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The functional impact of adiponectin on pancreatic beta cells
is so far poorly understood. Although adiponectin receptors
(AdipoR1/2) were identified, their involvement in adiponectin-
induced signaling and other molecules involved is not clearly
defined. Therefore, we investigated the role of adiponectin in
beta cells and the signaling mediators involved. MIN6 beta cells
and mouse islets were stimulated with globular (2.5 �g/ml) or
full-length (5 �g/ml) adiponectin under serum starvation, and
cell viability, proliferation, apoptosis, insulin gene expression,
and secretion were measured. Lysates were subjected to West-
ern blot analysis to determine phosphorylation of AMP-acti-
vated protein kinase (AMPK), Akt, or ERK. Functional signifi-
cance of signaling was confirmed using dominant negative
mutants or pharmacological inhibitors. Participation of Adi-
poRs was assessed by overexpression or siRNA. Adiponectin
failed to activate AMPK after 10min or 1- and 24-h stimulation.
ERKwas significantly phosphorylated after 24-h treatment with
adiponectin, whereas Akt was activated at all time points exam-
ined. 24-h stimulation with adiponectin significantly increased
cell viability by decreasing cellular apoptosis, and this was pre-
vented by dominant negativeAkt, wortmannin (PI3K inhibitor),
and U0126 (MEK inhibitor). Moreover, adiponectin regulated
insulin gene expression and glucose-stimulated insulin secre-
tion, whichwas also prevented bywortmannin andU0126 treat-
ment. Interestingly, the data also suggest adiponectin-induced
changes in Akt and ERK phosphorylation and caspase-3 may
occur independent of the level of AdipoR expression. This study
demonstrates a lack of AMPK involvement and implicates Akt
and ERK in adiponectin signaling, leading to protection against
apoptosis and stimulation of insulin gene expression and secre-
tion in pancreatic beta cells.

Type 2 diabetes is characterized by both a loss of insulin
sensitivity and beta cell dysfunction in the pancreas. Adiponec-

tin is an adipocyte-derived hormone that shows a strong nega-
tive correlation with insulin resistance and obesity (1, 2). Stud-
ies show that whereas adiponectin knock-out mice develop
insulin resistance and glucose intolerance when challenged
with a high fat diet, adiponectin-overexpressingmice are highly
insulin-sensitive and are resistant to diet-induced diabetes
(3–6). Adiponectin is reported to stimulate fatty acid oxidation
and glucose uptake and reduce gluconeogenesis in myocytes
and hepatocytes, thus increasing peripheral insulin sensitivity
(7). Reduced adiponectin levels are also correlatedwith reduced
vascular function and an increase in coronary artery disease (8).
Adiponectin forms trimers or higher order complexes in-

cluding hexamers and oligomers (9). These higher order com-
plexes of full-length adiponectin (fAd)4 are the primary circulat-
ing forms, and localized proteolytic cleavage of fAd has been
shown to produce globular adiponectin (gAd) (10). Twoproposed
homologous adiponectin receptors (AdipoR1 and AdipoR2) were
cloned and shown to be widely expressed in mammalian tissues
(11, 12). They are seven trans-membrane-spanning proteins
that structurally and topologically differ from G protein-cou-
pled receptors (12). Adiponectin is suggested to bind to the C
terminus of this protein, whereas the adaptor protein contain-
ing the pleckstrin homology domain, phosphotyrosine-binding
domain, and leucine zipper motif (APPL1) interacts with the N
terminus (12, 13). 5�-AMP-activated protein kinase (AMPK) is
one of the central mediators of adiponectin-derived peripheral
effects (13).
Interestingly, the AdipoRs were shown to be expressed in rat

and human islets and primary and cultured beta cells (14–17).
Some human studies have associated hypoadiponectinemia with
beta cell dysfunction (18–20). Indirect evidence from rodent
studies also suggests a role of adiponectin in pancreatic beta
cells: adiponectin knock-out mice displayed a trend toward
lower plasma insulin, whereas ob/ob mice overexpressing
adiponectin showed an increase in islet insulin content (3, 5).
Although in vitro, the impact of adiponectin on insulin secre-

