h 35.0 +/-1.8 26
St/Dex 4 h 28.5+/-2.6 33
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Figure 2 | Stem cell-like characteristics of 3T3-F442A clone. (A). Cells from the terminally differentiated adipose cultures were detached with
trypsin, and the lipid-containing cells were evaluated by dark-field microscopy to determine the percentage of adipose cells. The cells were seeded into
indicator dishes at cloning cell densities of 100 cells per 100-mm tissue culture dish. The cultures were then incubated under adipogenic conditions as
described in Materials and Methods. We performed these experiments with 5 subsequent culture transfers. At the end of the cultures transfers, we
determined the colony formation ability and proportion of adipose colonies. (B). We performed clone isolation experiments from the parental
3T3-F442A cell line. We seeded cells at a density of approximately 500 cells per 100-mm tissue culture dish and allowed the cells to grow for 10 days in
non-adipogenic media. When the centers of the colonies reached confluence but were still well separated from each other, we treated the cells with St for
4 h and then changed media to non-adipogenic media. When the colonies began to show the first sign of adipose conversion, we selected 3 colonies
that showed adipogenic susceptibility and individually trypsinized and expanded these into independent new indicator cultures. We seeded these cultures
at normal densities and determined the percentage of adipose conversion induced by St in the presence or absence of Dex.
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transfer of these stocks prior to their confluence to avoid differenti-
ation. These conditions would not reveal the possible stem-like char-
acteristic of this 3T3 cell line.

We also performed clone isolation experiments using the parental
3T3-F442A cell line. We seeded the cells at a cell density of approxi-
mately 500 cells per 100-mm tissue culture dish and allowed them to
grow for 10 days in non-adipogenic media. When the centers of the
colonies reached confluence but were still well separated from each
other, we treated the cells with St for 4 h and then transferred them to
non-adipogenic media. When the colonies began to show the first
sign of adipose conversion, we selected 3 colonies that showed adi-
pogenic susceptibility and individually trypsinized and expanded
these in separate new indicator cultures. We seeded these cultures
at normal densities and tested the adipose conversion induced by St
in the absence or presence of Dex. The 3 clones (3T3-F442A-St1,
-St2, and -St3) underwent adipose conversion similarly to the 3T3-
F442A parental line (Figure 2B). In all cases, Dex increased the
adipose conversion to a similar extent as in the parental clone
(3T3-F442A). This finding demonstrates that these clones had
the same susceptibility to Dex-induced progenitor recruitment
(Figure 2B), which suggests that this characteristic is clonally pre-
served and inherited. These results indicate a possible stem-like char-
acteristic in subpopulations of the 3T3-F442A clone and warrants
further investigation to explore the presence of cells with specific
stem cell markers through cell sorting experiments.

Glucocorticoid differentially regulates the adipogenic gene ex-
pression during the early stages of adipogenesis. We evaluated
the adipogenic gene expression by relative RT-PCR in post-
confluence cells that were induced to differentiate by St in the pre-
sence or absence of Dex. The expression level of pparg2 decreased
during the first 4 h of St/Dex treatment (induction stage); this
decrease was followed by a significant increase that was evident
within 8 h of the initiation of the St/Dex incubation (Figure 3A,
pparg2 inset). However, pparg2 expression in cultures treated only
with St remained constant (at its basal level) for the first 30 h, after
which expression began to increase significantly (Figure 3A).

In the cultures that were induced with St in the absence or presence
of Dex, cebpa expression remained constant for the first 30 h and
then increased more significantly with Dex treatment (Figure 3A).
However, Dex did not induce the early increase in cebpa expression
that was observed in the analysis of pparg2 expression during
adipogenesis.

’
T n
20 5
0

The expression levels of srebfla increased similarly during the first
4 hin the presence and absence of Dex. However, within 8 h, a faster
and larger increase in the expression of this gene was observed in the
cultures treated with Dex; this increase was faster than that observed
for srebfic (Figure 3A). In all cases, all of the studied genes reached
their maximum expression levels in the terminally differentiated
cultures within 144 h of cultivation (Figure 3A).

