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Protein kinase A suppresses the differentiation of 3T3-L1 
preadipocytes
Fuqiang Li1, Dongmei Wang1, Yiran Zhou1, Bo Zhou1, Yanan Yang1, Hehua Chen1, Jianguo Song1

1Laboratory of Molecular Cell Biology, Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Sciences, 320 Yueyang Road, Shanghai 200031, China

cAMP and protein kinase A (PKA) are widely known as signaling molecules that are important for the induction of 
adipogenesis. Here we show that a strong increase in the amount of cAMP inhibits the adipogenesis of 3T3-L1 fibro-
blast cells. Stimulation of PKA activity suppresses adipogenesis and, in contrast, inhibition of PKA activity markedly 
accelerates the adipogenic process. As adipogenesis progresses, there is a significant increase in the expression level 
of PKA regulatory subunits and a corresponding decrease in PKA activity. Moreover, treatment of 3T3-L1 cells with 
epidermal growth factor (EGF) stimulates PKA activity and blocks adipogenesis. Inhibition of PKA activity abolishes 
this suppressive effect of EGF on adipogenesis. Moreover, activation of PKA induces serine/threonine phosphorylation, 
reduces tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1) and the association between PKA and IRS-1. 
Taken together, our study demonstrates that PKA has a pivotal role in the suppression of adipogenesis. cAMP at high 
concentrations can suppress adipogenesis through PKA activation. These findings could be important and useful for 
understanding the mechanisms of adipogenesis and the relevant physiological events.
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Introduction

White adipose tissue is not only important for energy 
storage but also an endocrine organ that regulates energy 
homeostasis [1]. Obesity and diabetes have been associated 
with adipocytes [2]. In white adipose tissue, preadipocytes 
exist in close proximity to adipocytes; preadipocytes can 
modify the function of adipose tissue by differentiating 
into adipocytes. The study of adipogenesis has been greatly 
facilitated by establishing immortal preadipocyte cell lines, 
such as 3T3-L1 preadipocytes. The adipocytes differenti-
ated from these cells exhibit most of the key features of adi-
pocytes in vivo [3]. In general, the induction of adipogenesis 

is initiated by treating confluent 3T3-L1 preadipocytes 
with methylisobutylxanthine, dexamethasone and insulin 
(MDI). The post-confluence mitotic clonal expansion of 
cells from G0/G1 growth arrest is first induced by MDI, and 
after that the cells exit the cell cycle and commit to termi-
nal differentiation. During adipogenesis, two transcription 
factors, CCAAT/enhancer-binding protein-β (C/EBPβ) 
and C/EBPδ, are rapidly induced, leading to the induction 
of expression of the key adipogenic transcription factors 
C/EBPα and peroxisome proliferator-activated receptor-γ 
(PPARγ), and the subsequent induction of expression of 
the specific genes that are necessary to bring about the 
adipocyte phenotype [4-6].

Knowledge about the biological function of cAMP has 
been increasing tremendously since the discovery of cAMP 
in the 1960s. cAMP functions mainly through activating 
cAMP-dependent protein kinase A (PKA), Epacs (exchange 
proteins directly activated by cAMP) [7, 8] and cyclic 
nucleotide-gated ion channels [9, 10]. A large number of 
PKA physiological substrates have been identified [11]. 
These substrates can be detected in various parts of cells. 
PKA is the main target of cAMP, which exists either as 
an inactive holoenzyme composed of two regulatory (R) 
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and two catalytic (C) subunits (R2C2), or as dissociated 
subunits. The R subunits inhibit the activity of the C sub-
units by binding to the C subunits, and cAMP stimulates 
PKA activity by binding to the R subunits, which causes 
the dissociation of the R subunits from the C subunits. 
Therefore, the R subunits can be considered as inhibiting 
proteins for the C subunits of PKA. In other words, PKA 
activity can be regulated by the synthesis or by the degrada-
tion of the R subunits of PKA. Thus, increased synthesis 
of the R subunits of PKA increases the formation of the 
inactive holoenzyme of PKA, whereas degradation of the 
R subunits of PKA can lead to release and activation of 
the C subunits of PKA. The effect of cAMP signaling on 
the differentiation of preadipocytes has been a focus of 
interest in adipogenic studies in recent years. As one of the 
inducers for adipogenesis, methylisobutylxanthine (MIX) 
is a broad-spectrum phosphodiesterase (PDE) inhibitor that 
can elevate intracellular level of cAMP. For this reason, 
cAMP has been considered as an inducer for adipogenesis, 
and PKA, a classical target of cAMP, was also regarded 
as a molecule that stimulates the differentiation of preadi-
pocytes. However, no direct study has been carried out to 
determine the exact role of PKA on adipogenesis.

Insulin has been widely reported to promote adipogen-
esis [12]. Divergent insulin signaling pathways can be 
transmitted by insulin receptor substrate (IRS) proteins 
[13]. The tyrosine phosphorylation of IRS by insulin 
receptor signaling activates IRS, which is essential for 
the adipogenic effect of insulin. Furthermore, IRS-1 has 
been reported to have an important role in adipogenesis. 
IRS-1 deficiency in embryonic fibroblast cells leads to 
inhibition of adipogenesis in these cells [14]. There are 
serine/threonine phosphorylation sites in IRS-1, and the 
phosphorylation of these sites inhibits IRS-1 [15-17], 
leading to insulin resistance. IRS-1 is therefore related to 
obesity and diabetes [18, 19].

