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elucidated.®~'> Excess energy intake, including high-fat diet
(HED), contributes to the development of metabolic syn-
drome. HFD also causes renal lipid accumulation and renal
injury.!? Therefore, elucidation of precise mechanisms that are
responsible for renal lipid accumulation under an HED could
suggest the possible mechanisms underlying the development
of renal injury in metabolic syndrome and thus enhance the
design of novel therapeutic strategies against this renal injury.

Various intracellular molecules regulate local lipid metabolism
in several tissues, such as skeletal muscle and liver."~'7 Under an
altered systemic glucose and lipid metabolism, the imbalance be-
tween lipogenesis and lipolysis in such tissues contributes to the
local lipid accumulation and subsequent pathophysiologic chang-
es.1618.19 However, in the kidney, the role of focal lipid metabolism
in lipid accumulation and subsequent renal injury in metabolic
syndrome has not been fully determined.

The purpose of this study was to clarify further the role of
renal lipid metabolism in the development of renal injury in
metabolic syndrome. We first examined how HFD could affect
renal lipid metabolism. We especially focused on the balance
between lipogenesis and lipolysis in the kidney per se. Further-
more, we investigated how favorable systemic metabolic con-
ditions under an HFD can affect renal lipid metabolism and
renal injury by using heterozygous peroxisome proliferator—
activated receptor-y—deficient (PPAR-y*'7) mice, which
were previously reported to be protected against HFD-induced
obesity and insulin resistance.

RESULTS

Systemic Metabolic Abnormalities
The characteristics of the four groups at 16 wk of experimental
period are presented in Table 1. PPAR-y"'" mice on an HFD
were significantly heavier than PPAR-vy""" mice on a low-fat
diet (LFD). These obese mice showed significantly high plasma
triglycerides, cholesterol, TNF-& and monocyte chemoattrac-
* tant protein-1 (MCP-1) levels, compared with their counter-
parts on an LFD. Plasma adiponectin levels in PPAR-y*'™
mice on an HED were significantly lower than in PPAR-y'"!

mice on an LED. Moreover, PPAR-y'’" mice on an HFD
showed hyperinsulinemia during 4 wk of HFD (Figure 1A) and
hyperglycemia during 8 wk of HFD (Figure 1B). In contrast,
PPAR-y*'~ mice were significantly protected against obesity,
insulin resistance, and the altered adipokine secretions during
the 16-wk HFD, although no differences in food intake were
observed between PPAR-y"/™ and PPAR-y"'™ mice (Table 1,
Figure 1, A and B). Glucose intolerance (determined by intra-
peritoneal glucose tolerance test) and insulin resistance (deter-
mined by intraperitoneal insulin tolerance test) at 16 wk of
HFD in PPAR-y™'* mice were attenuated in PPAR-y"'~ mice
(Figure 1, Cand D). PPAR-y" /" mice showed features of met-
abolic syndrome from the early stage of HFD, whereas these
alterations under an HFD were attenuated in insulin-sensitive
PPAR-y''™ mice, as previously reported.20:2!

Renal Injuries

We confirmed the significant downregulation of mRNA ex-
pression of PPAR-in the kidneys of PPAR-y" "~ miceonboth
diets, compared with PPAR-y*/" mice (Table 2). Under an
HFD, PPAR-y"'" mice exhibited a significant rise in urinary
albumin excretion at 16 wk, although no significant ditferences
were observed among the four groups at 4 and 8 wk (Figure 2).
The increase in urinary albumin excretion at 16 wk was signif-
icantly inhibited in PPAR-y™'~ mice on an HFD (Figure 2).
Examination of renal histopathologic changes with periodic
acid-Schiff (PAS) in four groups revealed that HFD induced
mesangial expansion in PPAR-y*/* mice (Figure 3, Band M).
The expression of fibronectin was significantly increased in
both the glomeruli and interstitium of PPAR-y """ mice onan
HFD (Figure 3, F and N, and Jand O). In contrast, these HFD-
induced glomerular and interstitial lesions were significantly
attenuated in PPAR-y""™ mice (Figure 3, D and M, Hand N,
and L and O). In both PPARy*"* and PPARy*/™ onan LFD,
glomerular and interstitial lesions were not observed (Figure 3,
A, G, E, G, 1, and K). Furthermore, under an HFD, the mRNA
expression levels of fibronectin, type IV collagen, plasminogen
activator-1, and MCP-1 were significantly increased in the re-
nal cortex of PPAR-y*/* mice, and these changes were signif-
icantly attenuated in PPAR-y' '™ mice (Table 2).

Table 1. Characteristics of the four groups of mice at the end of the 16-wk experimental period®

PPAR-y*/* Mice

PPAR-y*'~ Mice

Characteristic

LFD HFD LFD HFD
Body weight (g) 326 +29 45.2 + 3.1b< 31234 405 = 2.8°
Food intake {g/d) 271 %017 2.57 = 0.19 2.62+0.22 2.58 = 0.16
BP (mmHg) 91.0 = 113 952 =87 92.1%90 922 *+ 147
Plasrna triglyceride {mg/dl) 605 = 145 156.0 = 33.17 86.2 = 21 1524 = 21.3°
Plasma cholesterol {mg/dl) 122.3 +13.8 221.7 = 18.9° 104.8 = 10.9 2013 + 155
Leptin (ng/ml) 4.56 = 1.1 10.1 = 3.11°< 5.21 = 1.22 165 = 3.12%
Adiponectin {ug/ml) 8.21 £ 0.78 6.1 £ 0310 8.19 + 0.21 7.89 = 0.55
MCP-1 (ng/ml) 45.2 = 111 154.0 = 21.2°¢ 47.0 £ 23.2 940 * 13.9®
TNF-a (ng/ml) 9.50 = 4.0 24.6 + 4.6" 9.20 = 3.1 19.9 = 5.9%

“Data are means = SEM; n = 11 in each group.
&P - 0.05 versus PPAR-y'/" mice fed LFD.
<P 0.05 versus PPAR-y"/~ mice fed HFD.
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Figure 1. (A) Plasma insulin levels during 16-wk experimental period in each group of mice. Data are means £ SEM for five to 11 mice
in each group. (B) Fasting blood glucose during 16-wk experimental period in each group of mice. Data are means = SEM for 11 mice
in each group. (C) Glucose tolerance test at the 16-wk experimental period in each group of mice. Data are means = SEM for seven
mice in each group. (D) Insulin tolerance test at the 16-wk experimental period in each group of mice. Data are means = SEM for seven
mice in each group. *P < 0.05 versus PPAR-y"/* mice on an LFD; TP < 0.05 versus PPAR-y*/™ mice on an HFD.