tion from islets is variable, a recent in vivo study in mice sug-* This work was supported by Canadian Institute of Health Research Grant
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gested that adiponectin increases glucose-stimulated insulin
secretion (GSIS) (14, 16, 21–23). Adiponectin was shown to
also have both pro- and antiproliferative effects in numerous
cell types mediated by such signaling molecules as AMPK, Akt,
and mitogen-activated protein kinase (MAPK)/extracellular
signal-regulated kinase (ERK) (24–28). Three studies thus far
have examined the effects of adiponectin on beta cell viability in
vitro: although two show that in a pancreatic beta cell line adi-
ponectin counteracts fatty acid-, cytokine-, and glucotoxicity-
mediated beta cell apoptosis (22, 29), one shows that neither
gAd nor fAd has any effect on fatty acid-induced apoptosis in
human islets (16). Thus, a clear understanding of the functional
role of adiponectin in beta cells and islets is still lacking. Fur-
thermore, involvement of AMPK and other signaling media-
tors, including the AdipoRs in adiponectin signaling in beta
cells, is also not completely understood.
We confirm here that AdipoRs are expressed, but adiponec-

tin does not activate AMPK in mouse islets or cultured beta
cells. During chronic serum starvation, adiponectin treatment
increases islet and beta cell viability by decreasing cellular apo-
ptosis, and this is mediated via both ERK and Akt activation.
Further associated are an increase in insulin gene expression
and GSIS.

EXPERIMENTAL PROCEDURES

Adiponectin—fAd, produced in a mammalian expression
system at an approximate ratio of 35:40:25% of high, medium,
and low molecular mass oligomers (30), was used at 5 �g/ml
(based on supplemental Fig. S1A). gAd (Peprotech) was used at
2.5 �g/ml (based on supplemental Fig. S1B).
Cell Culture—MIN6 or C2C12 cells were grown in high

glucose Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (FBS; Sigma) and 1%
penicillin-streptomycin (Invitrogen). C2C12 myoblasts were
allowed to develop into myotubes in the presence of 5% horse
serum-supplemented medium. INS-1 832/13 cells were grown
in RPMI 1640 medium (Sigma) supplemented with 10% FBS,
1% penicillin-streptomycin, 10 mM HEPES, and 2 mM gluta-
mine. Cells were seeded on 12-well (for protein and RNA
extraction) 24-well (for GSIS) or 96-well (for 2,3-bis(2-me-
thoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-
tetrazo-lium hydroxide (XTT) assay) plates and stimulated for
the indicated times in serum-free medium in the presence
or absence of gAd, fAd, or vehicle (5 mM Tris-HCl (Sigma) or
phosphate-buffered saline (PBS) (Invitrogen)), respectively.
Islet Isolation—The pancreatic duct was perfused with 3 ml

of collagenase V (0.8 mg/ml) (Sigma). The pancreas was then
isolated and digested for 15–20 min at 37 °C. Islets were hand-
picked from the acinar tissue debris, transferred into RPMI
1640 medium supplemented with 10% FBS and 1% penicillin-
streptomycin, and cultured overnight. Islets were stimulated as
described above. All experiments were approved by the Animal
Care Committee at the University of Toronto, and animals
were handled according to the guidelines of the Canadian
Council of Animal Care.
Quantitative Real Time PCR (qPCR)—Total RNA was iso-

lated using TRIzol reagent (Invitrogen) according to the man-
ufacturer’s instructions and treated with rDNase I (Applied

Biosystems). One �g of RNA was reverse-transcribed using
Moloney murine leukemia virus reverse transcriptase accord-
ing to the manufacturer’s instructions (Invitrogen). Primers
(supplemental Table 1) were designed using Primer Express
version 2.0 software (Applied Biosystems). 10 ng of cDNA per
well was used as the template for amplification. The qPCR
protocol was as follows: heat activation of polymerase at
95 °C for 3 min followed by 40 cycles of 95 °C for 10 s, 65 °C for
15 s, and 72 °C for 20 s. Readings were carried out on an ABI
Prism7900HT Sequence Detection System (Applied Biosys-
tems) and compared against a standard curve created from
mouse genomic DNA by serial dilutions. Data were normalized
to mouse �-actin mRNA.
Western Blot Analysis and Cell Fractionation—Islets and

