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Insulin has antiapoptotic activity in various cell types. Howev-
er, the signaling pathways underlying the antiapoptotic activity 
of insulin is not yet known. This study was conducted to de-
termine if cAMP affects the antiapoptotic activity of insulin and 
the activity of PI3K and ERK in CHO cells expressing human 
insulin receptors (CHO-IR). Insulin-stimulated ERK activity was 
completely suppressed by cAMP-elevating agents like as per-
tussis toxin (Ptx) and cholera toxin (Ctx) after 4 h treatment. 
Insulin-stimulated PKB/Akt activity was not affected at all. Ptx 
treatment together with insulin increased the number of apop-
totic cells and the degree of DNA fragmentation. Ctx or 8-br- 
cAMP treatment also increased the number of apoptotic cells 
and stimulated the cleavage of caspase-3 and the hydrolysis of 
PARP. Taken together, cAMP antagonizes the antiapoptotic ac-
tivity of insulin and the main target molecule of cAMP in this 
process is likely ERK, not PI3K-dependent PKB/Akt. [BMB re-
ports 2011; 44(3): 205-210]

INTRODUCTION

Insulin exerts a wide range of biological functions affecting 
carbohydrate, lipid, and protein metabolism as well as cell 
proliferation and differentiation (1). Insulin also has anti-
apoptotic activity in various cell types (2-4). We investigated 
the antiapoptotic activity of insulin and its related signaling 
pathways in CHO-IR cells (5, 6) and HepG2 liver cells (7). 
Apoptosis plays a pivotal role in diverse physiological and 
pathological processes including homeostatic maintenance of 
tissues and organs, autoimmune diabetes, and diabetic neuro-
pathy (8, 9). Insulin binding to its receptor results in activation 
of intrinsic tyrosine kinase function and subsequent stim-
ulation of signaling molecules, including insulin receptor sub-
strate-1 (IRS-1), IRS-2, shc, PI3K, and ERK (1). Previous studies 
have suggested that ERK and PI3K play critical roles in the in-

sulin signaling of antiapoptotic function (2-4). Indeed, the 
pharmacological suppression of PI3K and ERK inhibited the 
antiapoptotic action of insulin in HepG2 cells (5). The anti-
apoptotic action of insulin is also sensitive to the inhibition of 
farnesyltransferase or dominant negative mutation of H-Ras in 
CHO-IR cells (6). 

GTP-binding proteins (G-proteins) can also play a role as 
signaling molecules for the insulin receptor. Studies have 
shown that the insulin receptor binds Giα2, an inhibitory 
G-protein (10, 11). A series of studies have reported the sig-
nificance of G-proteins in diabetic cardiomyopathy (12), the 
heart (13), and vascular smooth muscle (14). Several studies 
have also provided convincing evidence that insulin has ni-
tric-oxide-dependent vasodilator activities (15, 16). Interestingly, 
insulin-stimulated cyclic GMP production was significantly re-
duced by Ptx and inhibitors of ERK in human umbilical vein 
endothelial cells (HUVECs) (17). Insulin-stimulated phosphor-
ylation of ERK was completely abolished by Ptx. These results 
suggest that cAMP-dependent signaling components can con-
trol the antiapoptotic action of insulin.

The present study was conducted to examine the con-
tribution of cAMP in the intracellular signaling pathways un-
derlying the antiapoptotic action of insulin in CHO-IR cells. 
We provide evidence that the ERK-dependent antiapoptotic ac-
tion of insulin is antagonized by cAMP.