Table 2. Levels of mRNA expression in the renal cortex at the end of 16-wk experimental period®
PPAR-y*/* Mice PPAR-y*/~ Mice

Parameter
LFD HFD LFD HFD

PPAR-y 0,95 = 0.29 1.21 +0.23° 0.33 £0.13° 051 =0.12
Fibrosis and inflammation

fibronectin 0.85 = 0.16 1.31 = 0.220¢ 0.70 £ 0.29 0.97 £ 0.03

type IV collagen 1.47 £ 0.18 2.10 + 0.355< 1.43 + 0.35 1.39 + 0.21

PAI-1 0.81 = 0.65 2.06 £ 0.37° 0.88 = 1.22 0.98 £ 0.74

MCP-1 2.95 +1.22 5.73 x 0.80"< 2.89 +0.78 3.48 = 0.33
Fatty acid synthesis

SREBP-1c 1.66 = 0.80 2.77 £ 0.625¢ 1.55 = 0.71 1.82 = 0.25

FAS 1.56 = 0.56 522 x 2,13%< 1.34 = 1.45 2.45 + 0.88°¢

ACC 0.44 =0.19 3.70 = 1.33%¢ 0.54 £0.34 1.10 £ 0.34¢
Fatty acid oxidation

PPAR-x 1.81 £ 0.99 3.04 = 0.45 1.93 = 0.69 2.11 £ 040

CPT-1 2.82 = 0.98 211 £ 0.87%¢ 2.88 = 0.34 512 £ 0.67¢

ACO 0.84 = 0.15 1.02 = 0.15 1.03 = 0.28 1.14 £ 0.25

MCAD 3.81 £0.79 3.01 £ 0.55 2.93 =149 411 £1.42

"Data are means + SEM; n = 11 in each group. PAI-1, plasminogen activator-1.
bp < 0.05 versus PPAR-y' "™ mice fed HFD.
P < 0.05 versus PPAR-y""* mice fed LFD.

Renal Lipid Accumulation cant differences in renal cholesterol content were observed

Increased renal triglyceride content was observed in PPAR-
v''" mice at 8 and 16 wk of HFD, although no significant
increase was observed at 4 wk of HFD (Figure 4A). Further-
more, HFD-induced increases in renal triglyceride content at 8
and 16 wk of HED were significantly reduced in PPAR-vy' -
mice (Figure 4A). During the experimental period, no signifi-
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_ among the four groups (Figure 4B). Qil-Red O staining of kid-
ney sections in the four groups revealed that HFD caused
marked neutral lipid accumulations in both the glomerular
and tubulointerstitial lesion (Figure 5, B and F). These accu-
mulations were markedly decreased in PPAR-y' '™ mice (Fig-
ure 5, D and H). In both PPARy"’* and PPARY"’™ on an
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Figure 2. Twenty-four-hour urinary albumin excretion during the
16-wk experimental period in each group of mice. Data are
means = SEM for six to 11 mice in each group. *P < 0.05 versus
PPAR-y*’* mice on an LFD; TP < 0.05 versus PPAR-y*/~ mice on
an HFD.

LFD, these renal neutral lipid accumulations were not ob-
served (Figure 5, A, C, E, and G).

Renal Lipid Metabolism

Sterol regulatory element-binding protein-1c (SREBP-1¢) is a
transcriptional factor that regulates the transcriptional activity
of the enzymes that are involved in lipogenesis, fatty acid syn-
‘thase (FAS) and acetyl-CoA carboxylase (ACC).!72In the kid-
neys from all four groups, we measured the mRNA expressions
of SREBP-1¢, FAS, and ACC at 4 and 16 wk. The mRNA ex-
pression levels of these molecules were increased in the kidneys
of PPAR-vy*"" mice on an HFD at both time points (Tables 2
and 3). However, these changes were not observed in PPAR-
y‘ " mice (Tables 2 and 3). Furthermore, under an HFD, ACC
protein content was increased in the kidneys of PPAR-**
mice at 16 wk but not in PPAR—y"/"“ mice (Figure 6, A and B).

We next measured the mRNA expression levels of the mol-
ecules that are involved in lipolysis. Atboth 4 and 16 wk, we did
not observe any differences in mRNA expression levels of
PPAR-q, acyl-CoA oxidase, (ACO), and acyl-COA dehydroge-
nase (MCAD) in the kidneys among the four groups (Tables 2
and 3). However, at both 4 and 16 wk of HFD, a significant
decrease in mRNA expression of carnitine palmitoyl trans-
ferase-1 (CPT-1) in the kidney of PPAR-y""‘L niice was ob-
served, although this was not found in PPAR-y" ™ mice (Ta-
bles 2 and 3).

The 5’ AMP-activated protein kinase (AMPK) phosphory-
lates and inactivates ACC, resulting in a decrease in intracellu-
lar level of malonyl-CoA, thereby relieving inhibition of CPT-1
activity and accelerating lipolysis.” Phosphorylation of both
AMPKe(Thr172) (Figure 6, A and C) and ACC(Ser79) (Figure
6, A and D) were significantly decreased in the kidneys of
PPAR-y*"" mice onan HFD at 16 wk. In contrast, these HFD-
induced decreases in phosphorylation of AMPKa(Thr172)
(Figure 6, A and C) and ACC(Ser79) (Figure 6, A and D) were
not observed in the PPAR-y"/™ mice.

2718 Journal of the American Society of Nephrology
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Figure 3. (A through D) Representative photomicrographs of
PAS-stained kidney sections from mice in each group. (E through
H) Representative photomicrographs of glomeruli of kidney sec-
tions immunostained for fibronectin. (| through L) Representative
photomicrographs of interstitium of kidney sections immuno-
stained for fibronectin. (M) Quantitative analysis of mesangial area
from 20 glomeruli per mouse. Data are means = SEM for 11 mice
in each group. (N) Quantitative analysis of fibronectin score from
20 glomeruli per mouse. Data are means = SEM for 11 mice in
each group. (O) Quantitative analysis of fibronectin score from 20
random fields per mouse. Data are means = SEM for 11 mice in
each group. *P < 0.05 versus PPAR-y™’* mice on an LFD; 'P <
0.05 versus PPAR-y*’~ mice on an HFD. Magnifications: X400 in
A through H; X200 in | through L.

DISCUSSION

Here, we show that HFD induces the alteration of renal lipid
metabolism by an imbalance between lipogenesis and lipolysis
in the kidney per se, as well as systemic metabolic abnormalities
and subsequent renal lipid accumulation and renal injury. Fur-
thermore, these renal involvements under an HFD are amelio-
rated in insulin-sensitive PPAR-y*'™ mice.