cells were washed twice with PBS, and total lysates were pre-
pared in Cell Lysis Buffer (Cell Signaling) supplemented with 1
mM phenylmethylsulfonyl fluoride and 10% �-mercaptoetha-
nol and heated for 5 min at 65 °C. The lysates were then
resolved by 6% (for Ki67), 15% (for cleaved caspase-3) and
10% (for all other proteins) SDS-PAGE and immunoblotted
with primary andHRP-conjugated secondary antibodies. Im-
munoblots within the linear range were scanned on a Kodak
imager and quantified using ImageJ (National Institutes of
Health). Polyclonal anti-AdipoR1 and anti-AdipoR2 anti-
bodies (2 �g/ml) were purchased from Immunobiological Inc.
Polyclonal anti-phospho-AMPK (1:1000), anti-phospho-Akt
(Ser473 and Thr308) (1:000), anti-Akt (1:1000), anti-phospho-
p38 MAPK (1:500), anti-phospho-ERK1/2 (1:1000), and anti-
caspase-3 (1:1000) antibodieswere fromCell Signaling. Polyclonal
anti-Ki67 (1:500) and anti-�-actin (1:2000) and monoclonal anti-
lamininA/C (1:1000) were purchased fromSanta Cruz Biotech-
nology, Sigma, and BD Laboratories, respectively. Anti-rabbit,
anti-mouse, and anti-goat secondary antibodies were pur-
chased from Sigma, Cell Signaling, and Santa Cruz Biotechnol-
ogy, respectively.
For cell fractionation, cells were grown in 6-cm dishes to

confluence, and cytosolic and membrane fractions from total
lysates were prepared using the Qproteome Cell Compartment
kit (Qiagen).
Cell Viability Assay—Cell proliferation and viability were

measured by an XTT-based colorimetric assay (Cell Prolifera-
tion Kit II (XTT); Roche Applied Science). The assay was per-
formed in 96-well plates, and each condition was measured in
triplicate. 10 islets were used perwell. 50�l of theXTTmedium
was applied to each well and incubated for 4 h at 37 °C. The
XTT assay results were detected by spectrophotometric ab-
sorbance at 490 nm (A490). Absorbances were normalized to
total DNA.
siRNA and cDNA Transfection and Adenoviral Infection—

Cells were grown in antibiotic-free medium for 24 h and trans-
fected with 100 nM siRNA against AdipoR1 and AdipoR2 or
control siRNA (siGENOMESMARTpool; Dharmacon) (supple-
mental Table 2) or DN-Akt mutant (31) cDNA (3.2 �g) using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s protocol. Five hours after transfection, cells were washed
and replaced with fresh medium. Experiments were performed
72 h after transfection. Cells were infected with gfp, AdipoR1,
or AdipoR2 adenoviruses (Vector BioLabs) at 100 multiplicity
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of infection for 2 h in serum-free medium, after which the cells
were washed and replaced with fresh medium. Experiments
were performed 24 h after infection.
Insulin Secretion—Ten islets were used in triplicate per con-

dition. Islets or cells were preincubated in Krebs Ringer buffer
(128.8 mMNaCl, 4.8 mMKCl, 1.2 mMKH2PO4, 1.2 mMMgSO4,
2.5 mM CaCl, 5 mM NaHCO3, 10 mM HEPES, 0.1% BSA)
(Sigma) in 0 or 2.8 mM glucose for 1 h, then stimulated in same
buffer with 0 or 2.8 and 11 or 20 mM glucose for 1 h. Superna-
tant was collected, and insulin was measured by radioimmuno-
assay using the rat insulin RIA kit from Linco (Millipore). DNA
was extracted using acid ethanol, dried down in a speed vac-
uum, and resuspended in water, and the concentration was
measured by a DNA spectrometer. Insulin was normalized to
total DNA.
Statistical Analysis—Data are expressed as mean � S.E. Sig-

nificance was determined using the Student’s t test or one-way
ANOVA with Newman-Keul or Bonferroni post hoc test. p �
0.05 was considered statistically significant.