RESULTS

To assess the effect of cAMP on insulin-induced phosphor-
ylation of Akt and ERK, Ptx or Ctx were pretreated prior to in-
sulin treatment to increase the intracellular cAMP levels by 
stimulating adenylate cyclase by inhibiting Gi protein or stim-
ulating Gs protein, respectively. Insulin-induced phosphor-
ylation of Akt or ERK was affected differently by Ptx. CHO-IR 
cells were serum-starved for 4 h and then pretreated with Ptx 
for four different durations (1 h, 2 h, 4 h, 8 h) before short-term 
insulin stimulation (100 nM, 5 min). Even though they were 
not affected earlier than 2 h, the amount of ERK phosphory-
lated by insulin was significantly reduced by prolonged pre-
treatments (app. 80% and 90% reduction after 4 h and 8 h, re-
spectively) with Ptx (Fig. 1). Ptx pretreatment had no effect on 
the insulin-induced phosphorylation of Akt. Ctx pretreatment 
for 4 h also reduced the insulin-induced phosphorylation of 
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Fig. 1. Effect of Ptx and Ctx on insulin-induced phosphorylation 
of Akt and ERK. CHO-IR cells were serum-starved for 4 h and 
then pretreated with Ptx (200 μg/ml, 1-8 h) (A) or Ctx (1 mg/ml, 
4 h) (C) before insulin stimulation (100 nM, 5 min). Cultured 
cells were homogenized and subjected to electrophoresis and im-
munoblot analysis (A). The data represent the mean ± S.E. of 
three independent observations (B). **P ＜ 0.01 when compared 
to the group treated with Ptx for 1 h. C, control; I, insulin; PI, Ptx + 
insulin.

Fig. 2. Effect of Ptx on the antiapoptotic action of insulin. CHO- 
IR cells were serum-starved for 4 h, pretreated with Ptx (200 μg/ 
ml, 4 h) and then further treated with insulin (100 nM) for an 
additional 24 h. The cells were then stained with H33342 (A) or 
subjected to flow cytometric analysis to measure the number of 
apoptotic cells (B) as described in the Materials and Methods. 
After staining the cells with H33342, the number of cells with 
apoptotic bodies within a restricted area was counted. Each bar 
represents the mean ± S.E. of three independent observations (C). 
Otherwise, genomic DNA was isolated from cultured cells and 
used to measure the degree of DNA fragmentation (D). **P ＜
0.01 when compared to the group treated with insulin-alone.

ERK, whereas it did not affect that of Akt (Fig. 1). We also test-
ed whether Ptx pretreatment affects the insulin-induced phos-
phorylation of ERK in HepG2 cells that express endogenous in-
sulin receptor molecules. Exactly like as in CHO-IR cells, Ptx 
pretreatment (4 h) blocked the insulin-induced phosphor-
ylation of ERK whereas it did not affect that of Akt in HepG2 
cells (results shown in the supplementary file).

Although Akt and ERK are expected to be important in exert-
ing the apoptotic action of insulin, the role of cAMP in the an-
tiapoptotic action of insulin is poorly understood. As shown in 
Fig. 2, Ptx significantly antagonized the antiapoptotic action of 
insulin. When CHO-IR cells were incubated in a serum-free 
medium for 24 h, a variety of apoptotic events were observed, 
but these events were effectively blocked by insulin. The re-
sults of three different experiments to determine the degree of 
apoptosis, staining of cells with H33342 (nuclear condensation 
and apoptotic body formation), flow cytometric analysis after 
propidium iodide staining (cells with subG1 DNA content), 
and measurement of DNA fragmentation (laddering) clearly 

demonstrated the antagonizing effect of cAMP on the anti-
apoptotic action of insulin (Fig. 2). 

Next, we examined the mechanism of cAMP-induced block-
ade of the antiapoptitc action of insulin by analyzing the in-
tegrity of PARP and caspase-3. Pretreatment (4 h) of CHO-IR 
cells with Ctx, a cAMP-elevating bacterial toxin similar to Ptx, 
increased the number of apoptotic cells with subG1 DNA con-
tent in the presence of insulin for 24 h (Fig. 3B). Hydrolysis of 
intact PARP and caspase-3, a biochemical hallmark of apopto-
sis, was also increased by Ctx pretreatment (4 h) prior to the 
addition of insulin. Finally, the effect of 8-br-cAMP on the anti-
apoptotic action of insulin was evaluated. 8-br-cAMP was add-
ed to cultured cells at 4 h before insulin addition, which re-
sulted in increased cleavage of caspase-3 and an increased 
number of apoptotic cells (Fig. 4). 