Recently, HFD was reported to induce renal injury, al-
though the exact mechanisms have not been fully clarified.'*3¢
Several reports have suggested that renal lipid accumulation,
lipotoxicity, is associated with the development of such renal
injury.' It is interesting that our results show that HFD in-
duces systemic metabolic abnormalities such as insulin resis-
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Figure 4. Triglyceride (A) and cholesterol (B} contents in the
kidneys of mice in each group. Data are means = SEM for five to
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Figure 5. (A through H) Representative photomicrographs of
Oil-Red O-stained kidney sections in each group of mice. Mag-
nifications: X200 in A through D; X400 in E through H.

tance during 4 wk of HFD and subsequent renal lipid accumu-
lation during 8 wk of HED and finally renal injury at 16 wk of
HFD. Furthermore, these HFD-induced renal involvements
are ameliorated in insulin-sensitive PPAR-y "' mice. These
results suggest that lipotoxicity in the kidney could be one of
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the important mechanisms for the development of renal injury
associated with metabolic syndrome,

To date, the precise mechanisms for renal lipid accumula-
tion have not been fully determined. However, there isgrowing
evidence that the increased renal lipogenesis plays a role in the
pathogenesis of renal injury.!»132526 Therefore, we investi-
gated whether HFD increases renal mRNA expression levels of
SREBP-1¢, FAS, and ACC, which are involved in lipogenesis.
Similar to previous reports, 11132526 mRNA expressionlevels of
these molecules were increased in the kidneys of PPAR-y™'*
mice during 4 wk of HFD, whereas these were not observed in
the kidneys of insulin-sensitive PPAR-y"/~ mice. Therefore,
we can show that the increase in renal lipogenesis is observed
from the early stage of HFD, before neutral lipid accumulation
in the kidney. These observations provide further evidence that
the accelerated renal lipogenesis contributes to the develop-
ment of renal lipid accumulation under insulin resistance.

In addition to renal lipogenesis, we examined the effects of
HED on renal lipolysis to determine its role in the development
of renal lipid accumulation. Our results showed that mRNA
expression levels of CPT-1, which is one of the key enzymes
involved in lipolysis, were significantly decreased during the 4
wk of HED but not in PPAR-y"'™ mice. These results suggest
that renal lipolysis decreases under insulin resistance, which
may contribute to renal lipid accumulation. PPAR-«also reg-
ulates lipolysis in various tissues.2” However, we failed to find
significant differences of renal mRNA expression levels of
PPAR-a among the four groups. Furthermore, we could not
observe differences of renal mRNA expression of ACO and
MCAD, which are transcriptional target molecules of PPAR- .
These results suggest that HFD might not affect mRNA expres-
sion of PPAR-« or activity of PPAR-« in this mouse model of
metabolic syndrome.

In this study, we found decreased renal mRNA expression
levels of CPT-1, although those of ACO, MCAD, and PPAR-«
were not changed, in PPAR-y™'* mice on an HFD. We there-
fore focused on the activity of the AMPK pathway to explore
this discrepancy, because this pathway is a key regulator of
intracellular lipid metabolism in other tissues®* and because
activated AMPK inactivates ACC, resulting in a decrease in
malonyl-CoA, with subsequent release of inhibition of CPT-1
expression levels and acceleration of lipolysis.* Under an
HFD, phosphorylation of AMPKa(Thrl72) and ACC(Ser79)
was significantly decreased in the kidneys of PPAR-y"'" mice
but not in the kidneys of PPAR-y™'™ mice. These results sug-
gest that decreased AMPKa activity in the kidney under an
HFD could increase the activity of ACC and intracellular ma-
lonyl-CoA content, resulting in the decreases in renal mRNA
expression of CPT-1. These results could provide newevidence
that a decrease in lipolysis via inhibiting the AMPK-CPT-1
pathway but not PPAR-a could contribute to renal lipid accu-
mulation under an HFD. Furthermore, these results suggest
that posttranslational activation of ACC by inhibiting AMPK
activity under an HFD might contribute to the acceleration of
renal lipogenesis, as well as increased renal expression of ACC.

Role of Renal Lipid Metabolism 2719
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Table 3. Levels of mRNA expression in the renal cortex at 4 wk®

PPAR-y*/* Mice

PPAR-y*/~ Mice

Parameter
LFD HFD LFD HFD

Fatty acid synthesis

SREBP-1c¢ 1.21 = 0.10 2.93 = 0.31°¢ 1.29 = 0.10 1.69 £ 0.16

FAS 1.54 = 0.15 3.38 = 0.67°¢ 1.63 £ 0.17 1.72 £0.15

ACC 0.57 x 0.07 1.06 = 0.178¢ 0.59 = 0.04 0.69 £ 0.13
Fatty acid oxidation

PPAR-c 213 £ 0.61 3.13 £ 0.60 218 £ 0.24 278 £ 0.34

CPT-1 3.20 = 0.29 2.03 = 0.47°¢ 3.04 £0.35 277 2020

ACO 0.91 = 0.22 1.09 £ 0.22 1.02 = 0.28 0.90 = 0.13

MCAD 3.56 £ 1.89 3.89 = 1.10 445 x 214 3.95 =150

“Data are means * SEM; n = 5 to 6 in each group.
Bp 2 Q.05 versus PPAR-y"/™ mice fed LFD.
“P < 0.05 versus PPAR-y' '™ mice fed HFD.

In this study, we show that the improvements of systemic
metabolic abnormalities result in the attenuation of HFD-in-
duced renal lipid accumulation and renal injury with the im-
provement of renal lipid metabolism in PPAR-y*'™ mice. We
previously reported that moderate reduction of PPAR-y activ-
ity could decrease local lipid accumulation in the liver and
skeletal muscle in PPAR-y"'" mice.20 These results raise the
question of whether the reduction of PPAR-y activity could
directly affect the improvement of renal lipid metabolism in
the kidneys of PPAR-y™'~ mice on an HFD. Liver-specific
PPAR-vy disruption could attenuate steatohepatitis with the
reduction of lipid accumulation in leptin-deficient mice.”®
Also, deletion of PPAR-vy in adipose tissues of mice protects
against HFD-induced adipocyte hypertrophy, which inhibits
obesity and insulin resistance.?” These reports suggest that a
reduction of PPAR-y activity may inhibit various diseases that
are associated with local lipid accumulation in various periph-
eral tissues, including kidney. However, our study does not
provide enough evidence to clarify whether PPAR-y deficiency
in the kidney directly regulates renal lipid metabolism, as well
as other peripheral tissues.2®2 Further studies are required to
determine the direct effects of PPAR~y activity on renal lipid
metabolism.