In this study, we characterized the regulatory effect of 
cAMP and PKA on the differentiation of preadipocytes, 

and investigated the potential mechanism through which 
PKA exerts its effect on adipogenesis. 

Results

The effect of cAMP on adipogenesis
To investigate the effect of cAMP on adipogenesis, we 

examined whether the cell-permeable cAMP-elevating 
agent forskolin can substitute for MIX in stimulating adi-
pogenesis. As shown in Figure 1A and 1B (A: Oil Red O 
staining of the lipid drops; B: expression levels of PPARγ 
and C/EBPα), forskolin at high concentrations can signifi-
cantly increase DI (dexamethasone and insulin)-induced 
adipogenesis (about 50-70%). However, low concentra-
tions of cAMP had no or little effect on adipogenesis. 
Consistently, the cAMP analog 8-Br-cAMP also increased 
adipogenesis (Figure 1C and 1D). The maximum stimula-
tion by 8-Br-cAMP (200 mM) and DI can be as high as 
that induced by MDI. These results indicate that cAMP or 
forskolin can replace or partly replace MIX in stimulating 
adipogenesis. For understanding the exact role of cAMP in 
adipogenesis, we also detected the effect of forskolin and 
MIX on cAMP production in 3T3-L1 preadipocytes. As 
shown in Figure 1E, forskolin greatly increases the level 
of intracellular cAMP, which in this case reached about 
120-fold (the control is 1.1 pmol/ml) within a few minutes 
and then dropped to and was maintained at a level of about 
20-fold. Subsequently, we measured the effect of forskolin 
on the production of intracellular cAMP during adipo-
genesis. As shown in Figure 1F, cAMP levels increased 
to about 10-fold during the first 4 h of induction by MDI, 
and a much greater increase in cAMP levels was induced 
by forskolin under the same conditions. Interestingly, 
pretreatment of cells with forskolin inhibited adipogenesis 
in a dose-dependent manner. At a concentration of 1 mM, 
adipogenesis was completely suppressed (Figure 1G). The 
same suppressive effect of forskolin was also observed by 
determining the expression levels of C/EBPα and PPARγ 

Figure 1 The effect of 8-Br-cAMP and forskolin on adipogenesis. 3T3-L1 preadipocytes were exposed to agents as indicated in the 
absence of MIX (0.5 mM) together with DI (dexamethasone and insulin) (at day 0) for 2 days. They were then incubated in fresh me-
dium supplemented with insulin (1 mg/ml) for another 2 days. They were then fed with fresh medium every second day. On days 6 and 
8, adipogenesis was determined by Oil Red O staining and the expression of C/EBPα and PPARγ. (A and B) The effect of forskolin on 
adipogenesis. (C and D) The effect of 8-Br-cAMP on adipogenesis. (E) Forskolin elevates cAMP levels. 3T3-L1 preadipocytes were 
treated with forskolin (Forsk, 10 mM) for the indicated times, cells were lysed and the cAMP levels were determined as described in the 
Materials and Methods section. Data in the inset are the means ± standard deviations (SDs) from three independent experiments. (F) 
Effect of forskolin on cAMP levels during adipogenesis. 3T3-L1 preadipocytes were induced with MDI in the presence or absence of 
forskolin (1 mM), and the cAMP levels were determined at the indicated time points. Data in the inset are the means ± SDs from three 
independent experiments. ***P < 0.001 versus cells induced with MDI in the absence of forskolin. (G and H) Forskolin inhibits MDI-
induced adipogenesis. 3T3-L1 preadipocytes were pretreated with or without forskolin for 15 min, and adipogenesis was induced with 
MDI. Adipogenesis was determined as described above. (I and J) 8-Br-cAMP inhibits MDI-induced adipogenesis. 
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(Figure 1H). Moreover, treatment of cells with 8-bromo-
cAMP also suppressed adipogenesis in a dose-dependent 
manner as determined by either the morphological pheno-
type (Figure 1I) or the expression levels of C/EBPα and 
PPARγ (Figure 1J). These findings suggest that a strong and 
sustained increase in cAMP levels can inhibit the process 
of adipogenesis. 

The effect of downregulating cAMP on MDI-induced 
adipogenesis

In addition to the above evidence, we treated 3T3-L1 
cells with SQ22536, a specific adenylate cyclase inhibitor 
that can significantly reduce intracellular cAMP levels (Fig-
ure 2A). As shown in Figure 2, pretreatment of cells with 
SQ22536 produces no inhibitory effect on adipogenesis, as 
examined by immunoblotting C/EBPα and PPARγ (Figure 
2B), or by Oil Red O staining (Figure 2C). Further inves-
tigation showed that SQ22536 can actually promote the 
adipogenesis of 3T3-L1 preadipocytes because it signifi-
cantly reduces the induction time required for adipogenesis 
(Figure 2D). The expression levels of C/EBPα and PPARγ  
in cells pretreated with SQ22536 and exposed to MDI for 
36 h was higher than that in cells without SQ22536 pretreat-
ment but exposed to MDI for the typical 48 h.