RESULTS

Adiponectin Receptors Are Expressed in Pancreatic Islets
and Beta Cells—We examined the expression of AdipoR1
and AdipoR2 in mouse pancreatic islets and MIN6 cells, a
mouse cultured beta cell line, using qPCR, and observed that
whereas both receptors are expressed, AdipoR1 is the predom-
inant isoform (Fig. 1A). Western blot analysis confirmed pro-
tein expression of both AdipoR1 and AdipoR2 in mouse islets
and MIN6 cells (Fig. 1B). After overexpression and fraction-
ation of MIN6 cells, we determined that both AdipoR1 and

AdipoR2 are located on the membrane fraction and not in the
cytosol. Mouse skeletal muscle and liver or C2C12mousemyo-
cytes were used as positive controls in qPCR andWestern blot
analysis, respectively. Higher expression of AdipoR1 mRNA in
skeletal muscle and AdipoR2 mRNA in liver was observed as
previously reported (12).
Adiponectin Stimulates Akt and ERK, but Not AMPK Phos-

phorylation in BetaCells—We found that both fAd and gAddid
not stimulate AMPK phosphorylation in MIN6 cells after
10-min, 1-h, or 24-h stimulation (Fig. 2A). Similarly, no AMPK
phosphorylationwas observed inmouse islets stimulated for 10
min or 24 h with fAd or gAd (Fig. 2B). In contrast, AMPK was
phosphorylated in C2C12 myotubes (supplemental Fig. S2A).
AICAR (Sigma) robustly induced AMPK phosphorylation in
MIN6 cells, mouse islets, and C2C12 cells (Fig. 2 and supple-
mental Fig. S2A). Interestingly, phosphorylation of Akt at both
Ser473 and Thr308 was significantly increased at 10 min and
sustained after 1-h and 24-h stimulation with either gAd or fAd
in MIN6 cells (Fig. 3A and supplemental Fig. S3A) and isolated
islets (Fig. 3B and supplemental Fig. S3B). Insulin was used as a
positive control, which increased Akt phosphorylation upon
acute stimulation of MIN6 cells (Fig. 3C and supplemental Fig.
S3C). Combined stimulation with fAd and insulin produced
an additive effect on Akt phosphorylation at both Ser473 and
Thr308. Furthermore, ERK phosphorylation was also signifi-
cantly increased upon 24-h stimulation with both forms of adi-

FIGURE 1. AdipoR expression in pancreatic islets and beta cells. A, qPCR
analysis of AdipoR1 and 2 transcripts in MIN6 cells, mouse islets (MI), skeletal
muscle (SkM), and liver. B, Western blot analysis of AdipoR1 and 2 (46 kDa) in
cytosolic (C) and membrane (M) fractions of MIN6 cells overexpressing (OE)
AdipoR1 or 2 and in total lysates of C2C12 myocytes, mouse islets and MIN6
cells. �-Actin (43 kDa) was used as a loading control.

FIGURE 2. Adiponectin-induced AMPK phosphorylation in MIN6 cells (A)
and mouse islets (B). Cells were stimulated with or without 2.5 �g/ml gAd, 5
�g/ml fAd, or 2 mM AICAR (AIC) for 10 min, 1 h, or 24 h, in serum-free medium.
PBS or 5 mM Tris-HCl was used as a control (veh). Representative Western blots
of phospho-AMPK (Thr172) (62 kDa) and �-actin (43 kDa) are shown. Quanti-
fied values represent means � S.E. of three or four experiments and are nor-
malized to �-actin and control. *, p � 0.05 versus the respective control.
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ponectin in MIN6 cells (Fig. 4A) and in mouse islets (Fig. 4B).
These increases in both Akt and ERK phosphorylation were
independent of any changes in the expression of the total pro-
teins (supplemental Fig. S3D). Our studies also show that both
gAd and fAd do not phosphorylate p38 MAPK in MIN6 cells
(supplemental Fig. S2B) after either acute or chronic treatment.
Adiponectin Increases Beta Cell Viability by Protecting

against Beta Cell Apoptosis—Since both Akt and ERK have
been implicated in cell growth, we examined whether adi-

ponectin stimulation might affect
cellular viability. MIN6 cells and
islets were serum-starved for 24 h
as a stress stimulus, and then cel-
lular viability was measured using
an XTT assay, which showed a sig-
nificant increase in cell viability
when treated with adiponectin com-
pared with control (Fig. 5A). As a
marker of cell proliferation, Ki67
was measured by Western blotting,
but no difference was observed
with adiponectin treatment (Fig.
5B). In contrast, cleaved caspase-3, a
marker of cellular apoptosis, was
significantly reduced when treated
with fAd or gAd in both MIN6 cells
and isolated islets (Fig. 5C). Simi-
larly, cleaved caspase-3 was also
reduced in the presence of adi-
ponectin in both MIN6 and INS-1
832/13 beta cells incubated in 30
mM glucose for 48 h (supplemental
Fig. S4, A and B).
Adiponectin Protection against

