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 Glucose-dependent insulinotropic polypeptide (GIP) 
and glucagon-like peptide-1 (GLP-1) constitute the hor-
monal arm of the enteroinsular axis that conveys insulino-
tropic signals from the gut to pancreatic  � -cells during a 
meal. It has been estimated that the combined effects of 
these incretin hormones contribute >60% of the total in-
sulin secreted. Analogs of GIP ( 1, 2 ) and GLP-1 ( 3 ) have 
been shown to improve glucose homeostasis in animal 
models of diabetes and the long-acting incretin analogs 
(mimetics) exendin-4 (Exenatide) and liraglutide ( 1, 3–5 ), 
as well as highly selective inhibitors of the incretin-
degrading enzyme dipeptidyl peptidase-IV ( 6–8 ), have 
been recently introduced as therapeutics. Because both 
GIP and GLP-1 also infl uence  � -cell mass ( 2, 9–15 ), as well 
as various gastrointestinal and adipose tissue functions 
( 2, 10 ), incretin-based drugs may demonstrate additional 
effects. 

 Although there has been great progress in understand-
ing the mechanisms involved in regulating adipocyte me-
tabolism ( 16–18 ), the roles of gastrointestinal hormones 
have not been extensively studied. GIP is released in re-
sponse to triglyceride (TG) administration ( 19, 20 ) and 
there is strong evidence supporting a role for GIP in TG 
disposal in vivo. GIP promoted chylomicron-associated TG 
clearance in dogs ( 21 ) and lowered plasma TG responses 
to intraduodenal fat in rats ( 22 ), whereas immunoneutral-
ization of endogenous GIP resulted in greater plasma 
TG levels following a fat load ( 22 ). In contrast, neither 
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important physiological role for GIP in the regulation of 
adipocyte metabolism. In previous studies on the lipogenic 
effects of GIP, it was shown to increase adipocyte lipopro-
tein lipase (LPL) activity in both differentiated 3T3-L1 cells 
and human adipocytes through a pathway involving activa-
tion of protein kinase B (PKB)/Akt. In the current study, we 
examined the effects of GIP on  LPL  gene expression. GIP 
in the presence of insulin increased  LPL  gene expression in 
human adipocytes and  LPL  promoter activity in GIP recep-
tor-expressing HEK-293 cells, and both effects were greatly 
reduced by the transcription inhibitor actinomycin D. Sub-
sequent studies established that GIP increased phosphory-
lation of Serine 133 in cAMP-response element binding 
protein (CREB) and the nuclear localization of cAMP- 
responsive CREB coactivator 2 (TORC2) through a pathway 
involving phosphatidylinositol 3-kinase (PI3-K), PKB, and 
AMP-activated protein kinase (AMPK). However, in the 
presence of insulin, GIP failed to activate the cAMP/PKA 
pathway. Knockdown of CREB and TORC2 using RNA in-
terference reduced LPL expression, supporting a functional 
regulatory role. GIP-induced phospho-CREB and TORC2 
were shown to bind to a cAMP-response element (-II) site 
in the human  LPL  promoter and GIP increased protein- 
protein interactions of these two factors.  The lipogenic 
effects of GIP in the presence of insulin are therefore at 
least partially mediated by upregulation of adipocyte  LPL  
gene transcription through a pathway involving PI3-K/PKB/
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exogenous ( 23 ) nor endogenous ( 24 ) GIP infl uenced the 
removal of intravenously administered TGs alone, show-
ing that chylomicron transport is necessary. Because GIP 
normally releases insulin during a meal and insulin is a 
major hormonal regulator of lipogenesis, part of the ac-
tions of GIP on fat metabolism in vivo is probably indi-
rectly mediated via its  � -cell action. However, a number of 
studies have shown that GIP exerts direct adipocyte actions 
( 2, 25–28 ), including enhancement of lipoprotein lipase 
(LPL) activity ( 27–30 ). It was previously demonstrated 
that GIP in the presence of insulin increased the levels of 
LPL enzyme activity and TG accumulation in differenti-
ated 3T3-L1 adipocytes and human subcutaneous adipocytes 
through a pathway involving increased phosphorylation 
of protein kinase B (PKB) and decreased LKB1 and AMP-
activated protein kinase (AMPK) phosphorylation ( 27 ). 
However, it was unclear as to whether increases in LPL 
activity resulted from GIP-induced changes in transcrip-
tion, translation, and/or posttranslational modifi cation. 
In the current study, we show that GIP increases human 
adipocyte  LPL  gene transcription and that phosphoryla-
tion of cAMP-response element binding protein (CREB) 
(Ser133) and nuclear localization of TORC2 are involved 
in GIP-mediated  trans -activation of the  LPL  gene. 

 EXPERIMENTAL PROCEDURES 

 Cell culture of human adipocytes 
 Subcutaneous human adipocytes from healthy nondiabetic 

women were obtained from Zen-Bio Inc. [Research Triangle 
Park, NC;  n  = 6; average body mass index, 27.9 kg/m 2  (range: 
25.7–29.9); average age, 40 years (range: 29–52)]. Institutional 
review board approval and informed consent for use of the adi-
pose tissue were obtained from the patients by Zen-Bio Inc. 

 Lipoprotein lipase enzyme activity assays 
 A lipoprotein lipase activity assay kit (Roar Biomedical, Inc., 

NY) was used to measure enzyme activity according to the manu-
facturer’s protocol. Enzyme activity is presented as relative activ-
ity normalized to protein concentration. 