Inhibiting PKA promotes MDI-induced adipogenesis
It has been shown that adipogenesis could be promoted 

mostly through increasing the amount of triacylglycerol 
storage or by reducing the induction time required for 
adipogenesis [20, 21]. Since PKA activity can be strongly 
regulated by cAMP, we also investigated the role of PKA 
in adipogenesis. We firstly determined the effect of PKA 
on the induction time of adipogenesis. Rp-cAMP, an agent 
that inhibits PKA activity, can reduce the required MDI 
induction time from 48 to 36 h (Figure 3A). PKA activity 
can be determined by examining the phosphorylation of the 
cAMP-response element binding protein (CREB). H89, a 
widely used PKA inhibitor, significantly reduces the basal 
level of PKA activity as determined by the phosphorylation 
of CREB (Figure 3B), indicating an inhibitory effect of 
H89 on PKA activity. In the presence of H89, MDI-induced 
adipogenesis was brought forwards by 2 days (Figure 3C), 
and an increase in the amount of triacylglycerol storage 
could also be observed. The same effect of H89 on the 
adipogenesis of 3T3-L1 preadipocytes was also determined 
by examining the expression levels of C/EBPα and PPARγ 
(Figure 3D). To further confirm the results shown above, 
protein kinase A inhibitor (PKI), a protein that can specifi-
cally inhibit PKA activity both in vitro and in vivo, was 
transfected into 3T3-L1 preadipocytes (Figure 3E), which 
effectively inhibited PKA activity (Figure 3F). The results 
show that PKI transfection also promotes adipogenesis as 

Figure 2 The effect of downregulation of cAMP levels on MDI-
induced adipogenesis. Cell treatments and adipogenesis induc-
tion are as described in Materials and Methods. (A) Inhibition of 
MDI-mediated cAMP production by the specific adenylate cyclase 
inhibitor SQ22536. 3T3-L1 preadipocytes were induced with MDI 
in the absence or presence of SQ22536 (500 mM) for the times 
indicated. Data in the inset are the means ± SDs from three in-
dependent experiments. *P<0.05; **P<0.01 versus controls (not 
treated with SQ22536). (B and C) Dose effect of SQ22536 on 
MDI-induced adipogenesis. (D) SQ22536 reduces the induction 
time required for adipogenesis. Upper panel: immunoblotting of 
C/EBPα and PPARγ. Lower panel: data are the means ± SDs 
from three independent experiments. *P<0.05; **P<0.01 versus 
controls (not treated with SQ22536).
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examined by triacylglycerol storage (Figure 3G) and the 
expression levels of C/EBPα and PPARγ (Figure 3H). 
These results indicate that PKA has a suppressive role in 
the adipogenesis of 3T3-L1 cells. 

PKA activity and its expression levels during adipogen-
esis

To confirm the role of PKA in adipogenesis, we also 
detected the PKA activity at different time points during 
adipogenesis. PKA activity increased in the first 2 days 
of induction, but decreased markedly from the third day 
(Figure 4A). These results suggest that a downregulation 
of PKA activity is required for adipogenesis to proceed. 
To investigate the potential relationship between the 
changes in PKA activity and the expression levels of PKA 
regulatory subunits, we examined the expression levels of 
several types of regulatory subunits of PKA during adi-
pogenesis. As shown in Figure 4B, the expression of the 
RI and RIIα subunits of PKA increased significantly, but 
no increase in RIIβ or the catalytic subunits of PKA was 
observed. Interestingly, upregulation of the expression of 
the PKA regulatory subunits began on the third day, which 
probably accounts for the corresponding decrease in PKA 
activity. It is apparent that downregulation of PKA activity 
is an essential signaling event required for cells to initiate 
adipogenesis. Increased expression of the PKA regulatory 
subunits may therefore suppress the PKA activity that is 
important for adipogenesis.

The effect of PKA activation or inhibition on adipogen-
esis

Unlike the 8-bromo-cAMP, which can activate PKA, 
Rp-cAMP is a cAMP analog that cannot activate PKA, 
and 8-CPT-2'-O-Me-cAMP is a cAMP analog that can 
activate Epac but not PKA. To determine whether cAMP 
suppresses adipogenesis through PKA, we also determined 
the effect of Rp-cAMP and 8-CPT-2'-O-Me-cAMP on 
adipogenesis by examining the triacylglycerol storage 
(Figure 5A) or expression levels (Figure 5B) of C/EBPα 
and PPARγ. As shown on Figure 5, only 8-bromo-cAMP 
suppressed adipogenesis; neither Rp-cAMP nor 8-CPT-2'-
O-Me-cAMP showed any inhibitory effect on this process, 
indicating that PKA has a role in cAMP-mediated suppres-
sion of adipogenesis. To verify this function of PKA, we 
transfected the PKA catalytic subunit-α (PKA Cα) onto 
3T3-L1 preadipocytes (Figure 5C), and then examined 
the effect on adipogenesis. The results showed that the 
overexpression of PKA Cα inhibits adipogenesis, and that 
the PKA inhibitor H89 (10 mM) can completely reverse 
this inhibition, as determined by either cell morphological 
phenotype (Figure 5D) or the expression levels of C/EBPα 
and PPARγ (Figure 5E). Because cAMP and PKA activation 

suppresses adipogenesis, we also tested whether the inhibi-
tion of PKA activity could reverse the anti-adipogenesis 
effect of cAMP. In the presence of the PKA inhibitor H89 
(10 mM), forskolin-mediated suppression of adipogenesis 
was completely abolished (Figure 5F and 5G). Inhibition 
of PKA activity also abolishes 8-Br-cAMP-mediated sup-
pression of adipogenesis (Figure 5H and 5I). These results 
further confirm that PKA is a suppressor of adipogenesis 
and that cAMP suppresses adipogenesis via PKA.