We found that the expression levels of cebpb were similarly
increased in cultures treated with St in the presence or absence of
Dex (Figure 3A), which indicates that the expression of this gene is
not modulated by Dex. In the adipogenic program, the phosphoryla-
tion of the Thr188 residue of C/EBP is important, and our results
showed that Dex increased the phosphorylation of this transcription
factor (Figure 3B). These findings demonstrate that in addition to the
recruitment of progenitor cells toward adipogenesis, Dex promotes a
rapid increase in pparg?2 transcription and modulates the phosphor-
ylation of C/EBPJ during early adipogenesis. The expression of the
other adipogenic genes did not show an early increase in the presence
of Dex but did reach a higher level in the cultures treated with Dex.

Glucocorticoid impairs lipid homeostasis and glucose uptake in
mature adipocytes. The effects of glucocorticoids have been exten-
sively studied in animal models, which show that these molecules
lead to lipid accumulation in liver cells*** and have a lipogenic effect
on adipose tissue®”. Glucocorticoids also induce weight gain and
obesity and impair glucose tolerance®®*'. Because these in vivo
effects of glucocorticoid in animal models are the result of a
combination of many biological actions in several organs and
tissues and because adipose tissue is composed of various cell
types, it is difficult to characterize the action of glucocorticoids in
mature adipocytes. Because adipocytes have a central role in
mammalian lipid homeostasis, we studied the effect of Dex on the
expression of adipogenic genes in terminally differentiated adipocyte
cultures. We incubated cultures for 4 h with St to induce adipo-
genesis and then incubated the cultures in non-adipogenic media
for an additional 140 h until the cells achieved terminal adipocyte
differentiation. Over 90% of the cells in these cultures were adipo-
cytes. After the cells reached terminal differentiation, the cultures
were supplemented with or without 0.25 uM Dex for an additional
24 h. The results showed that the addition of this glucocorticoid to
the adipocytes rapidly and significantly reduced the expression
level of pparg2, cebpa, srebflc, and fabp4 but not that of srebfla
(Figure 3A), which demonstrates that Dex downregulates
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Figure 3 | Dex alters the expression profiles of adipogenic genes and phosphorylation of C/EBPp during adipogenesis. (A). Post-confluence
cultures were induced with St or St/Dex for 4 h or with St for 4 h and then with Dex for the following 26 h. The total RNA was extracted, and the
expression levels of pparg2, cebpa, cebpb, srebfla, and srebflc were determined by RT-PCR. The data show the mean fold change (compared with the
baseline level at time = 0) £ S.D. of 3 independent experiments. (B). Immunoblotting of the phosphorylation of the Thr188 residue of the C/EBPf
transcription factor. The immunoblots were challenged with anti-phospho C/EBPf Thr188 and anti-C/EBPJ antibodies; an anti-GDI antibody was used

as the loading control.
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lipogenesis. In terminally differentiated cells that were induced to
differentiate by FBS or the St/Dex mixture, these genes showed the
same changes in expression levels as the cultures that were treated
with Dex (data not shown).

Leptin and adiponectin are well-established hormones of adipo-
cytes. In vivo studies have shown that leptin synthesis and secretion
are increased in patients with Cushing’s syndrome®, whereas the
synthesis of adiponectin is decreased in these individuals compared
with the level observed in non-obese subjects®. These changes have
been associated with insulin resistance and metabolic syndrome™. In
3T3-F442A adipocytes treated with Dex, the expression levels of both
the leptin (lep) and adiponectin (adipoq) genes decreased rapidly to
low levels (Figure 4A), which reflect the downregulation of these
genes. These data show that Dex does not increase lep expression
in mature adipocytes, as was expected from the in vivo studies, but
decreased its expression similarly to that of the other adipogenic
genes. Thus, the increase in leptin synthesis and secretion that is
observed in subjects treated with Dex appear to be contradictory;
therefore, some other explanation should be offered to account for
the discrepancy between our results and those obtained with in vivo
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systems. However, our data does show a decrease in the expression
levels of the adipogenic transcription factors that regulate lep and
adipoq synthesis, such as PPARY2 and C/EBPo. Both of these factors
increase the expression of adipoq and lep during adipogenesis. In
mature adipocytes, Dex decreased the expression levels of pparg2
and cebpa, as shown above. RU486, the glucocorticoid receptor ant-
agonist, also inhibited the adipogenic gene expression that is induced
by Dex in mature adipocytes (Figure 4A).