 Quantitative RT-PCR 
 Total RNA was extracted from adipocytes and cDNA fragments 

were generated by reverse transcription. One hundred nano-
grams of cDNA were used in the real-time polymerase chain reac-
tion (PCR) to measure  LPL  expression, whereas 10 ng cDNA 
were used in the 18S rRNA control PCR. The primer and probe 
sequences used for the amplifi cation of  LPL  were as follows: for-
ward primer, 5 ′ - TAT GCA GAA GCC CCG AGT -3 ′ ; reverse 
primer, 5 ′ - ATG AAG AGA TGA ATG GAG -3 ′ ; probe, 5 ′ FAM- 
GAC ATT TAC CCG AAT GGA -3 ′  TAMRA. All reactions followed 
the typical sigmoidal reaction profi le and cycle threshold was 
used as a measurement of amplicon abundance. 

 Preparation of nuclear extracts 
 Nuclear extracts were prepared from cells as described by 

Schreiber et al. ( 31 ). Briefl y, cells were washed with PBS and 
scraped with 200 µl ice-cold buffer A (10 mM HEPES pH 7.9, 10 
mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM dithiothreitol, 0.1% 
Nonidet P40, and protease inhibitors). Following centrifugation, 
supernatants (cytoplasmic extracts) were collected and the re-

sulting pellets were resuspended in 20 µl buffer B (20 mM 
HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM dithiothre-
itol, 20% glycerol, and protease inhibitors) and incubated on 
ice for 10 min. After clarifi cation of the mixture by centrifuga-
tion, the supernatants (nuclear extracts) were collected and 
subjected to Western blot analysis. Histone H3 and  � -actin were 
used as nuclear and nonnuclear markers, respectively, to estab-
lish lack of cross-contamination between the fractions (data not 
shown). 

 Western blot analysis 
 Protein samples were separated on a 15% sodium dodecyl sul-

fate (SDS)/polyacrylamide gel and transferred onto nitrocellu-
lose membranes (Bio-Rad Laboratories, Mississauga, Ontario, 
Canada). Probing of the membranes was performed with phos-
pho-PKB (Serine-473), phospho-PKB (Threonine-308), phospho-
LKB1 (Serine-428), phospho-AMPK (Threonine-172), AMPK, 
phospho-CREB (Serine-133), CREB, TORC2, histone H3,  � -actin, 
and LPL antibodies (Cell Signaling Technology, Beverly, MA; 
Santa Cruz Biotechnology, CA). Because appropriate phospho-
TORC2 (Ser171) antibodies were not available, phospho-Serine/
Threonine antibody immunoprecipitation and TORC2 antibody 
detection was applied (See Co-immunoprecipitation section be-
low.). Immunoreactive bands were visualized by enhanced chemi-
luminescence (Amersham Pharmacia Biotech) using horseradish 
peroxidase-conjugated IgG secondary antibodies. 

 Confocal microscopy 
 Immunocytochemical staining of treated adipocytes was per-

formed using phospho-CREB (Serine-133) and TORC2 anti-
bodies and visualized with Texas Red ®  dye conjugated anti-rabbit 
secondary antibody and Alexa fl uor ®  488 conjugated anti-mouse 
antibody. Cell nuclei were counterstained with DAPI (4’, 6-diamino-
2-phenylindole) and imaged using a Zeiss laser scanning confo-
cal microscope (Axioskop2). All imaging data were analyzed 
using the Northern Eclipse program (ver.6). 

 Transient transfection and luciferase assays 
 GIP receptor (GIPR) expressing HEK-293 cells (GIPR-HEK-

293) ( 32 ) were cotransfected with 1 µg of human LPL promoter-
luciferase construct (chr8+: 19840052 - 19841249; -992 to +206 of 
 LPL  gene, SwitchGear Genomics, Menlo Park, CA) and 1 µg of 
control vector, pCMV5 or the CREB expression plasmids, A-, M1- 
and Y/F- CREB. CREB constructs were kindly provided by Dr. C. 
Vinson (National Institutes of Health, MD) and Dr. M. Montminy 
(The Salk Institute, CA), respectively. Transfections were per-
formed using LIPOFECTAMINE 2000 TM  reagent (Invitrogen) for 
4 h according to the manufacturer’s instructions. On the following 
day, cells were treated with GIP for the times indicated in the fi g-
ures, washed with PBS, and lysed in reporter lysis buffer (Pro-
mega). Luciferase activities were measured using the Luciferase 
Assay System (Promega) and relative luciferase activity is expressed 
as the normalized luciferase activity per microgram of protein. 

 RNA interference knockdown of CREB and TORC2 
 To determine the effect of reducing levels of endogenous CREB 

and TORC2 on  LPL  expression, resuspended human adipocytes 
were transfected with a pool of 3 siRNAs each for CREB or TORC2 
(Santa Cruz, sc-29281 and sc-45832) that resulted in  � 36 to  � 43% 
reduction of the respective mRNAs when applied as individual 
pools (data not shown). Following transfection, cells were replated 
and incubated for 72 h. The level of reduction in CREB and 
TORC2 protein expression was determined by Western blot hy-
bridization using antibodies against phospho-CREB (Serine-133), 
CREB, TORC2, LPL, Histone H3, and  � -actin. 
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 cAMP measurements 
 Human adipocytes were incubated for 30 min with GIP or 

GLP-1 (100 nM) in the presence of insulin (1 nM) and IBMX 
(0.5 mM). cAMP concentrations in the cell extracts were deter-
mined using the Cyclic AMP EIA kit (Cayman Chemical Co., Ann 
Arbor, MI). 

