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Abstract Glucagon-like peptide-1 (7–36) amide (GLP-1)

is an insulin secretagogue. Recently, many studies have

shown GLP-1 can improve insulin resistance in peripheral

tissues. In the present study, we investigated glucose

uptake in 3T3-L1 adipocytes in either basal or insulin

resistant state and dissected insulin signaling pathway in

order to elucidate the molecular mechanisms of GLP-1

mediated improvement of insulin resistance. We found

GLP-1 and its long lasting analogue, exendin 4 up-regu-

lated basal IR, IRS-1 and Glut 4 expressions although they

did not increase basal glucose uptake alone. However,

GLP-1 and exendin-4 increased insulin mediated glucose

uptake in intact and TNF-a treated 3T3-L1 adipocytes

by up-regulation of phophorylated IRb, IRS-1, Akt and

GSK-3b. These results indicate that GLP-1 and its ana-

logue exendin-4 can amplify insulin signaling in 3T3-L1

adipocytes by up-regulation of some crucial insulin sig-

naling molecules.

Keywords GLP-1 � Exendin 4 � Insulin signaling �
3T3-L1 adipocytes

Introduction

Glucagon-like peptide-1 (7–36) amide has demonstrated an

obvious antidiabetic effect and widely used in the treatment

of type 2 diabetes [1]. In addition to its insulinotropic effect

on pancreatic beta cells, GLP-1 also increases insulin

sensitivity in peripheral tissues, which suggests that GLP-1

has activity in extrapancreatic tissues and may participate

in overall glucose homeostasis.

It has been demonstrated in several studies that GLP-1

increases glycogen synthesis and glucose transport by

activating phosphatidylinositol-3 kinase (PI-3k) and

increasing phosphorylation of protein kinase B (PKB),

p70s6 kinase (p70s6k) and p42/44 MAP kinases (p44/42

MAPKs) in skeletal muscles and the liver [2–4]. GLP-1

also stimulates glucose uptake, lipid synthesis and lipolysis

in adipocytes isolated from either normal rats or strepto-

zotocin-induced diabetic rats [5].

In addition to its insulin-like effect on glucose oxidation

and utilization in peripheral tissues, GLP-1 demonstrates

synergistic effect with insulin in skeletal muscles and

adipocyte cells [6, 7]. However GLP-1 does not have

robust effect on basal glucose utilization [8]. It is still

unclear through which molecular mechanism GLP-1 pro-

motes insulin-mediated glucose utilization in adipose

tissues even though it has been reported that GLP-1 could
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modulate glucose transporters and PI-3k activation in the

liver and skeletal muscles of normal and diabetic rats [9–

11]. In the present study, we investigated glucose uptake

and insulin signaling activation mediated by GLP-1 in 3T3-

L1 adipocytes.

Results

Glucose uptake in 3T3-L1 adipocytes

GLP-1(7–36)-amide and Exendin-4 significantly aug-

mented insulin-mediated glucose uptake in 3T3-L1

adipocytes by 32.3% and 34.1%, respectively, but did not

increase basal glucose uptake (Fig. 1a and b). Wortmannin,

a phosphatidelinositol-3 (PI-3) kinase inhibitor completely

blocked this glucose uptake increase by either insulin plus

GPL-1 or insulin plus exendin 4. It suggested that glucose

uptake increase mediated by GLP-1 and exendin-4 may

also be PI-3K activation dependent.

Insulin signaling activation

GLP-1 or exendin-4 alone only increased total IRb, IRS-1

and Glut4 expressions instead of phosphorylated IRb and

IRS-1 in 3T3-L1 adipocytes (Fig. 2a and b), which does

not lead to increase of glucose uptake. However, GLP-1 or

exendin-4 up-regulated tyrosine phosphorylation of IRb
and IRS-1 in the presence of insulin (Fig. 2c). Phosphor-

ylation of Akt and GSK-3b were also further increased by

GLP-1 or exendin-4 in the presence of insulin (Fig. 2d).