Because Dex reduced lipogenesis, we decided to study whether this
glucocorticoid would also alter lipolysis, which is the other main
pathway for the regulation of lipid metabolism. The adipocyte cul-
tures were treated for 24 h with Dex or dB-cAMP, which is a well-
known lipolytic agent used as a positive control. Lipolysis was
determined as the amount of glycerol released into the cell culture
media. The results showed that Dex significantly stimulated lipolysis
but to a lesser extent than dB-cAMP (Figure 4B). RU486, the gluco-
corticoid receptor antagonist, also inhibited the lipolytic action of
Dex (Figure 4B). These results demonstrate that Dex not only
decreases lipogenesis but also stimulates adipocytes toward a lipoly-
tic state through the GR.
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Figure 4 | Dex impairs lipid homeostasis in mature 3T3-F442A adipocytes. Adipose conversion in post-confluence 3T3-F442A cells was induced by St
for 4 h. The cells were then transferred to non-adipogenic media for up to 144 h until the cells attained terminal differentiation. Then, cultures were
treated with 0.25 pM Dex. (A). Expression of adipose genes in mature adipocytes. Mature adipocytes were treated for 24 h with Dex and data represent
the mean fold change (compared to the gene expression in the absence of Dex) = S.D. of 3 independent experiments (n = 9). All of the data were obtained
at 168 h (24 h after Dex) except the adipoq expression data, which were obtained at 216 h (72 h after Dex). (B). Induction of lipolysis in mature
adipocytes by Dex. Cultures of mature adipocytes were treated with Dex or the GR inhibitor RU486 or a mix Dex + RU486 and 24 h later free glycerol was
quantitated. Cultures treated with db-cAMP were used as a lipolysis positive control. Results are presented as a mean * S.D. of 2 independent experiments
(n = 6). (C). Effect of Dex on the adipocyte uptake of NBDG. The 3T3-F442A adipocytes were cultured for 5 days in adipogenic medium with or without
0.25 uM Dex. The cells were incubated for 60 min with 80 uM NBDG and 100 mM insulin. After the 60-min incubation, the free NBDG was removed
from the cultures, and the fluorescence associated with the cell monolayers was measured. The results are presented as the mean *+ S.D. of 2 independent
experiments (n = 16). (D). Effect of Dex on the number of adipose clusters after 3T3-F442A cell differentiation. Mature adipocytes were treated with Dex,
then, cultures were followed for up to 96 h after Dex treatment and adipose clusters were counted. Data is presented as mean = S.D. of 3 independent
experiments (n = 9).
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The decreased lipogenic gene expression and increased lipolysis
suggests that Dex could also induce a state of insulin resistance in
adipocytes. Although previous reports have shown that chronic
exposure to glucocorticoid results in insulin resistance', it has not
been clarified whether these compounds directly affect the effect of
insulin in fat cells. We thus performed experiments in which we
determined the amount of glucose transport through the uptake of
fluorescent 2-deoxy-glucose (NBDG) by mature adipocytes. The
addition of Dex to parallel cultures as described above showed that
the uptake of NBDG decreased in approximately 40% of the insulin-
treated adipocytes (Figure 4C), which shows that Dex induced insu-
lin resistance in these cells. It is important to note that the Dex
treatment of the adipocyte cultures for up to additional 96 h did
not decrease the number of adipose clusters (Figure 4D).

Discussion

Obesity is a major health problem because of the excess body weight
and its associated diseases, such as metabolic syndrome, which com-
prises insulin resistance, type-2 diabetes mellitus, cardiovascular dis-
ease, and cancer. Recent data have suggested that changes in
adipocyte differentiation and metabolism may initiate these risk
factors.