Apoptosis Is Mediated via Phospho-
inositide (PI) 3-Kinase-Akt and
MEK-ERK Activation—We exam-
ined whether Akt mediates adi-
ponectin protection against beta
cell apoptosis by utilizing a DN-Akt
construct that substitutes alanine
residues at the twomajor regulatory
phosphorylation sites of Akt1 (Thr308
and Ser473) and the phosphate
transfer residue in the catalytic site
(Lys179) (31). Expression of DN-Akt
was confirmed by detection of ele-
vated levels of total Akt in trans-
fected MIN6 cells (supplemental
Fig. S5A). Stimulation of these cells
with fAd or gAd did not increase
phosphorylation of Thr308 or Ser473
of Akt (data not shown), and the
gAd- and fAd-induced reduction in
cleaved caspase-3was no longer evi-
dent (Fig. 6A). We also indirectly
inhibited Akt activity by inhibiting
PI3 kinase, the upstream kinase

of Akt using the pharmacological inhibitor wortmannin
(Sigma) (32). Serum-starved MIN6 cells were treated with gAd
or fAd in the presence of 50 nMwortmannin for 24 h.Again, this
completely prevented stimulation of Akt phosphorylation at
both regulatory sites (data not shown) and the reduction of
cleaved caspase-3 by adiponectin (Fig. 6B). We also utilized the
MEK inhibitor, U0126 (Sigma) to determine the involvement of
ERK in adiponectin-induced antiapoptosis of beta cells (32).
Treatment of serum-starvedMIN6 cells with gAd or fAd in the

FIGURE 3. Adiponectin-induced Akt phosphorylation in MIN6 cells (A and C) and mouse islets (B) in the
presence or absence of insulin. Cells were stimulated with or without 2.5 �g/ml gAd, 5 �g/ml fAd, or 100 nM

insulin (ins) for 10 min, 1 h, or 24 h in serum-free medium. PBS or 5 mM Tris-HCl was used as a control (veh).
Representative Western blots of phospho-Akt (Ser473) (60 kDa) and �-actin (43 kDa) are shown. Quantified
values represent means � S.E. of three to nine experiments and are normalized to �-actin and control. *, p �
0.05 versus the respective control; #, p � 0.05 versus insulin or fAd alone.

FIGURE 4. Adiponectin-induced ERK1/2 phosphorylation in MIN6 cells (A) and mouse islets (B). Cells were
stimulated with or without 2.5 �g/ml gAd or 5 �g/ml fAd for 10 min, 1 h, or 24 h in serum-free medium. PBS or
5 mM Tris-HCl was used as a control (veh). Representative Western blots of phospho-ERK1/2 (Thr202/Tyr204) (42,
44 kDa) and �-actin (43 kDa) are shown. Quantified values (both bands were assessed for phospho-ERK)
represent means � S.E. of three experiments and are normalized to �-actin and control. *, p � 0.05 versus the
respective control.
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presence of 10 �M U0126 completely prevented fAd- or gAd-
stimulated ERK1/2 phosphorylation (data not shown) and re-
duction of cleaved caspase-3 in MIN6 beta cells (Fig. 6C).
Adiponectin Treatment Increases Insulin Gene Expression

and Glucose-stimulated Insulin Secretion—This positive effect
of adiponectin on both cell viability andERKactivation led us to
examine its impact on insulin gene expression.Gene expression
of both ins I and ins II as well as transcription factors Pdx-1 and
Mafa was increased in islets upon adiponectin treatment (Fig.
7A). Furthermore, this increase in insulin gene expression was
apparent in the presence of both high and low glucose (supple-
mental Fig. S4C). Interestingly, insulin secretion after glucose
stimulation was also significantly increased in serum-starved
islets treated with adiponectin for 24 h compared with vehicle-

treated islets (Fig. 7C). These increases in both insulin gene
expression as well as insulin secretion were inhibited by wort-
mannin and U0126 treatment (Fig. 7, B and D).
Partial Knockdown of AdipoRs Does Not Affect Adiponectin-