The results showed that cAMP suppressed insulin-induced 
stimulation of ERK, but not of Akt, and that it antagonized the 
antiapoptotic action of insulin. Thus, ERK appears to be more 
closely linked with the antiapototic action of insulin than Akt 
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Fig. 3. Effect of Ctx on the antiapoptotic action of insulin. CHO- 
IR cells were serum-starved for 4 h and then pretreated with Ctx 
(1 mg/ml, 4 h) prior to insulin treatment (100 nM, 24 h). Cultured 
cells were homogenized and subjected to electrophoresis and im-
munoblot analysis (A) or flow cytometric analysis as described in 
the Materials and Methods (B).

Fig. 4. Effect of 8-br-cAMP on the antiapoptotic action of insulin. 
CHO-IR cells were serum-starved for 4 h and then pretreated 
with 8-br-cAMP (100 μM, 4 h) before insulin treatment (100 nM, 
24 h). Cultured cells were homogenized and then subjected to 
electrophoresis and immunoblot analysis (A) or flow cytometric 
analysis as described in the Materials and Methods (B).

because the cells were apoptotic, whereas Akt was still active 
in the presence of insulin and Ptx. To clarify this, PD98059, an 
inhibitor of the MEK-ERK cascade, was tested to determine if it 
could influence the antiapoptotic action of insulin. PD98059 
suppressed insulin-induced phosphorylation of ERK and also 
led to a dose-dependent increase in DNA fragmentation that 
was suppressed by insulin (results shown in the supplementary 
file). 

DISCUSSION

Although the insulin receptor tyrosine kinase is a standpoint of 
insulin signaling, it is not sufficient to explain the entire range 
of insulin action. Heterotrimetic G-proteins are linked to a 
number (＞1,500) of cell surface receptors that are structurally 
and functionally coupled to effectors such as adenylate cy-
clase, phospholipases, and various ion channels (18). A num-
ber of observations have accumulated that describe the possi-
ble linkages between insulin receptor tyrosine kinase-derived 
signaling components and heterotrimetic G-proteins (19). 
G-proteins participate in insulin-stimulated translocation of 
glucose transporter GLUT4 in 3T3-L1 adipocytes (20, 21). In 
addition, Ptx can alter the action of insulin (22). 

The main findings of the present study were as follows. First, 
cAMP suppressed insulin-induced stimulation of ERK, but not 
of Akt. Second, cAMP antagonized the antiapotoptic action of 

insulin. Third, the antiapoptotic action of insulin was blocked 
by pharmacological inhibition of ERK. The antiapoptotic ac-
tion of insulin was sensitive to inhibition of farnesyltransferase 
and dominant negative mutation of H-ras in CHO-IR cells (6). 
Insulin-induced phosphorylation of Akt (ser473) was sensitive 
to the inhibition of farnesyltransferase, whereas insulin-induced 
activation of K-ras was not. Ras proteins are targets of iso-
prenylation, including farnesylation and geranylgeranylation; 
however, their sensitivity to inhibitors of farnesylation was 
quite different (23). Based on these observations, we suggested 
that the K-Ras/Raf-1/ERK cascade was not the main signaling 
route in the antiapoptotic action of insulin (6). Because H-ras is 
a potent activator of PI3K (24), suppression of H-ras can block 
PI3K and its downstream signaling molecules, including Akt. 
Indeed, the antiapoptotic action of insulin was sensitive to the 
inhibition of PI3K as well as ERK, and insulin-induced stim-
ulation of ERK was sensitive to wortmannin, a PI3K inhibitor in 
HepG2 liver cells (5). However, in the present study, apoptosis 
was still observed in CHO-IR cells with active Akt after insulin 
stimulation in the presence of Ptx. Thus, Akt is an unlikely pre-
requisite to exert the antiapoptotic action of insulin, although 
PI3K stimulates Akt in response to insulin. PI3K can stimulate 
protein kinase C zeta (PKCζ) in response to insulin in rat adi-
pocytes and muscles and insulin-induced activation of PI3K is 
sensitive to Ptx (22). Moreover, PKCζ can activate ERK upon 
EGF stimulation in tumor cells (25). Thus, the antiapototic ac-
tion of insulin can be exerted through the following signaling 
cascades based on our observations and the results of previous 
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studies. Insulin stimulates H-ras, not K-ras, and subsequent ac-
tivation of PI3K/PKCζ/ERK and cAMP can interfere with in-
sulin-induced stimulation of PI3K. Moreover, several lines of 
suggestions are available.