 Co-immunoprecipitation 
 Following cell treatment, samples were immunoprecipitated 

with phospho-Serine/Threonine antibody, using protein A/G-
agarose beads as indicated in fi gure legend. The precipitated 
products were then resolved by SDS-PAGE and probed with anti-
TORC2 antibody. 

 Chromatin immunoprecipitation (ChIP) 
 Following treatment, cells were fi xed to isolate intact chroma-

tin. Phospho-CREB and TORC2 were respectively immunopre-
cipitated from intact chromatin using protein A/G-agarose beads 
and anti-phospho-CREB (Serine-133) or anti-TORC2 antibody. 
Bound DNA was eluted and amplifi ed by PCR using oligonucle-
otides fl anking the cAMP-response element (CRE)-I or CRE-II 
site of the human  LPL  promoter. 

 Statistical analysis 
 Data are expressed as mean ± SEM with the number of indi-

vidual experiments presented in the fi gure legends. Signifi cance 
was tested using ANOVA with Newman-Keul’s post hoc test ( P <  
0.05) as indicated in the fi gure legends. 

 RESULTS 

 GIP but not GLP-1 increases  LPL  gene transcription in 
human adipocytes 

 In agreement with our earlier study ( 27 ), treatment of 
human subcutaneous adipocytes with GIP (100 nM) in the 
presence of insulin (1 nM) resulted in  � 3.0-fold increases 
in LPL activity compared with basal, whereas there were 
no signifi cant effects of GLP-1 (  Fig. 1A  ). 

  Fig.   1.  GIP but not GLP-1 strongly increases LPL activity and ex-
pression in human adipocytes. Human adipocytes were serum 
starved in DMEM/Ham’s F-12 medium (1:1, v/v) containing 0.1% 
BSA overnight and treated for the indicated periods of time with 
GIP or GLP-1 (100 nM) in the presence of insulin (1 nM). A: Effect 
of GIP or GLP-1 on LPL activity. LPL activity was determined as 
described in Materials and Methods. B: Effect of GIP or GLP-1 on 

LPL protein expression. Human adipocytes were treated as de-
scribed above and Western blot analyses were performed using an-
tibodies against LPL and  � -actin. C: The effect of GIP and GLP-1 
on  LPL  mRNA expression. Human adipocytes were treated as de-
scribed above and real-time RT-PCR performed to quantify  LPL  
mRNA levels; shown as the fold difference versus control normal-
ized to 18S rRNA expression levels. D: Effects of transcription in-
hibition on GIP-mediated LPL activity. Human adipocytes were 
treated for 24 h with GIP or GLP-1 (100 nM) in the presence of 
transcription inhibitor, actinomycin D (5  � g/ml). LPL activity was 
determined as described in Materials and Methods. E: Effects of 
transcription inhibition on GIP-mediated  LPL  expression. Human 
adipocytes were treated as described above and Western blot analy-
ses were performed using antibodies against LPL and  � -actin. F: 
The effect of GIP and GLP-1 on  LPL  promoter activity. GIPR-HEK-
293 cells were transfected with  LPL  promoter reporter construct 
(chr8+: 19840052 - 19841249; -992 to +206 of  LPL  gene, 1 µg) and 
then treated for 24 h with insulin (1 nM) plus GIP or GLP-1 (100 
nM). The reporter activities are shown as the relative luciferase ac-
tivity normalized to protein concentration. All data represent three 
independent experiments, each carried out in duplicate and West-
ern blots are representative of  n  = 3. Signifi cance was tested using 
ANOVA with Newman-Keul’s post hoc test where ** represents 
 P  < 0.05 versus Control and ## represents  P  < 0.05 versus GIP.   
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  Fig.   2.  GIP modulates CREB/TORC2 activity in 
human adipocytes. Human adipocytes were serum 
starved in DMEM/Ham’s F-12 medium (1:1, v/v) 
containing 0.1% BSA overnight and treated for 24 h 
with GIP or GLP-1 (100 nM) in the presence of insu-
lin (1 nM). A: Effects of GIP on phosphorylation of 
CREB and nuclear localization of TORC2. Nuclear 
extracts were isolated and Western blot analyses 
performed with antibodies against phosphorylated 
Ser133-CREB, CREB, TORC2, and Histone H3. Cyto-
plasmic extracts were immunoprecipitated (IP) with 
phospho-Serine/Threonine followed by immuno-
blotting (IB) for TORC2. Input represents one-tenth 
of total cytoplasmic extracts used in assay. B: Confo-
cal microscopy. Human adipocytes were treated as 
described above. Immunocytochemical staining was 
performed using antibodies against phospho-CREB 
(Ser133, green) or TORC2 (red) and nuclei were 
stained with DAPI (blue). The scale bar indicates 20 
 � m and all imaging data were analyzed using the 
Northern Eclipse program (ver.6). Shown are repre-
sentative of  n  = 3.   