EGF may suppress adipogenesis through a mechanism 
involving the activation of PKA

EGF, which is essential for cell proliferation and 
survival, can completely suppress adipogenesis (Figure 
6A). Stimulation of 3T3-L1 preadipocytes with EGF also 
increases PKA activity (Figure 6B). In the presence of the 
PKA inhibitor H89, EGF-mediated inhibition of adipo-
genesis was completely reversed (Figure 6C and 6D). In 
addition, overexpression of PKI also abolishes EGF’s anti-
adipogenic effect (Figure 6E and 6F). The results further 
demonstrate a suppressive function of PKA on adipogenesis 
and suggest that EGF may suppress adipogenesis through 
a mechanism that involves the activation of PKA.

PKA and cAMP may suppress adipogenesis by modulating 
insulin signaling through the inactivation of IRS-1 by its 
serine/threonine phosphorylation 

To investigate the potential mechanisms through which 
PKA suppresses adipogenesis, we examined the effect of 
the PKA activator forskolin on IRS-1 phosphorylation. 
Treatment with forskolin stimulates the phosphorylation 
of IRS-1 at ser789 in 3T3-L1 preadipocytes (Figure 7A), 
which is also associated with a corresponding increase in 
the phosphorylation of serine/threonine residues of the PKA 
substrate. The increased phosphorylation of IRS-1 at serine/
threonine residues was also detected by immunoprecipita-
tion with antibody against the phospho-(serine/threonine) 
PKA substrate (Figure 7B), suggesting that IRS-1 is a 
substrate of PKA and forskolin can stimulate phosphoryla-
tion of IRS-1 by PKA at ser789. Treatment of cells with 
forskolin increases the formation of the complex between 
IRS-1 and PKA C, which further supports this possibility 
(Figure 7C). Further study shows that the overexpression 
of PKA inhibits insulin-induced tyrosine phosphorylation 
of IRS-1 and its activation (Figure 7D). In addition, we also 
determined the effect of EGF on IRS-1 phosphorylation 
at ser789. As shown in Figure 7E, treatment of cells with 
EGF increases phosphorylation of IRS-1 at ser789. Because 
insulin has important role in adipogenesis, the results sug-
gest that cAMP and PKA may suppress adipogenesis by 
modulating insulin signaling through the inactivation of 
IRS-1 by its serine/threonine phosphorylation.
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Figure 3 Inhibition of PKA promotes MDI-induced adipogenesis. (A) Rp-cAMP shortens the length of induction time required for adi-
pogenesis. 3T3-L1 preadipocytes were exposed to MDI in the absence or presence of Rp-cAMP at the indicated concentrations for 
36 h, and then incubated in fresh medium supplemented with insulin (1 mg/ml) for 2 days. The cells were fed with fresh medium for 
another 2 days. Adipogenesis was determined using the expression levels of C/EBPα and PPARγ. (B) The PKA inhibitor H89 inhibits 
forskolin-induced PKA activity. 3T3-L1 preadipocytes were treated with or without forskolin (Forsk, 1 mM) in the presence or absence 
of H89 (10 mM) for 15 min, cells were lysed and the phosphorylation of CREB was examined by immunoblotting blotting. (C and D) 
Inhibition of PKA activity by H89 accelerates adipogenesis. After exposure to MDI in the absence or presence of H89 (15-min pretreat-
ment, 10 mM) for 2 days, 3T3-L1 preadipocytes were incubated in fresh medium (10% FCS) supplemented with insulin (1 mg/ml) for 2 
days, and then were fed every second day with fresh medium (10% FCS). Adipogenesis was determined by Oil Red O staining (B) and 
the expression of C/EBPα and PPARγ (C). For Oil Red O quantitative assay, cells were treated as described above and terminated on 
day 6. The lower panels are the means ± SDs from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 versus controls 
(not treated with H89). (E and F) Overexpression of PKI inhibits PKA activity and stimulates adipogenesis. 3T3-L1 preadipocytes were 
transfected with PKI (on a PCDNA3 vector), the expression of PKI was determined by immunoblotting (E) and the effect of PKI on PKA 
activity was detected using the PKA substrate peptide kemptide (F). (G and H) PKI enhances adipogenesis. Adipogenesis of 3T3-L1 
preadipocytes transfected with PKI or the PCDNA3 vector were induced as described in Materials and Methods. Adipogenesis was 
determined by Oil Red O staining (G) or the expression levels of C/EBPα and PPARγ (H). Lower panels are the means ± SDs from 
three independent experiments. ***P < 0.001.

Figure 4 PKA activity and its expression levels during adipo-
genesis. (A) PKA activity at different time points of adipogenesis 
induced by MDI was determined by measuring the phosphoryla-
tion of intracellular PKA substrates (upper panel) or kemptide, a 
PKA substrate peptide (middle panel); the expression levels of the 
PKA catalytic subunit were also measured (lower panel). (B) The 
expression levels of the PKA regulatory subunits RI, RIIα and RIIβ, 
as well as the PKA catalytic subunits, were determined at different 
time points of adipogenesis induced by MDI. The expression level 
of GDI was taken as a reference for sample loading control. 
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Discussion

The identification since the 1970s of a series of transcrip-
tional factors that regulate adipogenesis is a remarkable 
breakthrough in the study of adipocyte differentiation. For 
example, PPARγ and C/EBPα have been found to be key 
regulators of adipogenesis. The expression and activation of 
PPARγ and C/EBPα in preadipocytes or certain fibroblasts 
have crucial roles in determining the differentiation of these 
cells into adipocytes [22-25]. They bring about lipid ac-
cumulation and the adipocyte phenotype. It has previously 
been shown that cAMP and PKA are implicated in the regu-
lation of lipid accumulation or lipolysis [26-31]. To avoid 
interference from the lipolysis effect of cAMP and PKA, 
all specific reagents used in this study (such as forskolin, 
SQ22536, 8-Br-cAMP and H89) were only presented in 
cell culture in the first 2 days of the entire induction period 
of adipogenesis. Under this condition, the effect of cAMP 
and PKA on lipolysis will not be produced.