Intracellular cAMP can increase protein-tyrosine phospha-
tase 1B (PTB1B) in adipocytes (26). Activation of PTP1B leads 
to a wide range of dephosphorylation at tyrosine residues of 
insulin receptor-stimulated signaling molecules including 
β-subunits of insulin receptors and insulin receptor substrates 
(IRSs). This is a typical desensitizing mechanism of insulin sig-
naling based on receptors of tyrosine kinase activity. However, 
the role of PTP1B is wide and not specific enough to explain 
certain physiological responses in its state.

Gerits et al. (27) suggested that cAMP/PKA-dependent in-
hibition of ERK is mediated by raf-1, and that PKA-induced ac-
tivation of ERK is interceded through B-raf. PKA and B-raf me-
diate ERK activation by thyrotropin (TSH) to stimulate thyroid 
cell stimulation (28).

Thus, cAMP can activate raf-1 to suppress ERK-1, leading to 
antagonization of the antiapoptotic action of insulin, whereas 
insulin activates Ras/B-raf signaling to activate ERK. Indeed, 
B-raf requires insulin-activated pathways for full antiapoptotic 
and proliferative activity in hematopoietic cells (29). PKA also 
directly induces serine/threonine phosphorylation, thereby re-
ducing tyrosine phosphorylation of IRS-1 to suppress the differ-
entiation of 3T3-L1 preadipocytes (30). In erythrocytes that 
possess the insulin receptors, PI3K and phopsphodiesterase 3B 
(PDE3B), insulin inhibits cAMP accumulation by activating 
PDE3B (31).

As discussed, cAMP and insulin receptor signaling generally 
antagonize each other rather than working together under a 
wide range of pathophysiological conditions. Taken together, 
the results of the present study suggest that cAMP antagonizes 
the ERK-dependent antiapoptotic action of insulin, although 
the direct target molecule of cAMP is not clear yet. Apoptosis 
is a well-recognized feature found in a number of organs in the 
pathological progress of diabetes. Insulin has potent anti-
apoptotic activity together with its various metabolic activities. 
The nature of insulin’s action mechanism to suppress apopto-
sis is diverse and complex in a number of different target 
organs. This provides an additional framework to understan-
ding the antiapoptotic action of insulin.

MATERIALS AND METHODS

Materials
Human recombinant insulin, PD98059, Ptx, Ctx, 8-br-cAMP, 
propidium iodide, H33342, Ham’s F12 medium, and tryp-
sin-EDTA solution were obtained from Sigma Chemical Corp. 
(St. Louis, MO), while FBS was obtained from Life Techno-
logies Inc. (Rockville, MD). Monoclonal antibodies against 
phospho-ERK1/2 (E-4) and ERK2 (D-2) and polyclonal anti-
bodies against phospho-Akt1 (ser473) and PARP (H-250) were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA) 

and polyclonal antibodies against caspase-3 (intact) and cleaved 
caspase-3 (Asp175) were obtained from Cell Signal Tech. 
(Danvers, MA). Electrophoresis reagents, such as gels, Tris-gly-
cine SDS running buffer, and poly (vinylidene difluoride) 
(PVDF) membrane, were obtained from Invitrogen (Carlsbad, 
CA).

Cell culture
CHO-IR cells (a generous gift from Dr. M. Bernier, NIA/NIH, 
Baltimore, MD, USA) were used in this study. CHO-IR cells 
were maintained in Ham’s F-12 medium containing 100 
units/ml penicillin, 100 μg/ml streptomycin, and 10% FBS, 
and were grown in a humidified atmosphere of 5% CO2 in air 
at 37oC. 