Several investigators have reported that PPAR-+y agonists
can protect against the various types of renal injury through
their anti-inflammatory and antifibrotic effects.?*=>2 In
contrast, our results showed that systemic reduction of
PPAR-+y expression could improve HFD-induced renal in-
jury. We therefore suggest that both PPAR-y agonists and
PPAR-v insufficiency in the absence of ligands can protect
against renal injury that is associated with glucose and lipid
metabolism abnormalities, at least in part, through the at-
tenuation of both systemic and renal lipid metabolism. Fur-
thermore, several reports show that PPAR-y recruits other
transcriptional co-repressor complexes in the absence of
ligand and that these co-repressors are capable of down-
regulating PPAR-y-mediated transcriptional activity.?3¢
This might be another mechanism through which both li-
gand binding to PPAR-yand ligand-free PPAR-y deficiency
could promote renal protection.
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Here, we present evidence that HFD causes renal lipid ac-
cumulation and renal injury with increased renal lipogenesis
and decreased renal lipolysis, whereas these abnormalities are
attenuated in insulin-sensitive PPAR-y*'~ mice. These results
suggest that the improvement of an imbalance between renal
lipogenesis and lipolysis results in a reduction of renal lipid
accumulation and subsequent attenuation of renal injury un-
der insulin resistance. Therefore, we propose that attenuation
of renal lipid metabolism could serve as a new therapeutic
strategy to prevent the development of CKD in metabolic syn-
drome.

CONCISE METHODS

Animal Models

PPAR-y™'~ mice were generated as described previously.?! Six-
week-old mice were housed in box cages, maintained on a 12-h
light/12-h dark cycle, and fed an LED (10% of kilocalories from
fat) or HFD (45% of kilocalories from fat) obtained from Research
Diets (New Brunswick, NJ) for 16 wk. At the end of 16-wk period,
body weight, BP, and blood glucose were measured. BP of con-
scious mice was measured at a steady state with a programmable
tail-cuff sphygmomanometer (BP98-A; Softron, Tokyo, Japan).
Mice were placed in metabolic balance cages for 24-h urine collec-
tion to measure albumin concentration. Mice were anesthetized
and perfused as described previously.'* The right kidney was em-
bedded in paraffin for PAS staining and immunohistochemistry or
was frozen for Oil-Red O staining. Total RNA and protein were
extracted from the remaining renal cortex of the left kidney. The
Research Center for Animal Life Science of Shiga University of
Medical Science approved all experiments.

Antibodies

Anti-phospho-acetyl CoA carboxylase(Ser79) was obtained from
Upstate Cell Signaling (Lake Placid, NY). Anti-phospho-
AMPK(Thr172), anti-AMPKa(23A3), and anti-ACC were from
Cell Signaling Technology (Beverly, MA).

J Am Soc Nephrol 18: 2715-2723, 2007
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Figure 6. (A} Representative immunoblots of phospho-
AMPKa{Thr172), AMPKa, phospho-ACC(Ser79), and ACC in the
protein extractions from renal cortex of mice in each group.
B-Actin was loaded as an intemal control. (B) Quantitative analysis
of ACC protein expression. (C) Quantitative analysis of phospho-
AMPKa{Thr172). (D) Quantitative analysis of phospho-
ACC(Ser79). Data are means + SEM for five to eight mice in each
group. *P < 0.05 versus PPAR-y™/" mice on an LFD; TP < 0.05
versus PPAR-y*/™ mice on an HFD.

Blood and Urine Analysis
Cholesterol or triglycerides were measured using the cholesterol ClI
kit or L type TG H kit (Wako Chemicals, Richmond, VA). Plasma
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insulin was determined using an ELISA (Exocell, Philadelphia, PA).
Plasma leptin, MCP-1, and TNF-« were assayed with the immunoas-
say kit (R&D Systems, Minneapolis, MN). Plasma adiponectin was
determined with a mouse-specific ELISA kit (Linco Research, St.
Charles, MO). Urinary albumin excretion was measured with a
mouse-specitic sandwich ELISA system (Albuwell; Exocell) and was
expressed as total amount excreted in 24 h.

Protein Extraction and Western Blot Analysis

The renal cortex was homogenized in an ice-cold lysis buffer contain-
ing 150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 8.0), 0.1% SDS, 1%
Nonidet P-40, and protease inhibitor cocktail (Boehringer Mann-
heim, Lewes, UK). These samples were resolved by 10% SDS-PAGE
and transferred to polyvinylidene fluoride membranes (Immobilon,
Bedford, MA). The membranes were incubated with the appropriate
antibodies, washed, and incubated with horseradish peroxidase-c-
oupled secondary antibodies (Amersham, Buckinghamshire, UK).
The blots were visualized by using an enhanced chemiluminescence
detection system (Perkin Elmer Life Science, Boston, MA).

A

RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated from the renal cortex based on the TRIzol
protocol (Invitrogen Life Technologies, Carlsbad, CA). ¢cDNA was
synthesized using reverse transcript reagents (Takara, Otsu, Japan).
iQSYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA) was
used for real-time PCR {ABI Prism TM 7500 Sequence Detection
System; Perkin-Elmer Applied Biosystems). The levels of mRNA ex-
pression of these molecules were quantified using standard curve
method. Standard curves were constructed using serially diluted stan-
dard template. C, value was used to compute the levels of mRNA
expression from the standard curve. Analytical data were adjusted
with the levels of mRNA expression of B-actin as an internal control.
Primers used are described in Table 4.

Lipid Extraction and Analysis

Total lipid was extracted from the renal cortex by the method of Bligh
and Dyer.?s Triglyceride and cholesterol contents were determined as
described previously.

Morphologic Analysis

Fixed kidneys were embedded in paraffin, sectioned (3-pm thick),
and then stained with PAS reagent as described previously.** From
each mouse, 20 glomeruli cut at their vascular poles were used for
morphometric analysis. The extent of the mesangial matrix (defined
as mesangial area) was determined by assessment of the PAS-positive
and nucleus-free area in the mesangium using a computer-assisted
color image analyzer (LUZEX F; Nikon, Tokyo, Japan). Immunohis-
tochemical staining was performed with fibronectin-specific poly-
clonal anti-mouse antibody (A852/R5H; Biogenesis, Poole, UK). For
evaluation of immunostaining for fibronectin, the percentages of area
stained for fibronectin were graded as follows: 0, staining absent to
5%; 1, 5 to 25%; 2, 25 to 50%; 3, 50 to 75%; and 4, >75%.7° An
investigator who was masked to sample identity performed the image
analysis. Frozen sections were used for Oil-Red O staining, as previ-
ously reported.!!
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Table 4. Primer sequences for real-time PCR

Primer Forward Reverse
B-actin CGTGCGTGACATCAAAGAGAA TGGATGCCACAGGATTCCAT
Fibronectin GCAAGCCAGTTTCCATCAAT CATTTTTGEGAGTGGTGCTCA
Type IV collagen TACCTGCCACTACTTCGCTAAC CGGATGGTGTGCTCTGGARG
PAI-1 GGACACCCTCAGCATGTTCA TCTGATGAGTTCAGCATCCAAGAT
MCP-1 GCCCCACTCACCTGCTGCTACT CCTGCTGCTGGTGATCCTCTTGT
SREBP-1c GGAACCATGGATTGCACATT AGGAAGGCTTCCAGAGAGGA
FAS CCTGGATAGCATTCCGAACCT AGCACATCTCGAAGGCTACRCA
ACC CCCAGCAGAATAAAGCTACTTTGG TCCTTTTGTGCAACTAGGAACGT
CPT-1 ACCACTGGCCGAATGTCAAG AGCGAGTAGCGCATGGTCAT
PPAR« CTGCAGAGCAACCATCCAGAT GCCGAAGGTCCACCATTTT
PPARY CACAATGCCATCAGGTTTGG GCTGGTCGATATCACTGGAGATC
ACO GGCCAACTATGGTGGACATCA ACCAATCTGGCTGCTGCACGAA
MCAD TAATCGGTGAAGGAGCAGGTTT GGCATACTTCGTGGCTTCCT