stimulated Signaling—To determine whether adiponectin-
stimulated signaling observed in pancreatic beta cells may be
mediated via AdipoRs, we knocked down both receptors si-
multaneously using siRNA. 50% reduction of both mRNA
and protein of either receptor was observed in cells co-trans-
fected with the two siRNAs compared with those transfected
with control siRNA (Fig. 8A and supplemental Fig. S5B).
However, no change in adiponectin-stimulated Akt or ERK
phosphorylation or cleaved caspase-3 was detected (Fig. 8,
B–D, and supplemental Fig. S5C). Conversely, we overex-
pressed the receptors using respective adenoviruses and subse-
quently measured Akt phosphorylation (supplemental Fig. S6).
Approximately 90% infection efficiency was determined by
infecting cells concurrently with a fluorescent gfp adenovirus.
Overexpressed receptors were observed primarily on themem-
brane fraction (supplemental Fig. S6A); however, overexpres-
sion had no further effect on fAd- or gAd-induced Akt phos-
phorylation (supplemental Fig. S6, B and C).

DISCUSSION

Adiponectin is a beneficial adipokine due to its effects on
the peripheral tissues to improve insulin sensitivity. A long-
standing unanswered question is whether adiponectin has
any direct functional impact on pancreatic islets and beta cells,
especially because the main mediator of its peripheral effects is
reported to be AMPK. Although this energy gauge promotes
positive outcomes in the peripheral tissues, AMPKactivation in
islets and beta cells was shown to suppress glucosemetabolism,
GSIS, and enhance beta cell apoptosis (33–35). Thus far, four
studies suggest that AMPK is activated by either gAd or fAd in
rat and human islets or cultured beta cells (14–16, 36). Con-
versely, a recent study in mouse islets showed that fAd failed to
increase AMPK phosphorylation (23). These conflicting results
may have occurred due to differences in glucose concentrations
as well as duration of stimulation, and as such, we opted to
measure AMPK phosphorylation in high glucose conditions
(whenAMPKphosphorylation is low (37)) upon both acute and
chronic stimulation. Interestingly, we observed no change in
AMPK phosphorylation in either mouse islets or cultured beta
cells at any time point tested. However, we observed enhanced
AMPK phosphorylation by AICAR (38), confirming the re-
sponsiveness of our cells. The concentrations of adiponectin
used in our assays are physiologically relevant and have repeat-
edly been used in in vitro assays using different cell types to
achieve adiponectin-induced responses. Because bioactivity of
different adiponectin preparations can vary due to differences
in methods of preparation, we used C2C12 myotubes as a pos-
itive control. As previously described (7), AMPK was strongly
phosphorylated in these cells upon treatment, thus confirming
the bioactivity of our preparations. Therefore, our data suggest
that in mouse pancreatic beta cells, AMPK is not an important
effector molecule in adiponectin signaling.
Consequently, we explored the possibility that adiponectin

might utilize other intracellular signaling pathways. Previous

FIGURE 5. Adiponectin-induced changes in cell viability (A), proliferation
(B), and apoptosis (C) in MIN6 cells and mouse islets. Cells were stimulated
with or without 2.5 �g/ml gAd or 5 �g/ml fAd for 24 h. PBS or 5 mM Tris-HCl
was used as a control (veh). A, cell viability assessed by XTT assay and absor-
bance at 490 nm normalized to total DNA. Representative Western blots of
Ki67 (359 kDa) and laminin A/C (Lam A/C) (70 kDa) (B) or cleaved caspase-3
(c-caspase-3) (19 kDa) and �-actin (43-kDa) (C) are shown. Quantified values
represent means � S.E. of three or four experiments and are normalized to
laminin A/C or �-actin and control. *, p � 0.05 versus the respective control.
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studies have implicated a number of other molecules in adi-
ponectin signaling, including NF�B, peroxisome proliferator-
activated receptor-�, Akt, nitric-oxide synthase, cyclic AMP,
p38MAPK, and ERK in various cellular systems (13). Although
a recent study suggests the activation of peroxisome prolifera-
tor-activated receptor-� by adiponectin in beta cells, the par-
ticipation of any of the other proteins in adiponectin-induced
beta cell signaling remains unknown (36). Therefore, our study
is the first to show that whereas p38MAPKdoes not play a role,
both Akt and ERK are activated by fAd and gAd in islets and
beta cells. ERK had a delayed response to adiponectin, whereas
Akt activitywas enhanced by both acute and chronic treatment.
Typically, adiponectin-induced Akt phosphorylation is sug-
gested to be downstream of AMPK activation (39), although
here it occurs independently of it. There is a possibility, how-
ever, that because serum starvation alone can activate AMPK
(40), wemay have failed to detect any subtle increases of AMPK
phosphorylation by adiponectin. Interestingly, fAd enhanced
insulin-induced Akt phosphorylation, an effect that has been
previously described in other cell systems (13, 41). In peripheral
tissues, this cross-talk was suggested to be mediated by APPL1,
which was shown to signal to p38MAPK, AMPK, as well as Akt
(13). We also identified mRNA expression of APPL1 in both
pancreatic islets and cultured beta cells (data not shown), but its
role in adiponectin-stimulated signaling in beta cells is yet to be
confirmed.
Because both Akt and ERK have been implicated in cell sur-