It has been reported that several cAMP-elevating agents 
(such as MIX and prostaglandins/prostacyclins) can en-
hance adipogenesis [32-34]. However, there is a lack of 
direct evidence for the causative relationship between 
cAMP/PKA and adipogenesis. In fact, the potency of the 
pro-adipogenesis effect of the cAMP-elevating agents used 
to stimulate adipogenesis does not correlate at all with the 
corresponding increase in cAMP levels. Interestingly, it has 
also been reported that various stimulators for the cAMP 
pathway failed to promote the adipogenic conversion of 
preadipocytes [35]. In the absence of MIX, 8-Br-cAMP 
and forskolin notably increase DI-induced adipogenesis, 
whereas in the presence of MIX, cAMP analogs and for-
skolin suppress MDI-induced adipogenesis. These findings 
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Figure 5 The effect of PKA activation or inhibition on adipogenesis. (A and B) Activation of PKA by cAMP suppresses adipogenesis. 
Adipogenesis of 3T3-L1 preadipocytes was induced with MDI as described in Materials and Methods in the presence or absence of 8-
Br-cAMP (100 mM), Rp-cAMP (100 mM) or 8-CPT-2'-O-Me-cAMP (100 mM). (C) Cells were transfected with the vector plasmid PCDNA3 
or that containing PKA Cα. The expression levels of PKA C were examined by immunoblotting. (D and E) PKA inhibition abrogates the 
inhibitory effect of PKA Cα. Adipogenesis of cells transfected with either the plasmid vector or the wild-type PKA Cα in the presence 
or absence of the PKA inhibitor H89 was determined by Oil Red O staining (D) or the expression levels of C/EBPα and PPARγ (E). 
(F-I) Cells were pretreated with or without forskolin (Forsk) or 8-Br-cAMP in the presence or absence of H89 (10 mM); the induction of 
adipogenesis was initiated with MDI as described in Materials and Methods. Adipogenesis was determined by Oil Red O staining (F 
and H) or the expression levels of C/EBPα and PPARγ (G and I).

suggest a probable dual effect of cAMP on adipogenesis. 
Because forskolin-induced cAMP can be rapidly hydro-
lyzed by PDE in the absence of the PDE inhibitor MIX, 
forskolin will not cause a great increase in cAMP levels 
in the absence of MIX. However, in the presence of MIX, 
forskolin can stimulate a much stronger increase in cAMP 
levels. Similarly, the addition of an exogenous cAMP ana-
log in the presence of MIX can lead to a strong increase 

in cAMP levels. It is possible that a moderate increase of 
cAMP in the early stage of MDI induction may have a role 
in adipogenic induction, whereas sustained high concentra-
tions of cAMP generate a strong inhibitory effect. 

Prostaglandins/prostacyclins, which can elevate cAMP 
levels and have been used to stimulate adipogenesis, have 
been reported to activate PPARγ [36, 37]. Thus, the pro-ad-
ipogenic effect of prostaglandins/prostacyclins may be due 
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to their activation of PPARγ. As an inducer of adipogenesis, 
MIX stimulates an increase in intracellular cAMP levels, 
but this does lead to the conclusion that PKA functions as 
a stimulator of adipogenesis. As a non-specific inhibitor 
of phosphodiesterases, the signaling induced by MIX is 
closely related to that induced by phosphodiesterases. At 
present, more than 50 variants of the mammalian phospho-
diesterase isoenzyme, which shows differential hydrolytic 
activities on cAMP and cGMP, have been identified [38]. 
This suggests another possibility that the cellular responses 
to MIX could be different owing to the different cell types 
or to the different expression patterns of phosphodies-
terases. It has been reported that 3T3-L1 preadipocytes 
express phosphodiesterase 3B (PDE3B) [39, 40], a phos-
phodiesterase that hydrolyzes both cAMP and cGMP, which 

indicates that MIX increases not only cAMP but also cGMP 
during adipogenesis. TNF-α can elevate cAMP level but 
are unable to stimulate adipogenesis [29]. TNF-α has been 
shown to be involved in the inhibition of adipogenesis [41]. 
Although the precise mechanism that underlies the effect 
of MIX on adipogenesis was not investigated in the present 
study, our data demonstrate that cAMP at high concentra-
tions functions as a potent suppressor for adipogenesis that 
is induced by MDI, which is of interest in the study of the 
signaling mechanisms of adipogenesis.