The 3T3-F442A cell line offers an advantageous model to study
adipogenesis and its regulation, since these cells respond to physio-
logical signals of the body™*. Our results offer several findings on the
effect and mechanism of glucocorticoids on adipose biology. First,
the 3T3-F442A cell line is composed of preadipocytes and progenitor
cells that can be recruited to differentiate into adipocytes. In addition,
although Dex alone does not induce adipogenesis, Dex can induce
the recruitment of a greater number of adipose progenitors toward
adipogenesis. Second, 3T3-F442A cells appear to comprise a subpo-
pulation of cells with some stem cell-like characteristics. The pres-
ence of this population would explain the arising of two possible
types of adipogenic progenitors. The 3T3-F442A cells are not only
able to undergo adipogenesis but also differentiate into osteoblasts
when exposed to other inducers, such as BMP2 and retinoic acid®,
which is a blocker of adipose conversion during the stabilization
stage’. Therefore, the putative stem cells of this cell clone might have
the capability to respond to different inducers and commitment
pathways. Third, Dex modulates the adipogenic gene pparg2 by
increasing its expression early during adipogenesis but does not
affect the expression of srebfla, cebpb, cebpa, and srebflc. How
ever, Dex stimulates C/EBP Thr188 phosphorylation, which is con-
sidered a key protein modification for adipogenesis'®*. Fourth, the
expression levels of these adipogenic genes, with the exception of
cebpb, in terminally differentiated cultures treated with Dex are
higher than the levels obtained in cultures not treated with Dex
during the early stages of adipogenesis. This result is not surprising
because cultures treated with Dex have a higher number of adipose
clusters. Fifth, Dex decreased the expression levels of the lipogenic
genes pparg2, srebplc, cebpa, and fabp4 in mature adipocytes, which
likely leads to reduced lipogenesis. Sixth, Dex decreased the express-
ion levels of the adipokines lep and adipoq, which are 2 adipocyte
hormones that exert systemic signaling effects. Seventh, Dex pro-
moted a lipolytic state and insulin resistance in adipocytes. These
results from cultures of 3T3-F442A cells allow to hypothesize that
glucocorticoids have myriad paradoxical complex effects on adipose
tissue that likely contribute to the development of metabolic syn-
drome. The action of Dex on the recruitment of adipose progenitor
cells and the increase of lipolysis and reduction of lipogenesis in
mature adipocytes appears to occur through selective mechanisms
that involve the GR. It was recently shown that the activation or
repression of specific genes occurs through the GR and that selective
ligands can induce a subset of GR activity. These selective ligands act
as chemical modulators at the level of GR-regulated promoters,
which would lead to beneficial and harmful effects, depending in

part on tissue-specific factors and the signaling pathways that are
initiated™.

At least two types of cells are found in the 3T3-F442A cell line. The
first group of cells can be induced to undergo adipose conversion by
St alone (in the absence of Dex), whereas the second group requires
both St and a glucocorticoid for the induction of adipogenesis
(Figure 5A). We can suggest that, because two types of adipogenic
cells were found in this clone, the 3T3-F442A cells might be used as a
model cell culture that includes more than one adipose phenotype
that could allow the analysis of adipose metabolic diversity. For
example, in a culture of C3H10T1/2 cells, myostatin induced the
formation of small and apparently immature adipocytes with meta-
bolic activity that differs from that induced by a mixture of insulin,
MIX and Dex.

In cultures that received St and Dex, the expression of pparg2
decreased during the induction stage (first 4 h) and then increased
during the stabilization stage (within the first 8 h of culture). The
cells treated with St alone did not exhibit any changes in the express-
ion of pparg2 until after 30 h (the end of the stabilization stage), after
which the expression of this gene increased significantly. The
decrease in the expression of pparg2 observed during early adipogen-
esis (induction stage) in the presence of Dex appears to be an effect
induced by the glucocorticoid and not an early initiation of the
adipose differentiation program. However, the observed expression
of this gene during the stabilization stage and the data that have been
published by many investigators indicates that this gene is essential
for the regulation of the stabilization stage of adipogenesis (not the
induction of the program), the transition into adipogenesis, and the
expression of the adipose phenotype. The expression of cebpa
reached the same level in the cultures treated with or without Dex
for 30 h (in the stabilization stage). Therefore, Dex modulates the
early expression of pparg2 without promoting any early changes in
the expression of cebpa, which is the mutually transactivating gene of
pparg2. These findings raise the possibility that the early expression
of pparg2 in the Dex-treated cultures might cause an early increase in
the level of PPARY2 proteins that are not yet activated by their
endogenous ligand, which is a fatty acid derivative®. Thus, the cells
must undergo other important changes to initiate the transactivation
of the cebpa pathway and establishment of differentiation. This
hypothesis is supported by some of our results because we showed
that the addition of rosiglitazone, which is a synthetic activator of
PPARY, during the early stages of adipogenesis prompted an earlier
expression of cebpa'’. Dex appears to stimulate pparg2 expression
before the activation of its protein, which is required for the tran-
scription of C/EBPoc mRNA. It is remarkable that the expression of
these two adipogenic genes in the absence of Dex occurs at similar
times during the stabilization stage of adipogenesis.