vival, we explored whether adiponectin has an impact on beta
cell and islet viability. Cell viability was indeed increased in the
presence of adiponectin under serum-starved conditions, and
this appeared to be a result of reduced cellular apoptosis. We
also observed a similar protection against glucotoxicity-in-
duced apoptosis by adiponectin. Although two studies have

previously reported that adiponectin can be protective against
cytokine-, free fatty acid-, and glucotoxicity-induced apoptosis
in cultured beta cells (22, 29), ours is the first to show such an
antiapoptotic property of adiponectin in isolated islets. Cumu-
latively, these studies and our results suggest that the ability of
adiponectin to protect against apoptosis is not isolated toMIN6
beta cells or to serum starvation. However, a previous study has
suggested that adiponectin does not provide protection against
lipoapoptosis after treatment of human islets (16). The authors
suggest that any protective effect by adiponectin might be
masked by toxicity from the high concentrations of fatty acids
used, but it might also be that the antiapoptotic properties of
adiponectin become more apparent under starvation condi-
tions as we observed.
Interestingly, we also found that insulin gene expression was

increased inmouse islets after chronic stimulationwith adiponec-
tin. In cultured beta cells, this increase was apparent in both low
andhighglucose. Ina recentlypublishedstudya similar increase in
Pdx-1 and insulin gene expression was observed in INS-1 cells
stimulated with adiponectin during sustained glucotoxicity (29).
This increase in insulin gene expression may be a direct effect of
Pdx-1 andMafA up-regulation (42) and in turnmay have resulted
in the adiponectin-induced increase in GSIS. The impact of adi-
ponectin on insulin secretion in vitro has so far been variable in
literature. Upon stimulation with adiponectin, no effect was
observed in basal or GSIS from human islets; basal secretion was
reduced, whereas GSIS was increased in insulin-resistant mice;
GSIS was increased in isolated rat islets; and basal and GSIS was
increased during sustained glucotoxicity, and fatty acid-induced
inhibitionofGSISwasreversed inculturedbetacells (14,16,21,22,
29). Therefore, with the human islet study as an exception, there
appears to be a general trend for adiponectin to increase GSIS,
especially under stressed conditions, such as in insulin resistance,

FIGURE 6. Effect of Akt (A and B) or ERK (C) inhibition on adiponectin-induced protection against apoptosis in MIN6 cells. A, cells expressing DN-Akt or
treated with 50 nM wortmannin (Wm) (B) or 10 �M U0126 (C) were stimulated with or without 2.5 �g/ml gAd or 5 �g/ml fAd for 24 h. PBS or 5 mM Tris-HCl was
used as a control (veh). Representative Western blots of cleaved caspase-3 (c-casp-3) (19 kDa) and �-actin (43 kDa) are shown. Quantified values represent
means � S.E. of three to five experiments and are normalized to �-actin and control. *, p � 0.05 versus the respective control.
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lipotoxicity, glucotoxicity, or serum starvation.Whether there is a
direct link between adiponectin-induced insulin gene expression
and secretion remains to be determined.
Many studies have shown that the PI3 kinase-Akt axis is crit-

ically important for beta cell growth and survival (43). Mice
globally lacking insulin receptor substrate-2, which acts as a
docking site for PI3 kinase, have amarked reduction in beta cell
mass caused by an increased rate of apoptosis (44). Further-
more, expression of constitutively active Akt in beta cells was
reported to prevent fatty acid-induced apoptosis, and trans-
genic overexpression of Akt in beta cells was also shown to
prolong beta cell survival and protect against streptozotocin-
induced diabetes (45, 46). Similarly, it has been reported in sev-
eral studies that acute glucose may regulate beta cell growth
and survival through ERK activation, whereas others have
shown that chronic exposure to high glucose concentrations

promote islet apoptosis also via ERK
activation (47–49). Thus, ERK sig-
naling is activated in both prosur-
vival and proapoptotic conditions,
but the outcome may depend on
the timing and duration of ERK
activation.
Here, we associate both Akt and