 We next investigated whether GIP-mediated LPL activa-
tion in human adipocytes was accompanied by correspond-
ing changes in protein and mRNA levels. As shown in  Fig. 
1B and C , GIP in the presence of insulin (1 nM) but not 
GLP-1 increased  LPL  mRNA transcript levels as well as 
protein expression. These increases correlated well with 
LPL activity changes. Because GIP-mediated increases in 
 LPL  mRNA levels could potentially be due to changes in 
either gene transcription or mRNA stability, we next deter-
mined LPL activity in the presence or absence of the tran-
scription inhibitor, actinomycin D. As shown in  Fig. 1D 
and E , increases in both LPL activity and protein expres-
sion in response to GIP were greatly reduced by actino-
mycin D. To confi rm that GIP was capable of directly 
stimulating  LPL  gene expression, GIPR-HEK-293 cells 
were transiently transfected with a human  LPL  promoter 
reporter construct and treated for 24 h with insulin (1 nM) 
plus GIP or GLP-1 (100 nM). Only GIP and not GLP-1 in-
creased promoter activity ( Fig. 1F ). Taken together, these 
results strongly suggest that GIP-mediated increases in 
LPL activity were at least partially due to transcriptional 
activation of the  LPL  gene. 

 GIP but not GLP-1 modulates CREB phosphorylation 
and TORC2 nuclear localization in human adipocytes 

 We next determined whether CREB played a role in 
GIP-mediated  trans -activation of the  LPL  gene. This pro-
posal was based on the fact that CREB activation had been 
implicated as an activator of LPL expression in other cell 
types ( 33, 34 ), although only a CRE-like sequence in re-

verse orientation had been identifi ed in the proximal LPL 
promoter region ( 35 ). Additionally, we had previously 
shown that GIP-mediated reduction in phospho-Thr172 
AMPK was linked to nuclear translocation of TORC2 and 
CREB activation in INS-1 (832/13)  � -cells ( 14 ). Human 
adipocytes were therefore treated with GIP or GLP-1 (100 
nM) and Western blot analyses were performed on nuclear 
extracts using antibodies against phospho-CREB Ser133 or 
TORC2. As shown in   Fig. 2A  , GIP but not GLP-1 increased 
the levels of phospho-Ser133 CREB and the nuclear local-
ization of TORC2 and decreased the levels of cytoplasmic 
phospho-TORC2. Immunohistochemical staining and 
confocal imaging of adipocytes treated in an identical 
fashion confi rmed that GIP increased both nuclear levels 
of phospho-CREB and TORC2 nuclear uptake ( Fig. 2B ). 

 GIP-mediated  trans -activation of  LPL  involves CREB 
phosphorylation 

 To establish that CREB phosphorylation plays a role in 
GIP-induced  trans -activation of  LPL , reporter analyses 
were performed using various CREB constructs cotrans-
fected with the  LPL  promoter construct in GIPR-HEK-293 
cells. A-CREB is an isoform of CREB that dimerizes with 
endogenous CREB, thus preventing its binding to the CRE 
( 36 ). M1-CREB contains a S133A mutation, rendering 
CREB nonphosphorylatable on Ser 133; occupation of the 
CRE, thus blocking wild-type CREB binding ( 37 ). Y/F-
CREB is a gain-of-function mutant containing a Tyr134-
Phe mutation, making CREB behave as a constitutive 
activator in vivo ( 38 ). Like wild-type-CREB, Y/F-CREB 
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  Fig.   3.  CREB/TORC2 are functionally involved in the regulation of  LPL  expression. A: Effects of different 
CREB constructs on GIP-responsiveness of the  LPL  promoter. GIPR-HEK-293 cells were cotransfected with 
an  LPL  promoter reporter construct (chr8+: 19840052 - 19841249; -992 to +206 of  LPL  gene, 2 µg), and 
various CREB constructs or control vector pCMV5 (1 µg). After transfection, cells were treated with insulin 
(1 nM) plus GIP (100 nM), and the reporter activities are shown as the relative luciferase activity normalized 
to protein concentration. All data represent three independent experiments, each carried out in triplicate. 
Signifi cance was tested using ANOVA with Newman-Keuls post hoc test, where ** represents  P  < 0.05 versus 
untreated Vector Control, ## represents  P  < 0.05 versus respective untreated Control. B, C: RNAi-mediated 
suppression of CREB and TORC2 reduces GIP-stimulated  LPL  expression. B: Effects of CREB and TORC2 
siRNAs on GIP-stimulated LPL protein expression. Human adipocytes were transfected with a pool of three 
siRNAs for CREB and TORC2 and incubated for 72 h. At 48 h after transfection, cells were treated with in-
sulin (1 nM) plus GIP (100 nM) for 24 h and Western blot analyses were performed as described in Materials 
and Methods, using antibody against phospho-CREB (Serine-133), CREB, TORC2, LPL, Histone H3, and 
 � -actin. C. Effects of CREB and TORC2 siRNAs on GIP-stimulated  LPL  mRNA expression. Human adipo-
cytes were treated as described above and real-time RT-PCR performed to quantify  LPL  mRNA levels; shown 
as the fold difference versus control normalized to 18S rRNA expression levels. Signifi cance was tested using 
ANOVA with Newman-Keul’s post hoc test where ** represents  P  < 0.05 versus Control siRNA, ## represents 
 P  < 0.05 versus   GIP.   
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  Fig.   4.  GIP regulates CREB/TORC2 through a pathway involving PI3-K/PKB/AMPK. Human adipocytes were serum starved in DMEM/
Ham’s F-12 medium (1:1, v/v) containing 0.1% BSA overnight and treated for 24 h with GIP (100 nM) in the presence of insulin (1 nM). 
A: Effect of PI3-K inhibition on GIP-mediated decreases in phospho-AMPK Thr172 and nuclear CREB/TORC2 activity. Human adipocytes 
were treated for 24 h with insulin (1 nM) plus GIP (100 nM) in the presence or absence of PI3-K inhibitors, LY 294002 (40  � M) or wortman-
nin (400 nM). B: Effect of AMPK modulation on CREB/TORC2 activity. Human adipocytes were treated for 24 h with insulin (1 nM) plus 
GIP (100 nM) in the presence or absence of AMPK inhibitor (Compound C, 6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl)]3-pyridin-4-yl-
pyrrazolo[1,5-a]pyrimidine, 40  � M) or AMPK activator (5-(3-(4-(2-(4-Fluorophenyl)ethoxy)phenyl)propyl)furan-2-carboxylic acid, FPPF, 
50  � M). AMPK inhibitor or activator was added to cells during 1 h preincubation as well as GIP stimulation. Nuclear/cytoplasmic extracts 
were isolated from each sample and Western blot analyses were performed. TORC2 and histone H3 blots are from nuclear extracts and 
phospho-AMPK Thr172 and AMPK blots are from cytoplasmic extracts. C: Effect of AMPK modulation on LPL activity. Human adipocytes 
were treated as described above and LPL activity was determined as described in Materials and Methods. D: Effect of GIP or GLP-1 on cAMP 
accumulation. Human adipocytes were treated as described above and incubated with GIP or GLP-1 (100 nM) in the presence of insulin 
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(1 nM) and IBMX (0.5 mM). cAMP concentrations determined in the cell extracts. E: Effect of PKA inhibition on GIP-mediated decreases 
in phospho-AMPK Thr172 and nuclear CREB/TORC2 activity. Human adipocytes were treated as described above and stimulated insulin 
(1 nM) plus GIP, GLP-1 (100 nM) in the presence or absence of H-89 or Rp-cAMPs. H-89 (10  � M) or Rp-cAMPs (200  � M) was added to 
cells during 1 h preincubation as well as during GIP stimulation. Nuclear/cytoplasmic extracts were isolated from each sample and Western 
blot analyses were performed with antibodies against phosphorylated Thr172-AMPK, AMPK, TORC2, and histone H3. F: Effect of PKB in-
hibition on GIP-mediated CREB/TORC2 activity. Human adipocytes were treated for 24 h with insulin (1 nM) plus GIP (100 nM) in the 
presence or absence of PKB inhibitor (Akt IV, 500 nM). Nuclear extracts were isolated from each sample and Western blot analyses were 
performed with antibodies against phosphorylated Ser133-CREB, CREB, and histone H3. Western blots are representative of  n  = 3. All data 
represent three independent experiments, each carried out in duplicate. Signifi cance was tested using ANOVA with Newman-Keul’s post 
hoc test where ** represents  P  < 0.05 versus Control.   