We also evaluated the expression of srebfla and srebflc, which
encode the isoforms -1a and -1c of the SREBP1 transcription factor.
These proteins are involved in the expression of lipogenic enzymes*’
in different cell types and tissues*'. Dex did not affect the timing of the
expression of these genes, and as we showed previously'’, these genes
play a role during adipogenesis; however, their expression levels are
enhanced by the effect of Dex. The -1a and -1c isoforms displayed
distinct expression behavior along the differentiation program. Early
expression of srebfla depends on GSK3p activity, through C/EBPf
Thr188 phosphorylation'. Since Dex increased the adipogenic phos-
phorylation in C/EBPB Thrl88, it could explain the increase in
srebfla expression and the consequent increase in the expression of
adipogenic genes pparg2, cebpa and srebflc with an increase in the
number of adipose clusters. On the other hand, expression of srebflc
depends on the transcriptional activity of PPARY, since activation of
this protein by rosiglitazone enhances and accelerates the expression
of srebflc*®. The expression levels of both genes, srebfla and srebflc,
began to increase within the first 4 h of induction, although the
expression of the srebfla gene increased more rapidly than that of

| 3:2573 | DOI: 10.1038/srep02573

7



A 4 cebpb

{ P-c/EBPB

4 pparg2, cebpa

(l:jommitted 4 srebf1a, -1c
recursor | dikt
4 cebpb —y
St 1 p-cieBPp @ Phenotype
14 pparg2, cebpa Expression
) st/D 14 srebfta, -1c
Preadipocyte ex L) ait ——
e — (&
GR-Independent Clonal Mature
Committed Expansion Adipocyte
Precursor
B Increased
Lipolysis
Q@ Metabolic
Dex Decreased | __ :
Glucose Uptake Dlsgrder
In Adipocyte
\ / 99 : Down Regulation of
J/ Adipogenic Gene
Activated = %
Mature Glucocorticoid Decreased expression ( Systemic
Adipocyte Receptor of adipokines: leptin | = Metabolic
and adiponectin Disorder

Figure 5| 3T3-F442A cells potentially give rise to at least two adipogenic lineages. (A). Schematic showing 3T3-F442A cells under the effects of
different inducers to express adipogenic phenotypes. (B). Diagram depicting Dex metabolic effects and its relation with the disorders associated with the

adipose tissue at organ and systemic level.

srebflc. In addition, knockdown of srebfla expression showed that
SREPBIa is a key early transcription factor of the adipogenesis pro-
gram that is observed even earlier than PPARy2".

In contrast with its effect during the early stages of differentiation,
the addition of Dex to mature adipocytes downregulated the express-
ion of the adipogenic genes. This finding can have implications on
the action of glucocorticoids in obesity. Previous animal studies have
shown that glucocorticoids exert contradictory effects on adipose
tissue metabolism*>*, which reflects the difficulty of the in vivo study
of adipose metabolism. Therefore, our studies in 3T3-F442A cultures
that contain mostly terminally differentiated adipocytes provided
results that reflect the effect of Dex in a more homogenous cell
population than the in vivo studies. Our results showed that the
expression of the lipogenic genes pparg2, cebpa, srebplc and fabp4
in terminally differentiated adipocytes was reduced by the addition
of Dex, which suggests that glucocorticoids impair lipogenesis in
adipose cells. In addition, because C/EBPa directly regulates the ex
pression and/or translocation of the glucose transporter GLUT4*,
the decrease in the expression of cebpa would directly impair the
function of GLUT4, which would decrease glucose transport in fat
cells, as our data confirmed. Remarkably, Dex also decreased the
expression of lep and adipoq to levels similar to those found in
non-differentiated 3T3-F442A cells (Figure 5B). Because these adi-
pokines downregulated by Dex are involved in the glucose tolerance
signaling pathway, this finding suggests that part of the systemic
effect of glucocorticoids involves the development of insulin resist-
ance through alterations in energy metabolism™.