The finding that MDI-induced adipogenesis is inhibited 
by 8-bromo-cAMP, forskolin and constitutive ectopic 
PKA Cα expression demonstrates that PKA activation or 
increased PKA expression suppresses adipogenesis. The 
fact that overexpression of PKI or Rp-cAMP reduces the 

Figure 6 The effect of PKA in EGF-mediated suppression of adipogenesis. (A) EGF suppresses MDI-induced adipogenesis. MDI-
mediated adipogenesis was conducted in the presence of EGF according to Materials and Methods and was determined by Oil Red 
O staining. (B) The effect of EGF on PKA activation. After cells were treated with EGF for 24 h, PKA activity was detected using the 
phosphorylation levels of the intracellular PKA substrates (upper panel) or kemptide (middle panel). The expression of PKA C was also 
examined by immunoblotting (lower panel). (C and D) EGF-mediated suppression of adipogenesis is abolished by the PKA inhibitor 
H89. Cells were pretreated with or without H89 in the presence or absence of EGF for 15 min, and then were induced with MDI as 
described in Materials and methods. Adipogenesis was examined using Oil Red O staining (C) or the expression levels of C/EBPα 
and PPARγ (D). (E and F) Overexpression of PKI abolishes EGF’s anti-adipogenic effect. Adipogenesis of the 3T3-L1 preadipocytes 
transfected with PKI or the PCDNA3 vector was induced as described in Materials and Methods. Adipogenesis was examined using 
Oil Red O staining (E) or the expression levels of C/EBPα and PPARγ (F).
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H89 can abolish the anti-adipogenic effect produced by 
EGF, 8-bromo-cAMP, forskolin and expression of con-
stitutive ectopic PKA Cα, which strongly suggests that 
PKA is a key regulator in the control of adipogenesis. All 
these results demonstrate that PKA acts as a suppressor for 
adipogenesis and cAMP suppresses adipogenesis through 
PKA. The observation that PKA activity was significantly 
stimulated during the first 2 days of adipogenesis may 
appear to be perplexing. This is possibly a side effect of 
MIX in the early stage of induction. MIX could be a much 
more powerful inducer if it did not activate PKA because 
inhibition of MDI-induced PKA activity by overexpres-
sion of PKI and treatment of cells with Rp-cAMP or H89 
accelerates adipogenesis. On the other hand, PKA activ-
ity was only increased during the early induction period 
of adipogenesis, which started to fall 24 h after the MDI 
treatment and dropped to the base level after 72 h. During 
the normal process of adipogenesis induced by MDI, other 
signaling events must have been activated or inactivated 
that canceled out or reduced the anti-adipogenic effect 
generated by PKA activation.

Because the decreased PKA activity on the third day 
of induction of adipogenesis is correlated with increased 
expression of the RI and RIIα subunits of PKA (Figure 
4), this further suggests that PKA has a suppressive role in 
adipogenesis. Inhibition of PKA may become important 2-3 
days after induction, because the real adipogenesis takes 
place after that period. The RIIβ subunit is highly expressed 
in both preadipocytes and adipocytes. Interestingly, only 
expression of the RI and RIIα subunits of PKA is increased, 
with no change in the expression levels of the RIIβ sub-
unit. Although the mechanism is not clear, it appears that 
the RI and RIIα subunits of PKA are more important than 
other subunits of PKA in the control of adipogenesis. The 
inhibitory function of the RIIβ subunit may be restricted 
or modified by certain factors, such as inhibitory anchoring 
proteins and intracellular compartmentalization.

The exact role of EGF in adipogenesis has not been 
well described. It has been reported that EGF has a dual 
effect on fat synthesis [42, 43]. It decreases adipogenesis 
in undifferentiated preadipocytes but increases adipogen-
esis in differentiated adipocytes [44]. Pref-1, a member of 
the EGF-like family proteins, has been implicated in the 
suppression of adipogenesis. Pref-1 is highly expressed 
in 3T3-L1 preadipocytes, but is undetectable in mature 
fat cells, and this downregulation has been shown to be 
required for adipocyte differentiation [45, 46]. Interest-
ingly, we found that EGF also inhibits the differentiation 
of 3T3-L1 preadipocytes. EGF-mediated suppression of 
adipogenesis is associated with PKA activation. It is strik-
ing that this suppressive effect of EGF can be abolished 
by inhibiting PKA with H89 or overexpression of PKI, 

general MDI induction time (from 48 to 36 h) and that 
H89 reduces the time span required for full adipogenesis 
procession (from 8 to 6 days) indicates that inhibition of 
PKA accelerates adipogenesis. Overexpression of PKI or 