GLP-1 and exendin-4 up-regulated insulin signaling in

TNF-a treated 3T3-L1 adipocytes

TNF-a, as an inflammatory factor, has been known to

induce insulin resistance by activation of JNK and NF-jB

and suppression of insulin signaling. Glucose uptake was

dramatically reduced by 49% in 3T3-L1 adipocytes treated

with TNF-a for 72 h. Whereas GLP-1 and exendin 4 sig-

nificantly increased glucose uptake by 22% and 21%,

respectively, in TNF-a treated cells (Fig. 3a). Moreover,

GLP-1 and exendin 4 up-regulated IRb, IRS-1 and Glut4

expressions, which were suppressed by TNF-a (Fig. 3b).

Phosphorylation of IRb and IRS-1 was also up-regulated

by GLP-1 or exendin 4 in TNF-a treated 3T3-L1 adipo-

cytes in the presence of insulin (Fig. 3c). Phosphorylated

Akt and GSK3b expressions were further increased by

GLP-1 and exendin 4 in TNF-a treated 3T3-L1 adipocytes

(Fig. 3d). Glut 4 in the plasma membrane was also

increased by GLP-1 and exendin 4 (Fig. 3e).

Discussion

It has been known that GLP-1 has extensive biochemical

functions, such as enhancing glucose-mediated insulin

release, stimulating pancreatic b-cell growth and survival,

and protecting b-cell from apoptosis [12, 13]. Additionally,

GLP-1 can improve insulin resistance in peripheral tissues

in patients with NIDDM and IDDM [1, 14]. A synergistic

effect of GLP-1 and insulin on glucose utilization was also

reported in L6 myotubes, isolated rat adipocytes and 3T3-

L1 adipocytes [6–8, 11, 15]. A direct action of GLP-1 was

proposed [4, 5].

However, it is still unknown about the molecular

mechanism of GLP-1 in glucose utilization in peripheral

tissues. In the present study, we revealed that GLP-1 and

exendin-4 up-regulated basal IRb, IRS-1 and Glut4
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Fig. 1 2-DOG uptake in 3T3-L1 adipocytes. 3T3-L1 adipocytes were

treated with GLP-1 (a) or exendin-4 (b) at 10 nmol/l for 24 h,

followed with or without insulin at 10 nmol/l for 30 min. Wortman-

nin at 100 nM was added for 30 min. 2-DOG uptake was measured as

described in ‘‘Material and methods’’ section. The results are

presented by the folds of the vehicle control and shown as mean ± SD

from one of four independent experiments. NS, no significant

difference
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expression. It implies that these insulin signaling molecules

are accumulated in advance to wait to be activated by

phosphorylation in the presence of insulin, as we observed

phosphorylated IRb and IRS-1 were increased in 3T3-L1

adipocytes treated with GLP-1 and insulin together. PI3

kinase activation and up-regulation of phosphorylation of

Akt and GSK3b were further observed.

GLP-1 modulated the glucose transporter levels in the

liver, fat tissue and skeletal muscle in normal and diabetic

rats [9]. GLP-1 also increased insulin-stimulated glucose

uptake by up-regulation of GLUT1 and GLUT4 expression

[10]. In the present study, we also found GLP-1 up-regu-

lated GLUT4 expression, which is possibly through a

translational or posttranslational regulation. This result

suggested GLP-1 might have an insulinotropic effect on

enhancing glucose uptake although it is unknown how

GLP-1 up-regulated IRb, IRS-1 and Glut4 expression.

It has been known that TNF-a causes insulin resistance

in peripheral tissues by down-regulation of IR/IRS-1 and

GLUT4 expression [16, 17] and serine 307 phosphorylation

of IRS-1 [18–20]. Pioglitazone can ameliorate TNF-a
induced insulin resistance by restoration of IR and IRS-1

expression [17]. In the present study, we also found that

GLP-1 restored IRb, IRS-1 and GLUT-4 expression and

further increased phosphorylation of Akt and GSK-3b in

TNF-a treated 3T3-L1 adipocytes. It was reported that IRS-

1/2 degradation induced by TNF-a was attenuated by

down-regulation of suppressor of cytokine signaling 3

(SOCS3) expression [21]. However, it needs to be further

investigated how GLP-1 prevents TNF-a induced down-

regulation of IRb, IRS-1 and GLUT-4 expression.