Glucose Tolerance Test and Insulin Tolerance Test

For glucose tolerance tests, mice were fasted overnight for 14 h fol-
lowed by intraperitoneal glucose injection (1 gfkg body wt). Blood
glucose was measured using tail blood collected at 0, 15, 30, 60, and
120 min after the injection.” For insulin tolerance tests, mice were
administered an injection of human regular insulin (Novolin R; Novo
Nordisk, Clayton, NC) at 0.75 Urkg body wt intraperitoneally after a
6-h fast, and blood glucose was measured at 0, 15, 30, and 60 min.*

Statistical Analyses

Results are expressed as means * SEM. ANOVA with subsequent
Scheffe test was used to determine the significance of differences in
multiple comparisons. P < 0.05 was considered statistically signifi-
cant.
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Abstract Adiponectin is an abundantly expressed adipokine in
adipose tissue and has direct insulin sensitizing activity. A
decrease in the circulating levels of adiponectin by interactions
between genetic factors and environmental factors causing obes-
ity has been shown to contribute to the development of insulin
resistance, type 2 diabetes, metabolic syndrome and atheroscle-
rosis. In addition to its insulin sensitizing actions, adiponectin
has central actions in the regulation of energy homeostasis.
Adiponectin enhances AMP-activated protein kinase activity in
the arcuate hypothalamus via its receptor AdipoR1 to stimulate
food intake and decreases energy expenditure. We propose a
hypothesis on the physiological role of adiponectin: a starvation
gene in the course of evolution by promoting fat storage on
facing the loss of adiposity.

© 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.

Keywords: Adiponectin; Adipoectin receptor; Metabolic
syndrome; AMP-activated protein kinase (AMPK); Energy
homeostasis; Starvation gene

1. Introduction

Obesity-linked insulin resistance is a key feature of type 2
diabetes, metabolic syndrome and cardiovascular diseases
[32,29,11]. White adipose tissue (WAT) has been recognized
as an important endocrine organ that secretes a number of bio-
logically active ‘adipokines’ [10,42,34,24]. Dysregulation of
these adipokines have been shown to affect insulin sensitivity
through modulation of insulin signaling pathway such as phos-
phorylation of the insulin receptor substrate (IRS) proteins
(e.g. IRS1 and IRS2) [10} and the molecules involved in glu-
cose and lipid metabolism in the peripheral tissues such as liver
and skeletal muscle [33]. Of these adipokines, adiponectin has
recently attracted much attention because of its antidiabetic
and antiatherogenic effects [39,3.4.8.12,30,13]. Indeed, a de-
crease in the circulating levels of adiponectin by interactions
between genetic factors and environmental factors causing
obesity has been shown to contribute to the development of

*Corresponding author. Address: Department of Metabolic Diseases,
Graduate School of Medicine, University of Tokyo, Tokyo, Japan.
E-mail address: kadowaki-3im@h.u-tokyo.ac.jp (T. Kadowaki).

insulin resistance, type 2 diabetes, the metabolic syndrome
and atherosclerosis (Fig. 1) [12,13]. .

In addition to these peripheral actions, adipokines have also
been reported to have central actions in the regulation of en-
ergy homeostasis. Leptin binds is known to bind to the leptin
receptor (LRb) in the hypothalamus and activates JAK2 (Ja-
nus kinase 2)-STAT3 (signal transducer and activator of tran-
scription 3) and phosphatidylinositol-3 kinase (PI3K) pathway
to increase metabolic rate and sympathetic tone and suppress
feeding, thereby decreasing body weight [7]. Moreover, leptin
has been reported to inhibit AMP-activated protein kinase
(AMPK) activity in the hypothalamus and suppress food in-
take [28]. Recently, like leptin, adiponectin has been demon-
strated to play an important role in the central nervous
system (CNS). Adiponectin was shown to be present in the
CSF of rodents [31,22] and human [23,19,6] and to enter the
CSF from the circulation [31.22]. Moreover, the adiponectin
receptors adipoR1 and adipoR2 [40] were found to be ex-
pressed in the hypothalamus and brain endothelial cells
[35.22].

In this Review, we outline the recent progress in research on
the physiological and pathophysiological role of adiponectin
and adiponectin receptors in the peripheral tissues and CNS.
Since the length of this Review is limited, we recommend that
readers also consult other recent reviews on adiponectin re-
search [4,12,13,30].

2. Cloning, function, and regulation of adiponectin receptors

In order to understand the molecular mechanism of adipo-
nectin action, we isolated cDNA for human adiponectin recep-
tors [40]. The cDNA encoded a protein designated adiponectin
receptor 1 (AdipoR1) [40]. This protein is structurally
conserved from yeast to humans (especially in the 7 transmem-
brane domains). Interestingly, the yeast homologue
(YOLO002c) plays a key role in metabolic pathways that regu-
late lipid metabolism, such as fatty acid oxidation [14]. More-
over, we found a gene that was significantly homologous (67%
amino acid identity) with AdipoR1, which was termed Adi-
poR2 [40]. AdipoR1 is ubiquitously expressed, including in
skeletal muscle and liver, whereas AdipoR2 is most abun-
dantly expressed in the liver. AdipoR1 and AdipoR2 appear
to be integral membrane proteins; the N-terminus is internal
and the C-terminus is external-opposite to the topology of

0014-5793/$32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Decrease in the circulating levels of adiponectin by interactions between genetic factors and environmental factors causing obesity has been
shown to contribute to the development of insulin resistance, type 2 diabetes, the metabolic syndrome and atherosclerosis [12].

all other reported G protein-coupled receptors (GPCRs) [40].
Expression of AdipoR1 and AdipoR2 or suppression of Adi-
poR1 and AdipoR2 expression supports our conclusion that
AdipoR1 and AdipoR2 serve as receptors for globular and
full-length adiponectin and mediate increased AMPK, PPARa
and p38 MAP kinase activities as well as fatty-acid oxidation
and glucose uptake by adiponectin.