Our data allow us to hypothesize that glucocorticoids might have
different simultaneous effects on adipose tissue, as follows. For
example, because adipose tissue is composed of adipose progenitor
cells and terminally differentiated adipocytes, glucocorticoids might

increase the recruitment of the adipose cell progenitors that are
induced to differentiate, alter the lipid metabolism through reduced
lipogenesis and increased lipolysis, and induce the development of
insulin resistance in mature adipocytes. It is known that leptin levels
controls satiety*, therefore a decrease in the expression of this gene
would imply that changes in feeding behavior in animals should take
place contributing also to a state of obesity. All these effects ulti-
mately increase the adipose cell number, thereby leading to obesity,
and induce an unbalance in the lipid metabolism of adipose tissue,
which contributes to the development of an insulin-resistant state.
Because the accumulation of triglycerides in fat cells is subject to
constant turnover, hydrolysis and re-esterification, it is expected that
this unbalanced lipid metabolism and lipolysis in the adipose tissue
would induce the release of free fatty acids, which are significant
contributors to insulin resistance and metabolic syndrome*. It is
conceivable that the insulin-resistant state induced by glucocorti-
coids would be a combination of increased lipolysis and decreased
lipogenesis and glucose transport, of which the latter is due to the
downregulation of cebpa expression and GLUT4 action.

The other pathway that participates in lipid metabolism is fatty
acid oxidation, which, although it was not explored in this work,
warrants further investigation. It has been reported that adiponectin
increases fatty acid oxidation in muscle®’. Therefore, the downregu-
lation of adipoq expression by Dex observed in this study strongly
suggests that glucocorticoids would also induce changes in the adi-
ponectin levels of adipocytes that would ultimately impair fatty acid
oxidation in other cells.

Methods

Ethics statement. All of the animal experiments were performed according to the
NIH guidelines for the welfare of laboratory animals and with the consent of the
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Internal Committee for the Care and Use of Laboratory Animals (Approved Protocol
Number 0051-02. CICUAL, CINVESTAV-IPN).

Materials. Eagle’s medium modified by Dulbecco and Vogt (DMEM) and TRIzol®
reagent were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA).
Adult bovine serum was obtained from HyClone Thermo Fisher Scientific (Waltham,
MA, USA). We obtained adult cat serum by bleeding domestic adult cats in
observance of the NIH guidelines on the welfare of research animals and using
protocols approved by the Internal Committee for the Care and Use of Laboratory
Animals of CINVESTAV-IPN. Epidermal growth factor was purchased from Upstate
Inc. (Charlottesville, VA, USA). Insulin, d-biotin, human transferrin,
triiodothyronine, St, Dex, B-mercaptoethanol, Oil Red O, and dimethyl sulfoxide
were all obtained from Sigma Chemical Co. (Saint Louis, MO, USA). All other
reagents were of analytical grade.

Cell culture. The 3T3-F442A cells (kindly gifted by Dr. Howard Green, Harvard
Medical School) were seeded in culture dishes at a cellular density of 1.25 X 10° cell/
cm?’ in non-adipogenic growing medium, which consisted of DMEM supplemented
with 4% adult cat serum, 5 pg/ml insulin and 1 uM d-biotin®. Two days post-
confluence, the cultures were transferred to adipogenic medium, which consisted of
DMEM supplemented with 2% adult cat serum, 0.2% bovine serum albumin, 5 pg/ml
insulin, 5 pg/ml transferrin, 1 pmol/l d-biotin, 2 nmol/l triiodothyronine, 40 pmol/l
B-mercaptoethanol, 0.01 ng/ml epidermal growth factor*, and 10 nM St for 4 h as
previously described’. The cultures were then transferred to non-adipogenic medium,
which was the same as the adipogenic medium with the exception of St unless
otherwise stated, and allowed to differentiate for 144 h, at which most of the
adipogenic cells had differentiated into mature adipocytes.