Immunoblot analysis
Unless otherwise indicated, the cells were lysed in ice-cold ly-
sis buffer (50 mM Tris-HCl, 1% nonidet P-40, 0.25% sodium 
deoxycholate, 150 mM NaCl, 1 mM sodium orthovanadate, 1 
mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1 μM aproti-
nin, 1 μM leupeptin, 1 μM pepstatin A). Equal amounts of pro-
tein were separated by SDS-PAGE on a 4-20% polyacrylamide 
gel and electrotransferred onto a PVDF membrane. The mem-
brane was incubated in blocking buffer [5% nonfat dry milk in 
Tris-buffered saline (TBS)-0.1% Tween-20 (TBS-T)] for 1 h at 
room temperature, after which it was probed with different pri-
mary antibodies (1：1,000-1：5,000). After a series of washes, 
the membrane was further incubated with their respective 
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1：2,000-1：10,000). The signal was detected with 
the enhanced chemiluminescence (ECL) detection system 
(Intron, Korea). 

Observation of apoptotic bodies
The degree of apoptosis was determined by staining cultured 
cells directly with H33342 (10 μg/ml), a cell membrane-per-
meable DNA-specific fluorescent dye. The fluorescent apop-
totic bodies among the cell populations were observed under 
a fluorescent microscope equipped with a CoolSNAP-Pro-col-
or digital camera (Media Cybernetics, Silver Spring, MD). The 
number of cells with apoptotic bodies within a restricted area 
of each group was counted.

Detection of apoptotic cells by flow cytometric analysis
The degree of apoptosis was also determined by measuring the 
number of cells with a DNA content less than 2N (subG1) by 
flow cytometry analysis after staining the cells with propidium 
iodide as originally described by Crissman and Steinkamp 
(32). The samples were analyzed with a Coulter EpicsTM cy-
tometer (Beckman). Ten thousand events were collected for 
each sample. Both an excitation wavelength of 488 nm and a 
fluorescence emission wavelength of 580 nm were used.
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DNA fragmentation
Internucleosomal DNA fragmentation analysis was conducted 
essentially as previously described (6). Briefly, pooled cellular 
DNA from adherent and detached cells was prepared using 
the Puregene Kit (Gentra Systems, Inc., Minneapolis, MN), and 
the purified DNA was then incubated with 20 μg/ml RNase A 
for 1 h at 37oC. Equal amounts of DNA from each sample (0.5 
μg) were 3'-OH-labeled with 5 units of Klenow fragment of 
DNA polymerase I (New England Biolabs) and 0.5 μCi [α- 
32P]-dCTP (3,000 Ci/mmol, Amersham Corp., Arlington Heights, 
IL) and electrophoresed on 6% (w/v) polyacrylamide gel. DNA 
was visualized by autoradiography of the dried gel using x-ray 
film and intensifying screens.

Statistical analysis
The results are presented as the mean±SEM. The significance 
of the differences among groups was evaluated using a 
Student’s t-test. A P ＜ 0.05 was considered to be statistically 
significant.

Acknowledgements
This study was supported by a grant from the Cheju National 
University Institute of Medical Science Medical Research Fund 
(2008).

REFERENCES

1. Cheatham, B. and Kahn C. R. (1995) Insulin action and 
the insulin signaling network. Endocr. Rev. 16, 117-142.

2. Desbois-Mouthon, C., Cadoret, A., Blivet-Van Eggelpoël, 
M. J., Bertrand, F., Caron. M., Atfi. A., Cherqui, G. and 
Capeau, J. (2000) Insulin-mediated cell proliferation and 
survival involve inhibition of c-Jun N-terminal kinases 
through a phosphatidylinositol 3-kinase- and mitogen- 
activated protein kinase phosphatase-1-dependent path-
way. Endocrinology 141, 922-931.

3. Kaifu, K., Kiyomoto, H., Hitomi, H., Matsubara, K., Hara, 
T., Moriwaki, K., Ihara, G., Fujita, Y., Sugasawa, N., 
Nagata, D., Nishiyama, A. and Kohno, M. (2009) Insulin 
attenuates apoptosis induced by high glucose via the 
PI3-kinase/Akt pathway in rat peritoneal mesothelial cells. 
Nephrol. Dial. Transplant. 24, 809-815.

4. Teshima, Y., Takahashi, N., Thuc, L. C., Nishio, S., 
Nagano-Torigoe, Y., Miyazaki, H., Ezaki, K., Yufu, K,, 
Hara, M., Nakagawa, M. and Saikawa, T. (2010) High-glu-
cose condition reduces cardioprotective effects of insulin 
against mechanical stress-induced cell injury. Life Sci. 87, 
154-161. 