Figure 7 Regulation of IRS-1 phosphorylation at ser789. (A) Cell 
lysates are immunoprecipitated by an IRS-1-specific antibody. For-
skolin-induced IRS-1 phosphorylation was detected using either 
a specific antibody against phosphorylated IRS-1 at the ser789 
residue or a serine/threonine-phosphorylated PKA substrate. (B) 
Cell lysates are immunoprecipitated by a specific antibody against 
the serine/threonine-phosphorylated PKA substrate. Increased 
phosphorylated IRS-1 protein levels were detected by an IRS-1-
specific antibody. (C) Forskolin induces the association between 
IRS-1 and PKA C. (D) Overexpression of PKA inhibits insulin-in-
duced tyrosine phosphorylation of IRS-1. 3T3-L1 cells transfected 
with a vector (PCDNA3) or PKA were stimulated with or without 
insulin (1 mg/ml) for 30 min and subjected to immunoblotting tyro-
sine phosphorylation of IRS-1. (E) EGF stimulates phosphorylation 
of IRS-1 at ser789. After being treated with EGF for 24 h, 3T3-L1 
preadipocytes were lysed and subjected to immunoprecipitation 
to determine IRS-1 phosphorylation at ser789. 
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indicating that PKA also has a crucial role in the EGF-
mediated suppression of adipogenesis. Because Pref-1 has 
been characterized as an inhibitor of adipogenesis, the fact 
that EGF suppresses adipogenesis through PKA also sug-
gests that EGF-like family proteins, such as Pref-1, may 
exert their effects on adipogenesis through the activation 
of PKA. Furthermore, it has been reported that H89 can 
block the anti-adipogenesis effect of arachidonic acid [47]. 
All these data indicate that PKA has a crucial role in sup-
pressing adipocyte differentiation. In this report, we found 
that IRS-1 acts as a substrate of PKA, and that cAMP and 
PKA can inhibit insulin signaling through the phosphory-
lation of IRS-1 at ser789 and the inactivation of IRS-1. 
Since IRS-1 has an essential role during adipogenesis, the 
results suggest a modulatory function of cAMP and PKA 
on the insulin-mediated adipogenic effect through IRS-1. 
These data suggest that cAMP and PKA can be taken as 
novel targets for developing new reagents in treating obe-
sity and diabetes.

In conclusion, our study demonstrates that cAMP ana-
logs, cAMP-elevating agent forskolin and PKA activation 
can inhibit MDI-induced adipogenesis. Inhibition of PKA 
promotes adipogenesis by reducing the time required for 
adipogenic induction. Forskolin or 8-Br-cAMP-mediated 
inhibition of adipogenesis can be abolished by inhibiting 
PKA activity, indicating that PKA has an important role in 
the suppression of adipogenesis. In addition, the data also 
show that PKA-mediated suppression of preadipocyte dif-
ferentiation is associated with the inactivation of IRS-1.

Materials and Methods

Materials
The cell culture reagents newborn calf serum (NCS) and fetal 

bovine serum (FCS) were purchased from Gibco BRL of Invitro-
gen Corporation (Carlsbad, CA, USA). MDI, Oil Red O and EGF 
were purchased from Sigma (St Louis, MO, USA). H89, G418, 
forskolin, 8-Br-cAMP and Rp-cAMP were purchased from Calbio-
chem (La Jolla, CA, USA). 8-CPT-2'-O-Me-cAMP was purchased 
from ALEXIS Biochemicals (San Diego, CA, USA). SQ22536 was 
purchased from Biomol (Plymouth Meeting, PA, USA). Rabbit 
anti-PPARγ, C/EBPα, IRS-1, and goat anti-phospho-tyr612-IRS, 
horseradish peroxidase (HRP)-conjugated anti-mouse, anti-rabbit and 
anti-goat antibodies were purchased from Santa Cruz Biotechnology 
(Delaware, CA, USA). Antibodies against PKA C, PKA RI, PKA 
RII and PKA RII from mouse were purchased from BD Biosciences 
(San Jose, CA, USA). Rabbit anti-guanine nucleotide dissociation 
inhibitor (GDI) antibody was purchased from Zymed of Invitrogen 
Corporation (Carlsbad, CA, USA). Rabbit antibodies against phos-
pho-(serine/threonine) PKA substrate and phospho-IRS-1 (ser789) 
were from Cell Signaling (Beverly, MA, USA). 

Cell culture
3T3-L1 preadipocytes were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Gibco BRL) supplemented with 10% (v/v) 

NCS, 100 U/ml penicillin, and 100 mg/ml streptomycin (Gibco BRL), 
at 37 °C in a humidified atmosphere of 90% air and 10% CO2. Me-
dium was renewed every 2-3 days until confluence was reached.

Adipogenesis procedure
After 2 days’ confluence, the cells were incubated in fresh medium 

containing 10% FCS. Cells were then treated with MIX (0.5 mM), 
dexamethasone (DEX, 1 mM) and insulin (1 mg/ml) to initiate the 
differentiation (designated as day 0). After exposure to MDI for 2 
days, cells were incubated in fresh medium (10% FCS) containing 
only insulin (1 mg/ml) for a further 2 days. The cells were then 
fed every second day with fresh medium (10% FCS). Triglyceride 
droplets were visible on day 4, and the cells were fully differentiated 
into adipocytes on day 8 (over 90% of the plate). H89, forskolin, 
8-Br-cAMP, Rp-cAMPS, 8-CPT-2'-O-Me-cAMP, SQ22536 and 
EGF were added 15 min prior to the MDI induction. The cells were 
incubated in the presence of MDI and indicated agents typically for 
a 48-h period only, unless otherwise indicated. 

Cell transfection
PKA Cα and PKI in PCDNA3 were constructed as follows. 