In conclusion, GLP-1 augments insulin-mediated glu-

cose uptake and ameliorate TNF-a mediated insulin

resistance by up-regulation of insulin signaling molecules,

including IRb, IRS-1 and Glut4.

Materials and methods

Materials

Human insulin was purchased from Eli Lilly (Indianapolis, IN,

USA). Bovine serum albumine (BSA) was purchased from

Genebase (Shanghai, China), 3-Isobutyl-1-methylxanthine,
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Fig. 2 Immunoblots of Insulin signaling molecules 3T3-L1 adipo-

cytes were treated as described in Fig. 1. (a) Immunoblotting for IRb,

IRS-1 and Glut 4 from whole cell lysates. (b) and (c) Immunopre-

cipitation for phosphorylated IRb and IRS-1. Tyrosine

phosphorylated IRb and IRS-1 were blotted with a-ptyr antibodies.

(d) Immunoblotting for phospho-Akt (Ser473) and phospho-GSK3b.

The representative immunoblots are shown from one of three

independent experiments. The quantitation of the immunoblots was

shown as the folds of the control. The mean and SD were derived

from three different experiments. *P \ 0.05; **P \ 0.01
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dexamethasone, 2-Deoxy-D-[3H]glucose and exendin-4

from Sigma (St. Louis, MO, USA), TNFa from R&D

systems (Minneapolis, MN, USA), GLP-1 from bachem

(Torrence, CA, USA) and protein A-agarose from santa

cruz Biotechnology, Inc. (Santa Cruz, CA). Enhanced

chemiluminescence (ECL) detection system was

obtained from Amersham Pharmacia Biotech (Arlington

Heights, IL, USA). Antibodies against IR, IRS-1 and

phosphotyrosine (PY20) were purchased from Santa

Cruz Biotechnology, Inc., anti-GLUT-4 antibody from

R&D systems (Minneapolis, MN, USA). Anti-phospho-Akt

(Ser473) and Akt antibodies, anti-phospho-GSK3b and

GSK3 antibodies were obtained from Cell Signaling

Technology (Beverly, MA, USA).
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Fig. 3 2-DOG uptake and insulin signaling changes in TNF-a treated

3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with TNF-a for

72 h and then with GLP-1 or exendin-4 at 10 nmol/l for the last 24 h,

and finally with. Insulin at 10 nmol/l for 30 min. (a) 2-DOG uptake.

The results are presented as the folds of the vehicle control and

mean ± SD from one of four independent experiments. (b) Immuno-

blotting for IRb, IRS-1 and GLUT4 from whole cell lysates. (c)

Immunoprecipitation of IRb and IRS-1. Tyrosine phosphorylated IRb
and IRS-1 were blotted with a-ptyr antibodies. (d) Immunoblotting

for phospho-Akt (Ser473) and phospho-GSK3b. The representative

immunoblots from three independent experiments are shown. (e)

Immunoblotting for Glut4 in plasma membrane. Twenty micrograms

of membrane proteins were loaded. Caveolin-1 is used as an internal

control of the loading quantity. The representative immunoblots are

shown from one of the three independent experiments. The quanti-

tation of the immunoblots was shown as the folds of the control. The

mean and SD were derived from three different experiments.