ERK with the antiapoptotic prop-
erty of adiponectin in pancreatic
beta cells. Interestingly, the reduc-
tion in cleaved caspase-3 was com-
pletely prevented by indepen-
dently inhibiting Akt and ERK,
suggestive of a convergent path-
way. A myriad of antiapoptotic,
prosurvival substrates exist down-
stream of Akt (43). A possible site
of interaction between the two
pathways is Bad, the proapoptotic
member of the Bcl-2 family (50).
Inhibition of the PI3 kinase-Akt
and MEK-ERK axis also prevented
the adiponectin-induced increases
of both insulin gene expression and
secretion. Previously, overexpres-
sion of a kinase-deadAktwas shown
to impair insulin secretion in beta
cells (51), and regulation of Pdx-1
and MafA expression by down-
stream targets of Akt has also been
described (52). Furthermore, most
downstream effectors of ERK are
nuclear transcription factors, hence
ERK has been implicated in insu-
lin gene transcription (53). There-
fore, whether Akt and ERK di-
rectly mediate these changes or
whether it is a consequence of cell
survival remains to be determined.
Finally, our results are concurrent

with previous reports that suggest
predominant expression of AdipoR1 in pancreatic islets (14).
However, knockdownor overexpression ofAdipoRs in pancreatic
beta cells did not affect adiponectin-induced changes in Akt or
ERK phosphorylation or cleaved caspase-3. Although only 50%
knockdownof the two receptorswas achieved, previouslywe have
shown that this is sufficient to impact both adiponectin-induced
function and signaling (30). However, there is the possibility that
the remaining receptors are quite sufficient in mediating adi-
ponectin-inducedsignaling. Similarly,wemayhaveachievedmax-
imal adiponectin-stimulated Akt phosphorylation with endog-
enously expressed receptors, thus overexpressed receptors have
no further effect. Conversely, it could also be that the two known
receptors do not mediate the adiponectin-induced signaling
events and functional outcomes reported here in beta cells but
may induce activationof different signalingmoleculeswehavenot
yet explored. Thus, adiponectinmaymediate the effects described

FIGURE 7. Adiponectin-induced changes in insulin gene expression and glucose-stimulated insulin secretion
from mouse islets (A and C) and MIN6 cells (B and D). Cells were stimulated with or without 2.5 �g/ml gAd or 5
�g/ml fAd for 24 h in serum-free medium. PBS or 5 mM Tris-HCl was used as a control (veh). Cells were subjected to
qPCR (A and B) for Ins I, Ins II, Pdx-1 and Mafa transcript expression, or insulin secretion (C and D) was measured during
a 1-h stimulation with 2.8 or 0 and 20 or 11 mM glucose in the presence or absence of 50 nM wortmannin (Wm) or 10
�M U0126. Quantified values represent means � S.E. of four to six experiments and are normalized to �-actin and
control (A and B) or DNA (C and D). *, p � 0.05 versus the respective control or DMSO in the presence of glucose and
fAd.
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here via a different receptor. One candidate could be T-cadherin,
which was reported to function as a receptor for hexameric and
high molecular mass adiponectin (54). However, because we
found that both islets andMIN6 cells respond also to gAd, it could
be a yet uncharacterized receptor.
Inconclusion, this studysuggests that theactionsofadiponectin

in beta cells are independent of AMPK, and it is the first to impli-
cate bothAkt and ERK in adiponectin signaling in pancreatic beta
cells. Whether AdipoRs are involved in adiponectin-mediated
betacell functionremains tobeelucidated.Nonetheless, theability
of adiponectin to protect against apoptosis to increase cellular via-
bility, GSIS, and gene transcription during cell stress, as well as its
ability to potentiate the insulin response in beta cells independent
of activating AMPK, a negative regulator of beta cell function, is
significant and beneficial. Therefore, collectively, it appears that

adiponectin agonists pose a potential treatment strategy for type 2
diabetes.
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