Recently, a two-hybrid study revealed that the C-terminal
extracellular domain of AdipoR! interacted with adiponec-
tin, whereas the N-terminal cytoplasmic domain of Adi-
poR1 interacted with APPL (adaptor protein containing
pleckstrin homology domain, phosphotyrosine-binding do-
main, and leucine zipper motif) [26]. Moreover, interaction
of APPL with AdipoR1 in mammalian cells was stimulated
by adiponectin binding, and this interaction appeared to
play an important role in adiponectin-mediated AMPK acti-
vation and downstream effects [26].The expression levels of
both AdipoR1 and AdipoR2 were significantly decreased
in insulin-resistant ob/ob mice, probably in part because of
obesity-linked hyperinsulinaemia [36]. Moreover, adiponec-
tin-induced activation of AMPK was significantly decreased,
for example, in the skeletal muscle of ob/ob mice, suggesting
that adiponectin resistance is present in oblob mice [36].
Thus, obesity decreases not only plasma adiponectin levels
but also AdipoR1/R2 expression, thereby causing adiponec-
tin resistance and leading to insulin resistance, which in
turn aggravates hyperinsulinaemia, forming a ‘vicious cycle’
[36].

3. Expression of adiponectin receptors in the liver ameliorated
diabetes

Consistent with the data in obfob mice, expression levels of
AdipoR1 or AdipoR2 were decreased to approximately 65%
or 55%, respectively, in the liver of db/db mice as compared
with wild-type mice. To determine the role of decreased expres-
sion levels of AdipoRs in the development of the insulin resis-
tance and diabetes observed in obese mice, we studied the
effects of adenovirus-mediated restoration of AdipoR1 expres-
sion in db/db mice. In fact, adenovirus-mediated overexpres-
sion of AdipoR1 or AdipoR2 in the liver of db/db mice
significantly improved insulin resistance and diabetes in db/
db mice [41].

3.1. AdipoRI increases AMPK activation by adiponectin in liver

Expression of AdipoR1 resulted in significantly increased
activation of AMPK in the liver by adiponectin, whereas
expression of AdipoR2 did not. Activation of AMPK in the
liver has been reported to reduce the expression of genes
encoding hepatic gluconeogenic enzymes such as glucose-6-
phosphatase (G6pc) and phosphoenolpyruvate carboxykinase
1 (PcklI) [25] as well as genes encoding molecules involved in
lipogenesis such as sterol regulatory element binding protein
Ic (SrebfI) [37). In fact, expression of AdipoR1 significantly
decreased the expressions of G6pc, Pckl and Srebf] in the liver
of dbldb mice, which may be among mechanisms by which res-
toration of AdipoR1 in the liver reduced endogenous glucose
production (EGP), apparently increased glucose infusion rate
(GIR) and improved diabetes [41]. In contrast, expression of
AdipoR2 had little effects on the expression levels of Gépc,
Pckl or Srebfl. These results suggested that AdipoR1 may
be more involved in the activation of AMPK by adiponectin
than AdipoR2 in liver in vivo [41].

3.2. AdipoR2 increases PPARu. target genes in liver
Expression of AdipoR2 significantly increased the expres-
sion of genes encoding molecules involved in glucose uptake
such as glucokinase (Gck) [27], unlike the molecules involved
in gluconeogenesis, which appeared to be one possible mech-
anism by which AdipoR2 expression in the liver apparently
increased GIR and improved diabetes. On the other hand,
expression of AdipoR1 had little effect on the expression lev-
els of Gek. Expression of AdipoR2 in liver of db/db mice in-
creased PPAR«a (Ppara) itself [41] and its target genes [10]
such as Acox! (acyl-CoA oxidase) and Ucp2 (uncoupling
protein 2), whereas expression of AdipoR! in liver of db/
db mice had little effects on PPARo itself and its target
genes such as AcoxI and Ucp2. These observations suggested
that AdipoR2 may be more involved in activation of the
PPARo pathways than AdipoR1. Adenovirus-mediated
expression of AdipoR1 or AdipoR2 in the liver of db/db
mice significantly increased fatty-acid oxidation, and tended
to decrease hepatic triglyceride content, which may be one
mechanism by which expression of AdipoR1 or AdipoR2
in the liver improved insulin resistance and diabetes [41]
(Fig. 2). The present data suggest that down-regulation of
AdipoR1 and AdipoR2 in obesity plays causal roles, at least
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Fig. 2. AdipoR1 appears to mediate its biological effects via AMPK, whereas AdipoR2 appears to mediate them via PPARa.

in part, in the development of insulin resistance and
diabetes.

4. AdipoR1 and AdipoR2 serve as the major adiponectin receptor
in vivo

We generated AdipoRI knockout mice, AdipoR2 knockout
mice and AdipoRI/R2 double knockout mice [41]. AdipoRI
knockout mice showed significantly impaired glucose tolerance
and insulin resistance. EGP was significantly increased and
GIR was significantly decreased in AdipoRI knockout mice
as compared with the wild-type mice. These observations indi-
cate increased hepatic glucose production and insulin resis-
tance in liver of AdipoR1 knockout mice. Although glucose
intolerance was not observed in AdipoR2 knockout mice, plas-
ma insulin levels were found to be significantly higher in the
AdipoR2 knockout mice than in the wild-type mice, suggesting
the presence of insulin resistance in the AdipoR2 knockout
mice. In contrast to AdipoRI knockout mice, EGP was not sig-
nificantly higher in AdipoR2 knockout mice. However, GIR
was significantly decreased, and Rd tended to be decreased
in AdipoR2 knockout mice. AdipoR1/R2 double knockout
mice exhibited significantly impaired glucose tolerance and
insulin resistance. Thefe is a significant elevation of the insulin
resistance index in the AdipoR1/R2 double knockout mice
compared to the AdipoR! knockout mice, and this can be
attributed to the contribution of the AdipoR2 deficiency.
These findings provided the first direct evidence that AdipoR1
and AdipoR2 do indeed play important physiological roles in
the regulation of insulin sensitivity in vivo. Liver is a major tar-
get of adiponectin action [3]. We detected no appreciable
adiponectin specific binding activity in the hepatocytes from
AdipoR1/R2 double knockout mice, indicating undetectable
levels of functional adiponectin receptors in hepatocytes from
AdipoR 1/R2 double knockout mice. Consistent with this, glu-
cose lowering effect of adiponectin was completely abrogated
in AdipoR1/R2 double knockout mice. Thus, AdipoR1 and
AdipoR2 are the major adiponectin receptors in vivo, which
mediate the major, if not the entire, part of adiponectin bind-
ing and adiponectin actions.

5. Adiponectin receptors are present in the hypothalamus, and
adiponectin enters the CSF from the circulation

Since the end of the 19th century, several efforts have been
made to determine the CNS’ role in the regulation of energy
metabolism. In 1953, Gordon Kennedy proposed a “lipostat
theory” that body fat content is maintained by factors secreted
from adipose tissue, as a result of feedback signals arising from
the fat depots that are sensed by the brain [15]. The hormone
leptin circulates in proportion to body fat [2]. Leptin informs
the CNS that adipose stores are expanding and prevents from
accumulating excessive fat storage through coordinated regu-
lation of feeding, metabolism, the autonomic nervous system
and body energy balance. In contrast, no adipokine has been
identified that promotes fat accumulation when energy balance
is disrupted.