*P \ 0.05; **P \ 0.01
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Cell cultures

3T3-L1 fibroblasts were obtained from American Type

Culture Collection (ATCC, USA) and cultured in DMEM

supplemented with 100 U/ml penicillin, 100 lg/ml strep-

tomycin and 10% fetal bovine serum in an atmosphere of

7% CO2 at 37�C. Two days later when the fibroblasts had

reached confluence, differentiation was induced by treating

the cells with medium containing 0.5 mmol/l 3-isobutyl-1-

methylxanthine, 1 lM dexamethasone, and 10 lg/ml

insulin for 48 h. Cells were maintained in complete

DMEM every other day for the next 4–6 days until more

than 90% of cells demonstrating adipocyte phenotype. The

3T3-L1 fibroblasts were used up to passage 10. Prior to

each experiment, the culture medium was changed to

DMEM containing 0.2% BSA. Cells were incubated with

GLP-1 or exendin-4 for 24 h, respectively, with fresh

medium change every 8 h containing the same mixture. In

long-term TNF-a treatment assay, 3T3-L1 adipocytes

were treated with 10 ng/ml TNF-a for 72 h and GLP-1 or

exendin-4 for the last 24 h, respectively, otherwise it was

indicated. Fresh TNF-a was added every 24 h.

2-Deoxyglucose uptake

Glucose transport was determined by measuring the uptake

of [3H] 2-DOG. Cells were cultured in 24-well plates.

Transport assay was initiated by washing the cells twice in

a transport solution Krebs-Ringer’s phosphate buffer

(KRP) (20 mM HEPES, 137 mM NaCl, 4.7 mM KCl,

1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, and

2 mM pyruvate, pH 7.4). Cells were then incubated in the

transport solution for 15 min, which contained 0.1 mM

2-DOG and 0.5 lCi [3H] 2-DOG (10 mCi/mmol). The

cells were quickly washed three times with ice-cold PBS

containing 10 mM glucose. The cells were lysed in 0.1 N

NaOH and subsequently solubilized in scintillation fluids

(Triton X-100: methylbenzene, 1:2.5) overnight. [3H]

2-DOG was measured by liquid scintillation counting. The

nonspecific glucose uptake was measured by subtracting

values for [3H] 2-DOG in the presence of 10 lM cyto-

chalasin B.

Immunoprecipitation and Immunoblotting

3T3-L1 adipocytes were cultured in 6-well plates and

treated with GLP-1 or exendin-4 as described above. The

treated cells were lysed at 4�C with 100 ll RIPA buffer

containing 1 mM phenylmethylsulfonyl fluoride, 1:1000

phosphatase inhibitor and 1:2,000 protease inhibitor and

centrifuged at 15,000 · g for 15 min. For immunoprecip-

itation, the supernatant was incubated with IR or IRS-1

antibody at 4�C for 16 h, and with protein A-agarose beads

for 2 h. The beads were washed with RIPA by five times,

boiled in Laemmli sample buffer for 10 min, loaded on

6–10% SDS-PAGE and transferred to polyvinylidene

difluoride (PVDF) membranes (Millipore, Bedford, MA,

USA). The membranes were blocked with 5% non-fat milk

for 1 h and then were incubated with appropriate anti-

bodies. The proteins were visualized with ECL-plus kit

(Amersham Pharmacia Biotech, USA).

Subcellular fractionation

The GLP-1 and exendin-4 treated 3T3-L1 adipocytes were

washed with ice-cold PBS for three times and scraped in

homogenization buffer (20 mM HEPES, pH 7.4, 1 mM

EDTA, 255 mM sucrose, and 1· protease inhibitor mix-

ture) at 4�C. The cell lysates were then fractionated by

centrifugation [22]. Briefly, cells were homogenized in a

motor-driven Teflon/glass homogenizer and centrifuged at

16,000 · g for 20 min (Beckman JA-17 centrifuge). The

supernatant was further centrifuged at 36,000 · g for

5 min for high-density membrane (HDM) and then at

200,000 · g for 24 min for low-density membrane (LDM)

fractions. The plasma membrane (PM) fraction was col-

lected from the interface of 1.12 M sucrose cushion

following centrifugation at 70,000 · g for 10 min. PM was

then resuspended in homogenization buffer and pelleted at

200,000 · g for 4 min. All fractionations were resus-

pended in 10 mM Tris HCL buffer, pH 7.5, containing

1 mM EDTA and 1 · protease inhibitor mixture.