 

stimulates target gene expression via the Ser133-depen-
dent recruitment of CBP and p300 ( 36 ). When A- or M1-
CREB were cotransfected, basal levels of  LPL  promoter 
activity and GIP responsiveness of the  LPL  promoter was 
greatly decreased compared with naked vector-cotrans-
fected control ( P  < 0.05). On the other hand, when Y/F-
CREB was cotransfected and basal  LPL  promoter activity 
was increased and GIP-mediated activation of the  LPL  pro-
moter was signifi cantly potentiated compared with vector, 
cotransfected control was also signifi cantly increased (  Fig. 
3A  ). These results strongly support a positive role for 

CREB in  trans -activation of the  LPL  promoter. To establish 
functional involvement of CREB and TORC2 in the regu-
lation of  LPL  expression in human adipocytes, RNA inter-
ference was employed. As shown in  Fig. 3B and C , RNA 
interference treatment resulted in specifi c reductions in 
GIP-stimulated levels of phospho-CREB and TORC2 asso-
ciated with reduced LPL protein expression. Combined 
CREB and TORC2 knockdown resulted in >70% reduc-
tion in GIP-stimulated  LPL  mRNA levels, demonstrating 
that they act as positive coordinate activators of  LPL  
expression. 

Fig. 4.—Continued.
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 PI3-K/PKB and AMPK are involved in GIP-mediated 
regulation of CREB/TORC2/LPL activation 

 Because GIP-induced reductions in adipocyte phospho-
AMPK Thr-172 were shown to be associated with increased 
phosphorylation of PKB Ser-473 ( 27 ), PI3-K was consid-
ered to be the likely upstream mediator. Inhibition of 
PI3-K with either of the two selective pharmacological 
inhibitors, LY294002 or wortmannin, abolished the ef-
fects of GIP on the phosphorylation of AMPK, CREB, 
and nuclear localization of TORC2 (  Fig. 4A  ). In a subse-
quent study, treatment with the AMPK inhibitor, Compound 
C (6-[4-(2-Piperidin-1-yl-ethoxy)-phenyl)]3-pyridin-4-yl-
pyrrazolo[1,5-a]pyrimidine), resulted in accumulation of 
TORC2 in the nucleus whereas treatment with the AMPK 
activator, (5-(3-(4-(2-(4-Fluorophenyl)ethoxy)phenyl)pro-
pyl)furan-2-carboxylic acid (FPPF) resulted in depletion 
of TORC2 from the nucleus ( Fig. 4B ). Additionally, AMPK 
inhibitor treatment was shown to increase LPL activity 
whereas the AMPK activator slightly decreased activity 
( Fig. 4C ). 

 Previously, we found that insulin suppresses the ability 
of GIP to activate PKA ( 25 ) and all experiments in the cur-
rent study were performed in the presence of insulin. 