AdipoR1 and AdipoR2 [40], were found to be abundantly
expressed in the hypothalamus, and their expression levels
were comparable to those in the liver. In situ hybridization
analysis revealed the expressions of AdipoR! and AdipoR2
as well as the leptin receptor in the ARH. Immunohistochem-
ical analysis revealed colocalization of AdipoR1 and the leptin
receptor in the ARH of C57BL/6 mice. Adiponectin was de-
tected in the CSF of CS57BL/6 mice at approximately 1/
4000th of its concentration in the serum; it was also detected
in the CSF of adiponectin knockout mice [20.21] after intrave-
nous (i.v.) injection of full-length adiponectin administered to
raise the serum adiponectin levels in these mice to approxi-
mately the same levels as in wild-type mice. These findings
indicate that adiponectin does indeed enter the CSF from the
circulation [22]. Adiponectin is known to exist in three forms,
namely, trimers, hexamers, and HMW multimers, in the serum
of wild-type mice. Interestingly, unlike in the serum, only tri-
mers and hexamers, and not HMW multimers, were found in
the CSF of the wild-type mice. In adiponectin knockout mice,
after i.v. injection of full-length adiponectin, all three forms,
i.e., trimers, hexamers, and HMW multimers, were found in
the serum, while only trimers and hexamers, and not HMW
multimers, were found in the CSF. These data indicate that
the distribution of the multimeric forms of adiponectin in the
CSF differs from that in the serum [22]. In wild-type mice,
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while plasma levels of glucose and insulin and serum levels of
leptin increased significantly after refeeding, serum and CSF
adiponectin levels decreased significantly. In addition, the
expression of AdipoR1 in the ARH decreased significantly
after refeeding, whereas that of AdipoR2 remained unchanged.

6. Adiponectin increases AMPK activity in the ARH via
AdipoR1 to stimulate food intake

In view of the increases in adiponectin concentrations in the
serum and CSF and the increases in the AdipoR1 expression
level in the ARH under fasting conditions, adiponectin signals
may be involved in the stimulation of food intake. It has been
* suggested that adiponectin is an orexigenic hormone and that
it may stimulate the phosphorylation of AMPK and acetyl-
CoA carboxylase (ACC), downstream of AMPK, in the hypo-
thalamus [1,9,5.38]. Phosphorylation of AMPK and ACC was
suppressed after refeeding [1,28.38]. Administration of adipo-
nectin increased the phosphorylation of AMPK and ACC.
Next, we investigated whether the enhanced AMPK activation
by adiponectin was mediated by the adiponectin receptors ex-
pressed in the ARH by injecting adeno-AdipoR1 siRNA or
adeno-AdipoR2 siRNA into the ARH, using adeno-LacZ as
a control. The phosphorylation of AMPK and ACC in the
ARH was significantly suppressed in the adeno-AdipoR1 siR-
NA-treated mice as compared with the adeno-LacZ-treated
mice under fasting conditions. After refeeding, phosphoryla-
tion of AMPK and ACC was also suppressed in the control
group treated with adeno-LacZ, and this was reversed by the
administration of adiponectin. However, in the animals in
which AdipoR1 expression in the ARH was decreased by
treatment with AdipoR1 siRNA, adiponectin failed to reverse
the suppression of AMPK and ACC phosphorylation ob-
served after refeeding. On the other hand, when AdipoR2
expression in the ARH was reduced by the administration of
AdipoR2 siRNA, the suppression of AMPK and ACC phos-
phorylation after refeeding was still reversed by adiponectin.
These findings suggest that adiponectin directly activates
AMPK in the ARH via AdipoR 1, but not AdipoR2. Since in-
creased AMPK activity in the ARH has been shown to stimu-
late food intake {9.28,5], we then investigated the effect of
adiponectin on food intake. Food intake after refeeding was
significantly lower than after fasting, as the AMPK and
ACC phosphorylation levels decreased. Adiponectin injection
significantly increased food intake after refeeding, as the
AMPK and ACC phosphorylation levels increased. In the
mice in which AdipoR1 expression in the ARH was decreased
by treatment with AdipoR1 siRNA, the stimulation of food in-
take by adiponectin injection was blunted. On the other hand,
in the mice in which AdipoR2 expression in the ARH was de-
creased by treatment with AdipoR2 siRNA, no such blunting
of the effect of adiponectin injection was observed. These find-
ings suggest that adiponectin stimulates food intake via Adi-
poR1 in the ARH. Next, in order to investigate whether the
stimulation of food intake induced by adiponectin is actually
mediated by AMPK, dominant-negative AMPK (D/N-
AMPK) was expressed in the ARH, and the amount of food
intake was measured. In the control group treated with LacZ,
the amount of food consumed after adiponectin injection was
significantly higher than after saline injection. In contrast, in
the group treated with D/N-AMPK, the stimulation of food
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intake by the adiponectin injection was blunted, suggesting
that adiponectin has a central action of stimulating food intake
by activating AMPK in the ARH. In addition to regulating
food intake, AMPK in the hypothalamus is also thought to
regulate energy expenditure [9,5,17]. Examination of the effect
of adiponectin on energy expenditure revealed that oxygen
consumption was significantly decreased by adiponectin. Con-
sistent with these findings, expression of uncoupling protein 1
(UCP1) in brown adipose tissue (BAT) was significantly de-
creased after i.v. injection of adiponectin. We then adminis-
tered the hexameric form of adiponectin, the predominant
form in the CSF, directly into the lateral cerebral ventricles
and examined the direct effects of adiponectin in order to rule
out the possibility that the actions of adiponectin on the
peripheral organs participate in the AMPK activation in the
ARH and stimulation of food intake. The suppression of
AMPK and ACC phosphorylation after refeeding was indeed
reversed by intracerebroventricular (i.c.v.) administration of
the hexameric form of adiponectin. Intracerebroventricular
injection of the hexameric form of adiponectin also signifi-
cantly stimulated food intake after refeeding, along with
increasing the AMPK and ACC phosphorylation levels. More-
over, oxygen consumption was significantly decreased follow-
ing i.c.v. injection of the hexameric form of adiponectin.
Intravenous injection of adiponectin decreased energy expen-
diture and UCPI1 expression in BAT. Taken together, these
findings indicate that adiponectin directly regulates AMPK
activity in the ARH and food intake.

Scherer’s group has generated adiponectin-transgenic ob/ob
mice that show serum adiponectin levels 2-3-fold higher than
ob/ob mice [18]. These mice also show markedly increased
body weight due to decreased energy expenditure, as mani-
fested by lower body temperature and lower oxygen consump-
tion, consistent with our observations that adiponectin
decreases energy expenditure.