Statistical analysis

Quantitative values were expressed as means ± SD.

Statistical significance was tested using the Student

t-test. Values of P \ 0.05 were considered statistically

significant.

Acknowledgements This study was supported by the grant from

Shanghai Committee for Science and Technology (No. 04DZ19502

and No.05PJ14060) and from E-Institute of Shanghai Universities,

Shanghai Municipal Education Commission (No. E03007).

References

1. M. Gutniak, C. Orskov, J.J. Holst et al. N. Engl. J. Med. 326,

1316–1322 (1992)

2. A. Acitores, N. Gonzalez, V. Sancho et al. J. Endocrinol. 180,

389–398 (2004)

94 Endocr (2007) 32:90–95



3. A. Redondo, M.V. Trigo, A. Acitores et al. Mol. Cell Endocrinol.

204, 43–50 (2003)

4. N. Gonzalez, A. Acitores, V. Sancho et al. Regulat. Peptides 126,

203–211 (2005)

5. V. Sancho, M.V. Trigo, N. Gonzalez et al. J. Mol. Endocrinol. 35,

27–38 (2005)

6. B.F. Hansen, P. Jensen, E. Nepper-Christensen et al. Acta

Diabetol. 35, 101–103 (1998)

7. H. Miki, M. Namba, T. Nishimura et al. Biochim. Biophys. Acta.

1312, 132–136 (1996)

8. J.M. Egan, C. Montrose-Rafizadeh, Y. Wang et al. Endocrinology

135, 2070–2075 (1994)

9. M.L. Villanueva-Penacarrillo, J. Puente, A. Redondo et al.

Endocrine 15, 241–248 (2001)

10. Y. Wang, H.K. Kole, C. Montrose-Rafizadeh et al. J. Mol.

Endocrinol. 19, 241–248 (1997)

11. I. Idris, D. Patiag, S. Gray, R. Donnelly, Biochem. Pharmacol. 63,

993–996 (2002)

12. L. Li, W. El-Kholy, C.J. Rhodes, P.L. Brubaker, Diabetologia 48,

1339–1349 (2005)

13. D.A. Stoffers, T.J. Kieffer, M.A. Hussain et al. Diabetes 49, 741–

748 (2000)

14. D.A. Dalessio, R.L. Prigeon, J.W. Ensinck, Diabetes. 44, 1433–

1437 (1995)

15. H. Yang, J.M. Egan, Y. Wang et al. Am. J. Physiol. 275, 675–683

(1998)

16. J.M. Stephens, J. Lee, P.F. Pilch, J. Biol. Chem. 272, 971–976

(1997)

17. M. Iwata, T. Haruta, I. Usui et al. Diabetes 50, 1083–1092 (2001)

18. M. Fujishiro, Y. Gotoh, H. Katagiri et al. Mol. Endocrinol. 17,

487–497 (2003)

19. G.S. Hotamisligil, P. Peraldi, A. Budavari et al. Science 271,

665–668 (1996)

20. R. Hernandez, T. Teruel, C.D. Alvaro, M. Lorenzo, Diabetologia

47, 1615–1624 (2004)

21. H. Shi, I. Tzameli, C. Bjorbaek, J.S. Flier, J. Biol. Chem. 279,

34733–34740 (2004)

22. A. Shisheva, J. Buxton, M.P. Czech, J. Biol. Chem. 269, 23865–

23868 (1994)

Endocr (2007) 32:90–95 95


	GLP-1 amplifies insulin signaling by up-regulation of IR&bgr;, IRS-1 and Glut4 in 3T3-L1 adipocytes
	Abstract
	Introduction
	Results
	Glucose uptake in 3T3-L1 adipocytes
	Insulin signaling activation
	GLP-1 and exendin-4 up-regulated insulin signaling in TNF-&agr; treated 3T3-L1 adipocytes

	Discussion
	Materials and methods
	Materials
	Cell cultures
	2-Deoxyglucose uptake
	Immunoprecipitation and Immunoblotting
	Subcellular fractionation
	Statistical analysis

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