PKA Cα and PKI cDNAs that ended with the relevant restricted 
enzyme sites were cloned from a mouse testicle cDNA library with 
the relevant primer pairs: 5'-GCaagcttATGGGCAACGCCGCCG-3' 
and 5'-GCggatccCTAAAACTCAGTAAACTCCTTG-3' for PKA 
Cα; and 5'-GGCaagcttATGACTGATGTGGAAACTACG-3' and 
5'-GGCtctagaTTAGCTTTCAGACTTGGCTGCTTC-3' for PKI. 
After confirmation using DNA sequencing, the cloned cDNAs 
were ligated into the PCDNA3 vector. The cells were transfected 
with the Lipofectamine™ Reagent according to the manufacturer’s 
instructions. Cells grown to a suitable density for 24 h after seed-
ing are usually necessary for high efficiency transfection. In detail, 
3T3-L1 fibroblasts were grown to 80% confluence on 30-mm plates 
and washed with DMEM before adding the transfection reagents. 
Two micrograms of plasmid DNA (in 100 ml DMEM) and 6 ml Li-
pofectamine™ Reagent (in 100 ml DMEM) were mixed gently and 
incubated at room temperature for 30 min, followed by dilution with 
DMEM to 1 ml before beginning transfection. Twelve hours after 
transfection, cells were incubated in fresh culture medium for 72 h, 
then trypsinized and reseeded in fresh culture medium supplemented 
with 600 mg/ml G418. Medium containing G418 was changed every 
2-4 days, and cells were cultured for 2-3 weeks to selectively remove 
the non-transfected cells. When necessary, cells were reseeded onto 
new plates to ensure even distribution.

 
Immunoprecipitation

Cells on 60-mm plates were lysed in 0.4 ml of ice-cold lysis buf-
fer (50 mM HEPES pH 7.4, 5 mM EDTA, 50 mM NaCl, 1% Triton 
X-100, 50 mM NaF, 1 mM Na3VO4, 10 mM Na4P2O7 • H2O, 5 mg/ml 
aprotinin, 5 mg/ml leupeptin and 1 mM PMSF). The lysates were 
centrifuged at 12 000 × g for 15 min. The supernatants were col-
lected and subjected to protein quantification with a Bio-Rad protein 
determination kit. Supernatants with equal protein were treated by 
the following steps. They were pre-cleared with 30 ml 50% beads 
for 2 h, 4 ml indicated antibody (IRS-1, p-serine/threonine substrate 
of PKA or rabbit IgG; about 1 mg) was added and rotated for 2 h, 
30 ml 50% beads were added and then they were rotated overnight. 
The precipitates were washed three times with lysis buffer and then 
35 ml of 1× loading buffer was added. Samples were subjected to 
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immu-
noblotting. 

Immunoblotting
Cells were lysed in 0.4 ml of ice-cold lysis buffer. The lysates 

were centrifuged at 12 000 × g for 15 min. The supernatants were 
collected and subjected to protein quantification with a Bio-Rad 
protein determination kit. Equal amounts of protein (about 40 mg) 
and supernatants were separated by SDS-PAGE and transferred to 
nitrocellulose membranes (Hybond ECL, Amersham Life Sciences). 
The membranes were blocked with 5% non-fat dry milk in tris-buff-
ered saline containing 0.1% tween-20 (TBS-T) and subsequently 
incubated with antibodies (1:2 000) against PPARγ, C/EBPα, PKA 
C, PKA RI, PKA RIIα, PKA RIIβ, Phospho-(serine/threonine) 
PKA substrate and GDI. Specific protein bands were detected using 
HRP-conjugated goat anti-mouse or anti-rabbit IgG (1:4 000) and 
visualized using ECL reagents (Pierce). The protein expression levels 
of PPARγ and C/EBPα were analyzed on day 6 of differentiation, 
unless otherwise indicated. In some cases, the results were quantified 
by calculating the optical density of the relevant bands detected. To 
get the relative values of the western blot bands, the density of the 
fully differentiated cells from the sample by the normal differentia-
tion procession (the control differentiated cells) was set as 1. The 
nitrocellulose membrane was stripped with a strip buffer (62.5 mM 
Tris-HCl, pH 6.7, 100 mM 2-mercaptoethanol and 2% SDS) at 65 °C 
for 45 min and probed with other antibodies if necessary.

cAMP measurement 
After carrying out the indicated treatment, 3T3-L1 preadipocytes 

on 60-mm plates were lysed with 0.4 ml 0.1 M HCl and the intra-
cellular level of cAMP was detected with a Cyclic AMP Enzyme 
Immunoassay kit (AK-205, Biomol) according to the vendor’s 
instructions.

PKA activity assay
A PKA kinase assay was carried out with a non-radioactive PKA 

assay kit (Promega). Phosphorylation by PKA of its specific peptide 
substrate alters the peptide’s net charge from +1 to −1, which allows 
the phosphorylated and non-phosphorylated forms of the substrate to 
be rapidly separated on agarose gel. The phosphorylated substrates 
migrate towards the positive electrode whereas the non-phosphory-
lated substrates migrate towards the negative electrode. Phosphory-
lation of the PKA substrate was detected by immunoblotting with a 
phospho-(serine/threonine) PKA substrate antibody.

Oil Red O staining
Fully differentiated 3T3-L1 cells (day 8) were stained with Oil 

Red O according to the method outlined here. Cells were washed 
three times with PBS, then fixed with 3.7% formaldehyde in PBS 
for 2 min, washed three times with H2O and then stained with Oil 
Red O solution (0.3% Oil Red O in 100% isopropanol, filtered) for 
1 h. Cells were then washed three times with and maintained in 
H2O. The phenotypic change of adipogenesis was observed under a 
microscope. For a quantitative assay, Oil Red O dye was extracted 
with isopropanol and the absorbance was measured at 510 nm with 
a spectrophotometer.

Statistical analysis
Results were presented as the means ± standard deviations (SD) 

for the number of experiments indicated. For statistical analysis, 
Student’s t-test was used. Differences were considered significant 
at a level of P < 0.05.
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