However, PKA/cAMP had been demonstrated to be in-
volved in GIP-stimulated traffi cking of TORC2 to the nu-
cleus and phosphorylation of nuclear CREB in INS-1 
 � -cells ( 14 ). It was therefore considered important to reex-
amine the effect of GIP on the cAMP/PKA pathway in hu-
man adipocytes. Treatment of human adipocytes with 
forskolin (10  � M), a direct activator of adenylyl cyclase, 
resulted in  � 5.9-fold increase in cAMP concentration 
compared with control ( Fig. 4D ). By contrast, treatment 
with GIP or GLP-1 (100 nM) in the presence of insulin 
(1 nM) had no signifi cant effects on cAMP levels ( Fig. 4D ). 
Additionally, the effects of GIP on AMPK and CREB/
TORC2 were not ablated by the PKA inhibitors H-89 (10 
 � M) and Rp-cAMPs (200  � M), indicating that GIP in the 
presence of insulin did not modulate transcriptional activ-
ity of CREB/TORC2 via activation of the PKA/cAMP path-
way ( Fig. 4E ). However, inhibition of PKB with the selective 
pharmacological inhibitor Akt IV abolished the effects of 
GIP on the phosphorylation of CREB and nuclear localiza-
tion of TORC2 ( Fig. 4F ). In a subsequent study, PI3-K/
PKB inhibitors and AMPK activator (FPPF) abolished the 
effects of GIP on  LPL  mRNA and protein expression. In 
contrast, an AMPK inhibitor (Compound C) was shown to 

  Fig.   5.  Effects of PI3-K, AMPK, PKA, or PKB inhibition on GIP-mediated  LPL  mRNA and protein expres-
sion. Human adipocytes were serum starved in DMEM/Ham’s F-12 medium (1:1, v/v) containing 0.1% BSA 
overnight and treated for 24 h with GIP (100 nM) in the presence of insulin (1 nM). A: Effect of PI3-K, 
AMPK, PKA or PKB inhibition on GIP-mediated  LPL  transcription. Human adipocytes were treated for 24 h 
with insulin (1 nM) plus GIP (100 nM) in the presence or absence of PI3-K inhibitors (40  � M of LY 294002 
or 400 nM of wortmannin), AMPK inhibitor (40  � M of Compound C) or AMPK activator (50  � M of FPPF), 
PKA inhibitors (10  � M of H-89 or 200  � M of Rp-cAMPs), or PKB inhibitor (500 nM of Akt IV). Real-time 
RT-PCR performed to quantify  LPL  mRNA levels; shown as the fold difference versus control normalized to 
18S rRNA expression levels. B: Effect of PI3-K, AMPK, PKA, or PKB inhibition on GIP-mediated LPL expres-
sion. Human adipocytes were treated as described in A and Western blot analyses were performed using 
antibodies against LPL and  � -actin. All data represent three independent experiments, each carried out in 
duplicate and Western blots are representative of  n  = 3. Signifi cance was tested using ANOVA with Newman-
Keul’s post hoc test where ** represents  P  < 0.05 versus Control.   
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( Fig. 6B ). Because the TORC N-terminal coiled-coil do-
main directly binds to the CREB basic-leucine zipper do-
main ( 39, 40 ) these results indicate increased interaction 
between the transcription factor and its coactivator in the 
nucleus. Both detectable protein-protein interaction and 
colocalization of phospho-CREB Ser133 and TORC2 were 
ablated by treatment with PI3K inhibitors or AMPK activa-
tion ( Fig. 6A, B ). 

 Identifi cation of a functional CRE in the human  LPL  
promoter 

 Before attempting to identify functional CREs in the 
LPL promoter, we evaluated the structures of known CREs 
in several adipocyte-expressing gene promoters including 

  Fig.   6.  GIP increases protein-protein interaction between phospho-CREB and TORC2 in the nucleus. A: 
Coimmunoprecipitation. Human adipocytes were serum-starved in DMEM/Ham’s F-12 medium (1:1, v/v) 
containing 0.1% BSA overnight and treated for 24 h with GIP (100 nM) in the presence of insulin (1 nM) 
and in the presence or absence of PI3-K inhibitors, LY 294002 (40  � M), wortmannin (400 nM) or AMPK 
activator (50  � M). Nuclear extracts were isolated from each sample and immunoprecipitated (IP) with 
phospho-CREB (Ser133) followed by immunoblotting (IB) for TORC2. Input represents one-tenth of total 
nuclear extract used in the coimmunoprecipitation assay. B: Confocal microscopy. Human adipocytes were 
treated as described above and fi xed following stimulation with GIP (100 nM) in the presence or absence of 
PI3-K inhibitors or AMPK activator. Immunocytochemical staining was performed using antibodies against 
phospho-CREB (Ser133, green) or TORC2 (red) and nuclei were stained with DAPI (blue). The scale bar 
indicates 20  � m and all imaging data were analyzed using the Northern Eclipse program (ver.6). Shown are 
representative of  n  = 3.   

mimic the effect of GIP on  LPL  expression. PKA inhibitors 
did not alter GIP-mediated effects (  Fig. 5A, B  ). Together, 
these results strongly suggest that PI3-K/PKB and AMPK 
are upstream components of the GIP-mediated CREB/
TORC2/LPL activation pathway in human adipocytes 
whereas cAMP/PKA does not play a role. 