5. Lee-Kwon, W., Park, D., Baskar, P. V., Kole, S. and Bernier, 
M. (1998) Antiapoptotic signaling by the insulin receptor 
in Chinese hamster ovary cells. Biochemistry 37, 15747- 
15757.

6. Park, D., Pandey, S. K., Maksimova, E., Kole, S. and Bernier, 
M. (2000) Akt-dependent antiapoptotic action of insulin is 
sensitive to farnesyltransferase inhibitor. Biochemistry 39, 
12513-12521.

7. Kang, S., Song, J., Kang, H., Kim, S., Lee, Y. and Park, D. 

(2003) Insulin can block apoptosis by decreasing oxida-
tive stress via phosphatidylinositol 3-kinase- and extra-
cellular signal-regulated protein kinase-dependent signal-
ing pathways in HepG2 cells. Eur. J. Endocrinol. 148, 
147-155.

8. Signore, A., Annovazzi, A., Gradini, R., Liddi, R. and 
Ruberti, G. (1998) Fas and Fas ligand-mediated apoptosis 
and its role in autoimmune diabetes. Diabetes Metab. 
Rev. 14, 197-206. 

9. Srinivasan, S., Stevens, M. J., Sheng, H., Hall, K. E. and 
Wiley, J. W. (1998) Serum from patients with type 2 dia-
betes with neuropathy induces complement-independent, 
calcium-dependent apoptosis in cultured neuronal cells. J. 
Clin. Invest. 102, 1454-1462.

10. Krupinski, J., Rajaram, R., Lakonishok, M., Benovic, J. L. 
and Cerione, R. A. (1988) Insulin-dependent phosphor-
ylation of GTP-binding proteins in phospholipid vesicles. 
J. Biol. Chem. 263, 12333-12341.

11. Okamoto, T., Okamoto, T., Murayama, Y., Hayashi, Y., 
Ogata, E. and Nishimoto, I. (1994) GTP-binding pro-
tein-activator sequences in the insulin receptor. FEBS Lett. 
340, 292-293.

12. Harris, I. S., Treskov, I., Rowley, M. W., Heximer, S., 
Kaltenbronn, K., Finck, B. N., Gross, R. W., Kelly, D. P., 
Blumer, K. J. and Muslin, A. J. (2004) G-protein signaling 
participates in the development of diabetic cardiomyopathy. 
Diabetes 53, 3082-3090.

13. Richardson, M. D., Kilts, J. D. and Kwatra, M. M. (2004) 
Increased expression of Gi-coupled muscarinic acetylcho-
line receptor and Gi in atrium of elderly diabetic subjects. 
Diabetes 53, 2392-2396.

14. Hashim, S., Li, Y., Nagakura, A., Takeo, S. and Anand- 
Srivastava, M. B. (2004) Modulation of G-protein ex-
pression and adenylyl cyclase signaling by high glucose in 
vascular smooth muscle. Cardiovasc. Res. 63, 709-718.

15. Scherrer, U., Randin, D., Vollenweider, P., Vollenweider, 
L. and Nicod, P. (1994) Nitric oxide release accounts for 
insulin's vascular effects in humans. J. Clin. Invest. 94, 
2511-2515.

16. Baron, A. D. and Clark, M. G. (1997) Role of blood flow 
in the regulation of muscle glucose uptake. Annu. Rev. 
Nutr. 17, 487-499.

17. Konopatskaya, O., Shore, A. C., Tooke, J. E. and Whatmore, 
J. L. (2005) A role for heterotrimeric GTP-binding proteins 
and ERK1/2 in insulin-mediated, nitric-oxide-dependent, 
cyclic GMP production in human umbilical vein endothe-
lial cells. Diabetologia 48, 595-604.

18. Morris, A. J. and Malbon, C. C. (1999) Physiological regu-
lation of G protein-linked signaling. Physiol. Rev. 79, 
1373-1430.

19. Li, H. S., Shome, K., Rojas, R., Rizzo, M. A., Vasudevan, 
C., Fluharty, E., Santy, L. C., Casanova, J. E. and Romero, 
G. (2003) The guanine nucleotide exchange factor ARNO 
mediates the activation of ARF and phospholipase D by 
insulin. BMC Cell Biol. 4, 13.