Evaluation of adipose conversion. At the end of the experiments, the cultures were
fixed overnight with 3.4% formalin in PBS at 4°C. The cells were then stained with
0.2% Oil Red O in 60% isopropanol for 2 h at room temperature. The stained dishes
were washed with tap water and allowed to air dry*. To quantify the amount of
adipogenesis, we manually counted the number of adipose clusters under a
stereoscope. The cells that were induced to differentiate during treatment formed
adipose clusters’, and since each cluster arises from the selective multiplication of a
single parental cell”’, the number of adipose clusters corresponds with the number of
induced cells.

Analysis of gene expression. The cellular RNA was isolated with TRIzol® reagent
from the cell cultures. One microgram of total RNA was transcribed into cDNA using
20 pl of a SuperScript II™ reverse transcriptase reaction mix (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. Relative quantitative PCR
was performed through the addition of 1 pl of cDNA to 10 pl of the reaction mix
from the FastStart Universal SYBR Green I Master (Rox) kit (Roche Applied Science,
Manheim, Germany). The reaction amplification was monitored on a 7500 real-time
thermal cycler (Applied Biosystems). The specific primers for each gene are listed in
Table 1. The expression values were determined using the 222" equation, and the
expression of each gene was normalized to the expression of the ribosomal
phosphoprotein large PO (rplp0) gene that was amplified from the same sample. The
changes in gene expression are expressed as relative fold changes.

Immunoblotting. The cultured cells were placed in a 100-mm dish and lysed with
300 pl of the ProteoJET Mammalian Cell Lysis Reagent (Fermentas Inc., Glen Burnie,
MA, USA) supplemented with 1X Complete® protease inhibitor (Roche Applied
Science, Manheim, Germany), 25 nmol/l sodium pyrophosphate, 10 nmol/l -
glycerophosphate, and 10 nmol/l sodium orthovanadate. Thirty micrograms of
protein from each sample were separated by 10% SDS-PAGE and blotted for 1 h at
500 mA onto nitrocellulose membranes. The membranes were blocked with 5% non-
fat milk in TBS with 0.05% Tween-20 (TBST). The membranes were then challenged
with the following antibodies: anti-phospho-Thr188 C/EBPf (1:1000 dilution; Cell
Signaling Technology, Berkeley, CA, USA), anti-C/EBP (1:1000 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or anti-Rab guanine nucleotide
dissociation inhibitor (GDI, 1:5000 dilution; Invitrogen, Carlsbad, CA, USA). The
membranes were incubated with the primary antibodies overnight at 4°C, and then
incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies at a
1:10000 dilution for 1 h at room temperature. All of the washes were performed 3
times with TBST for 15 min under constant agitation.

Lipolysis determination. The cultures of terminally differentiated adipocytes were
transferred to phenol red-free medium and treated with 0.25 uM Dex in the presence
or absence of 1 pM RU486. As a lipolysis control, parallel cultures were treated with
2 mM dibutyryl-cAMP (db-cAMP). After 24 h, the media was removed, and the
soluble glycerol was determined using the Free Glycerol Determination Kit (Sigma-
Aldrich; Saint Louis, MO, USA) according to the manufacturer instructions. The
reactions were read at a wavelength of 540 nm. The data are presented as the amount
of nmol per protein milligram *+ S.D.

Glucose uptake. The 3T3-F442A adipocyte cultures were maintained for 5 days in
adipogenic medium with or without 0.25 pM of Dex. The cells were incubated for
60 min in Krebs buffer containing 0.1% bovine serum albumin, 80 pM 2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (NBDG) and 100 nM
insulin. After the 60-min incubation, the free NBDG was washed from the cultures,

and the fluorescence associated with the cell monolayers was measured in a Synergy
HT fluorescence reader (Bio-Tek Winooski, VT, USA). The results are presented as
the mean * S.D. of 2 independent experiments (n = 16).

Data presentation and statistical analysis. The data presented are the mean * S.D.
of at least 3 independent experiments. The data were analyzed using the non-
parametric Mann-Whitney U-test for the comparison of 2 data groups or using the
Kruskal-Wallis test for the comparison of 3 or more data groups. A difference was
considered statistically significant at a P < 0.05.
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