 Direct interaction between phospho-CREB and TORC2 
in the nucleus 

 As shown in   Fig. 6A  , co-immunoprecipitation experi-
ments demonstrated protein-protein interaction between 
phospho-CREB Ser133 and TORC2 in nuclear extracts 
from GIP-treated cells. Colocalization of phospho-CREB 
and TORC2 was also observed using confocal microscopy 
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decreases in LKB1 and AMPK phosphorylation ( 27 ). The 
regulation of adipocyte LPL expression and action is com-
plex, involving transcriptional, posttranscriptional, and 
translocation events ( 35, 43 ). The current study was there-
fore initiated in order to elucidate the mechanisms in-
volved in GIP-mediated increases in LPL activity in human 
adipocytes. This is an important question because of the 
suggestion that GIPR-mediated effects in fat tissue are in-
volved in the development of obesity associated with the 
consumption of energy-rich high-fat diets ( 2 ) and the po-
tential for GIP and GIP analogs as therapeutics in Type 2 
diabetes. GIP was found to increase  LPL  promoter activity 
( Fig. 1F ) and in the presence of insulin both LPL mRNA 
and protein levels were increased in human adipocytes 
( Fig. 1B, C ).  Trans -activation of the  LPL  gene was shown to 
be a major contributor to GIP-mediated increases in LPL 
activity because responses were greatly reduced although 
not completely abolished by the transcription inhibitor ac-
tinomycin D ( Fig. 1D ). However, additional effects of GIP 
on posttranscriptional events including activation and 
translocation of preformed pools of enzyme may also con-
tribute. In contrast, the second major incretin, GLP-1, ex-
erted no effect on LPL gene expression. Evidence for the 
involvement of CREB in the regulation of LPL expression 
has been presented in studies on undifferentiated hepa-
toma cells ( 34 ) and the adrenal ( 35 ). Phosphorylation of 
Ser133 in CREB is important for the recruitment of CBP 
and p300 and association with TORC2 results in increased 
transcriptional activity. GIP treatment of human adipo-
cytes was found to increase levels of phospho-Ser133 CREB 
and nuclear localization of TORC2 ( Fig. 2A ). A functional 
involvement of CREB and TORC2 in the regulation of 
 LPL  expression was demonstrated by RNA interference 
( Fig. 3B, C ). Colocalization of phospho-CREB Ser133 and 

PEPCK, FAS, PPAR � 2, and CEBP �  (  Fig. 7A  ). These sites 
were selected based on their ability to mediate transcrip-
tional regulation in response to cAMP mimetics, their par-
ticipation in gene expression during adipogenesis, and 
their signifi cant homology to the consensus CRE sequence. 
Using this information, analysis of the human LPL pro-
moter sequence (chr8+: 19840052 - 19841249; -992 to +206 
of  LPL  gene) using the MatInspector (Abteling Genetik, 
Braunschweig, Germany) program revealed the presence 
of two potential CREs that we have termed CRE-I and -II. 
Inverted CRE-I (TGACG AAT ) and CRE-II (T A ACGT G A) 
have 62.5% and 75% homology to the consensus CRE 
(TG/TACGTCA) ( Fig. 7A ). To identify the functional 
CREs responsible for GIP’s action, direct phospho-CREB/
TORC2 binding to the human  LPL  promoter was deter-
mined by measuring occupancy of CREs using ChIP assays. 
As shown in  Fig. 7B and C , GIP but not GLP-1 increased 
both phospho-CREB and TORC2 binding to CRE-II of the 
 LPL  promoter, indicating that CRE-II is the functional  cis -
acting element of the human  LPL  promoter involved in 
responses to GIP. 

 DISCUSSION 

 The majority of studies on GIP have focused on its incre-
tin action and, compared with its effects on the pancreatic 
islet, relatively little is known regarding the role of GIP in 
adipose tissue metabolism. GIP has been shown to stimu-
late FA synthesis from acetate in adipose tissue explants 
( 41 ), as well as enhancing insulin-stimulated FA incorpo-
ration into adipose tissue ( 42 ). In previous studies, it was 
shown that GIP increased LPL activity and triglyceride lev-
els in both 3T3-L1 cells and human adipocytes through a 
pathway involving increased phosphorylation of PKB and 

  Fig.   7.  Phospho-CREB/TORC2 binds CRE-II se-
quence of human  LPL  promoter. A: Identifi cation of 
putative CRE sequences in the promoters of several 
adipocyte-specifi c genes. Potential CREs present in 
these promoters are indicated by the box-enclosed 
regions and consensus CRE sequences shown at the 
top of the fi gure. B, C: Representative gel of a ChIP 
assay for the binding of phospho-CREB (B) and 
TORC-2 (C) in the human  LPL  promoter. Human 
adipocytes were serum-starved in DMEM/Ham’s F-12 
medium (1:1, v/v) containing 0.1% BSA overnight 
and treated for 24 h with GIP (100 nM) in the pres-
ence of insulin (1 nM). Phospho-CREB and TORC2 
were respectively immunoprecipitated from intact 
chromatin isolated from human adipocytes using 
anti-phospho-CREB (Ser 133) and anti-TORC2 anti-
body. Precipitated DNA fragments were analyzed by 
PCR using primers fl anking the CRE-I and CRE-II 
sites in the  LPL  promoter. An isotype-matched IgG 
was used as negative control and 1% Input (PCR 
product of one-hundredth of the total isolated DNA 
used in the ChIP assay) as positive control, respec-
tively. Shown are representative of  n  = 3.   
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TORC2 was observed in immunocytochemical studies 
( Fig. 2B, 6B ), and coimmunoprecipitation provided evi-
dence for direct protein-protein interaction between 
CREB and TORC2 in nuclear extracts from GIP-treated 
cells ( Fig. 6A ). Database analysis of human LPL promoter 
sequences revealed the presence of two potential CREs 
here termed CRE-I and CRE-II. CRE-I (TGACGAAT) 
proved to have been earlier described as a ‘CRE-like se-
quence in reverse orientation’ in the proximal region of 
the human LPL promoter ( 35, 43, 44 ), whereas the CRE-II 
(TAACCGTGA) had not been previously identifi ed. The 
human CRE-I and CRE-II sequences share 62.5% and 75% 
homology with the CRE consensus sequence. CRE-I was 
not found to be functional, but ChiP assays identifi ed 
CRE-II as the functional CRE responsible for GIP action 
( Fig. 7 ). There is therefore strong evidence for a GIP- 
activated pathway in human adipocytes involving CREB-
induced  LPL  gene expression. Interestingly, rat and mouse 
sequences situated at a similar site to the human CRE-I 
share only 37.5% homology with the consensus CRE 
whereas rat and mouse sequences corresponding to the 
human CRE-II share 62.5% and 50% homology, respec-
tively ( 45 ). It is therefore likely that the mouse sequence is 
nonfunctional, as discussed further below. 