20. Kanzaki, M., Watson, R. T., Artemyev, N. O. and Pessin, 
J. E. (2000) The trimeric GTP-binding protein (G(q)/G(11)) 
alpha subunit is required for insulin-stimulated GLUT4 
translocation in 3T3L1 adipocytes. J. Biol. Chem. 275, 
7167-7175.



cAMP antagonizes ERK-dependent antiapoptotic action of insulin
Zhi Gang Cui, et al.

210 BMB reports http://bmbreports.org

21. Lodhi, I. J., Chiang, S. H., Chang, L., Vollenweider, D., 
Watson, R. T., Inoue, M., Pessin, J. E. and Saltiel, A. R. 
(2007) Gapex-5, a Rab31 guanine nucleotide exchange 
factor that regulates Glut4 trafficking in adipocytes. Cell 
Metab. 5, 59-72.

22. Kanoh, Y., Ishizuka, T., Morita, H., Ishizawa, M., Miura, 
A., Kajita, K., Kimura, M., Suzuki, T., Sakuma, H. and 
Yasuda, K. (2000) Effect of pertussis toxin on in-
sulin-induced signal transduction in rat adipocytes and 
soleus muscles. Cell Signal. 12, 223-232.

23. Basso, A. D., Kirschmeier, P. and Bishop, W. R. (2006) 
Lipid posttranslational modifications. Farnesyl transferase 
inhibitors. J. Lipid. Res. 47, 15-31.

24. Yan, J., Roy, S., Apolloni, A., Lane, A. and Hancock, J. F. 
(1998) Ras isoforms vary in their ability to activate Raf-1 
and phosphoinositide 3-kinase. J. Biol. Chem. 273, 
24052-24056.

25. Cohen, E. E., Lingen, M. W., Zhu, B., Zhu, H., Straza, M. 
W., Pierce, C., Martin, L. E. and Rosner, M. R. (2006) 
Protein kinase C zeta mediates epidermal growth fac-
tor-induced growth of head and neck tumor cells by regu-
lating mitogen-activated protein kinase. Cancer Res. 66, 
6296-6303.

26. Tao, J., Malbon, C. C. and Wang, H. Y. (2001) Galpha(i2) 
enhances insulin signaling via suppression of protein-ty-
rosine phosphatase 1B. J. Biol. Chem. 276, 39705-39712. 

27. Gerits, N., Kostenko, S., Shiryaev, A., Johannessen, M. 
and Moens, U. (2008) Relations between the mitogen- 
activated protein kinase and the cAMP-dependent protein 
kinase pathways: comradeship and hostility. Cell Signal. 
20, 1592-1607.

28. Vuchak, L. A., Tsygankova, O. M., Prendergast, G. V. and 
Meinkoth, J. L. (2009) Protein kinase A and B-Raf mediate 
extracellular signal-regulated kinase activation by thyro-
tropin. Mol. Pharmacol. 76, 1123-1129. 

29. Shelton, J. G., Chang, F., Lee, J. T., Franklin, R. A., 
Steelman, L. S. and McCubrey, J. A. (2004) B-raf and in-
sulin synergistically prevent apoptosis and induce cell cy-
cle progression in hematopoietic cells. Cell Cycle 3, 189- 
196.

30. Li, F., Wang, D., Zhou, Y., Zhou, B., Yang, Y., Chen, H. 
and Song, J. (2008) Protein kinase A suppresses the differ-
entiation of 3T3-L1 preadipocytes. Cell Res. 18, 311-323.

31. Hanson, M. S., Stephenson, A. H., Bowles, E. A. and 
Sprague, R. S. (2010) Insulin inhibits human erythrocyte 
cAMP accumulation and ATP release: role of phospho-
diesterase 3 and phosphoinositide 3-kinase. Exp. Biol. 
Med. 235, 256-262.

32. Crissman, H. A. and Steinkamp, J. A. (1973) Rapid, simul-
taneous measurement of DNA, protein, and cell volume 
in single cells from large mammalian cell populations. J. 
Biol. Chem. 59, 766-771.