 The AMPK/TORC2/CREB pathway that mediated GIP 
action in the human adipocyte is similar to that shown to 
be involved in activation of  Bcl2  gene expression in INS-1 
(832/13)  � -cells ( 14 ). However, whereas PKA was found to 
be a key upstream component of the activation pathway 
for TORC2 in  � -cells ( 14 ), a PI3K/PKB-mediated pathway 
is a central player in the regulation of  LPL  gene expres-
sion in the human adipocyte (  Fig. 8  ). PKB can also phos-
phorylate CREB ( 46, 47 ), and the selective PKB inhibitor 
Akt IV abolished the effects of GIP on LPL mRNA and 
protein expression as well as CREB phosphorylation ( Figs. 
4F, 5A, 5B ). It is therefore likely that PKB plays a dual role, 
acting via TORC2 and direct phosphorylation of Ser133 
CREB ( Fig. 8 ). Activation of PKB has also been shown to 
be involved in GIP-induced enhancement of adipocyte 
glucose transport ( 48 ). However, activation of adenylyl cy-
clase is probably still important in GIP-mediated regula-
tion of lipolysis in the absence of insulin because increased 
cAMP levels have been observed in isolated adipocytes, fat 
explants, and differentiated 3T3-L1 cells exposed to GIP 
( 25, 49, 50 ). Although the signifi cance of such a dual 
lipolytic/lipogenic action of GIP is currently unclear, as 
discussed elsewhere ( 2, 25 ), when insulin levels are low 
GIP may be important for priming  � -cells for subsequent 

  Fig.   8.  Proposed pathway by which GIP increases LPL activity in adipocytes. GIP receptor interaction results in PI3-K activation, increased 
phosphorylation of Ser473 and Thr308 in PKB, and reduced phosphorylation of Ser428 in LKB1 and Thr172 in AMPK. An associated de-
crease in AMPK phosphorylation leads to dephosphorylation of TORC2, thus allowing increased translocation from the cytoplasm and into 
the nucleus. PKB also increases phospho-CREB Ser133 levels in the nucleus. TORC2 complexes with phospho-CREB Ser133 in the nucleus 
and binds to CRE-II of the human  LPL  promoter, thus turning on the transcriptional machinery for up-regulation of  LPL .   
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glucose stimulation by maintaining circulating FFAs at ap-
propriate levels. Following nutrient ingestion, GIP stimu-
lates insulin secretion, elevating insulin levels, resulting in 
inhibition of GIP’s lipolytic action; the two hormones thus 
combining to stimulate lipogenesis. 

 One question not addressed in the current study is the 
contribution of human resistin (FIZZ3) to GIP-induced 
responses. It was demonstrated earlier, that resistin mim-
icked the effects of GIP on the PKB/LKB1/AMPK/LPL 
pathway in 3T3-L1 adipocytes ( 28 ). Additionally RNAi-
mediated knockdown of resistin resulted in attenuated ef-
fects of GIP on this pathway, suggesting that resistin is a 
key mediator of GIP-mediated LPL activation in the mouse 
( 28 ). FIZZ3 is expressed in preadipocytes and adipocytes 
( 51, 52 ), but only in low amounts, with monocytes/mac-
rophages expressing the majority of FIZZ3 protein in adi-
pose tissue ( 53 ). Because the mouse CRE-II in the  LPL  
promoter shares only 50% homology with the consensus 
CRE, it is possible that it is nonfunctional, with the resistin-
activated pathway responsible for regulating  LPL  gene ex-
pression in the mouse. 

 In summary, GIP in the presence of insulin increased 
 LPL  gene expression in human adipocytes. Using  LPL  pro-
moter studies and ChIP assays it was established that GIP 
increased nuclear levels of TORC2 and its binding to 
phospho-CREB at a CRE-II site in the human  LPL  pro-
moter. GIP-mediated effects involve a PI3-K/PKB/AMPK-
dependent pathway. Although little is known regarding 
the in vivo actions of GIP on human adipose tissue me-
tabolism, the current study provides evidence supporting 
a potentiating role in insulin-induced lipogenesis. Whether 
this physiological effect is exaggerated in conditions of ex-
cess nutrient intake and its potential contribution to the 
development of obesity is currently unclear.  

 The authors thank Dr. C. Vinson (National Institutes of Health, 
MD) and Dr. M. Montminy (The Salk Institute, CA) for M1-, 
A- and Y/F- CREB constructs. 
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