7. Adiponectin knockout mice exhibit decreased AMPK activity
in the ARH, increased oxygen consumption, and greater loss
of fat during fasting

In order to further elucidate the physiological role of adipo-
nectin in the CNS, we investigated the effects of adiponectin
deficiency on AMPK activity, food intake, and energy homeo-
stasis in adiponectin knockout mice. AMPK phosphorylation
in the ARH was significantly syppressed in adiponectin knock-
out mice after fasting. Expression of neuropeptide Y (NPY) in
the ARH after fasting was also significantly lower in adiponec-
tin knockout mice, while the expression of pro-opiomelanocor-
tin (POMC) in the ARH was increased after fasting in these
mice. Consistent with the decreased AMPK activity and de-
creased NPY expression in the ARH, adiponectin knockout
mice consumed significantly more oxygen than their wild-type
littermates under fasting conditions. Expression of UCPI in
BAT was significantly increased in adiponectin knockout mice
as compared with wild-type mice. Moreover, despite the adipo-
nectin deficiency, AMPK phosphorylation in skeletal muscle
was significantly increased in adiponectin knockout mice com-
pared to their wild-type littermates. These increases in UCPI
expression and AMPK phosphorylation, which may account
for the increased energy expenditure in adiponectin knockout
mice, cannot be explained by the peripheral actions of adipo-
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nectin but may presumably be explainable by its central ac-
tions. Despite the similar body weight of wild-type and adipo-
nectin knockout mice, body fat mass, as measured by dual
energy X-ray absorptiometry (DEXA), was significantly lower
in adiponectin knockout mice than in wild-type mice. The

reduction in visceral and subcutaneous fat mass after fasting -

was greater in adiponectin knockout mice than in wild-type
mice.

8. Adiponectin knockout mice exhibit reduced food intake and
increased oxygen consumption and appear to be protected
from high-fat diet-induced obesity

Adiponectin knockout mice were found to be more resistant
to high-fat diet (HFD)-induced obesity than wild-type mice.
The visceral WAT mass and subcutaneous WAT mass were
both significantly smaller in adiponectin knockout mice fed a
HFD. Histological analysis of WAT and quantitation of adi-
pocyte size in the mice revealed significantly smaller adipocytes
in adiponectin knockout mice than in wild-type mice. Addi-
tionally, after 2 weeks of HFD, when the two groups were
indistinguishable by body weight, we examined AMPK and
ACC phosphorylation status, AdipoR1 and AdipoR2 expres-
sion, food intake, and oxygen consumption in the two groups.
AMPK and ACC phosphorylation in the ARH was signifi-
cantly suppressed in adiponectin knockout mice after fasting,
although the expression levels of AdipoR1 and AdipoR2 in
the ARH were not significantly different between the two geno-
types. Daily food intake was significantly lower in adiponectin
knockout mice than in wild-type mice, and oxygen consump-
tion was significantly greater.

9. Physiological and pathophysiological roles of adiponectin

These findings have brought new insights on adiponectin as
an appetite stimulator, longer-term fat modulator, and a star-
vation signal. We propose a hypothesis that adiponectin regu-
lates food intake in coordination with leptin. Under fasting
conditions, the adiponectin signal in the ARH increases; con-
sequently, hypothalamic AMPK is activated, which stimulates

Skeletal muscle
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food intake. After food consumption, on the other hand, the
leptin signal in the ARH increases; consequently, hypotha-
lamic AMPK activity decreases, resulting in reduced food in-
take. Thus, the leptin signal is regulated inversely in relation
to adiponectin-signal in the hypothalamus. Adiponectin en-
hances hypothalamic AMPK activity and food intake, as op-
posed to the action of leptin.

In addition to the regulation of food intake, adiponectin and
leptin may also participate in the maintenance of energy
homeostasis. Several gut-derived hormones, such as ghrelin
and insulin, have been discovered as the modulator of energy
balance, which primarily act on appetite. Adipokines appear
to be also involved in this; they mainly regulate body fat mass
as the long-term modulator of energy balance. On facing the
loss of adiposity, the adiponectin signal increases and leptin
signal decreases in the ARH; consequently, hypothalamic
AMPK is activated, which suppresses energy expenditure, pro-
moting fat storage. On facing the excessive adiposity, on the
other hand, the adiponectin signal decreases and the leptin sig-
nal increases in the ARH; consequently, hypothalamic AMPK
activity decreases that stimulates energy expenditure, inhibit-
ing fat accumulation. Thus the fundamental roles of leptin
and adiponectin seem to be to preserve an adequate fat reserve:
leptin acts as a satiety signal, and adiponectin acts as a starva-
tion signal. These observations support the lipostat theory,
and adiponectin is the first-identified adipokine that contrib-
utes to fat accumulation in response to depletion of adiposity

(Fig. 3).
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Fig. 3. Body fat content is maintained by factors secreted from
adipose tissue, as a result of feedback signals arising from the fat
depots that are sensed by the brain.
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thus further worsening obesity, metabolic syndrome and type 2 diabetes.
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Fig. 5. Adiponectin serves as a starvation gene. Adiponectin inhibits energy expenditure, promotes food intake centrally, and stimulates FFA

utilization in peripheral tissues.

Once this energy regulation is disrupted, obesity begins to
develop. Under an excessive fat reserve, serum adiponectin lev-
els are decreased. The HMW form of adiponectin is known to
be most active [13] and does not enter the CSF [23.22]. Under
an obese condition, serum adiponectin levels, especially of ac-
tive HMW multimers, are reported to decrease in an obese
individual and murine models, which decreases muscle and he-
patic AMPK activity and fatty acid combustion, exacerbating
insulin resistance. In the CNS, on the other hand, although a
HMW form of adiponectin in serum decreases under an obese
condition, trimers and hexamers are present, maintaining the
serum adiponectin levels relatively stable in the CSF. Thus,
hypothalamic AMPK activity is not suppressed, not decreas-
ing food intake and energy expenditure. This results in worsen-
ing obesity, metabolic syndrome and type 2 diabetes (Fig. 4).

Lastly, let us consider the role of adiponectin in the history.
During the course of evolution, starvation signals were essen-
tial for the survival of an organism. Adiponectin levels were
likely to be high under the scarce fat reserve of starvation. Tri-
meric and hexameric forms of adiponectin would increase
appetite by affecting the brain to decrease energy expenditure
and to promote fat accumulation. The HMW form of adipo-
nectin was likely to derive energy for survival from combusting
(adipocyte-secreted) FFA in the liver and skeletal muscle. The
increase in peripheral fatty acid combustion may have contrib-
uted to the preferential supply of glucose to the brain. Adipo-
nectin may have played an important role as an starvation
gene (Fig. 5). This may explain why adiponectin receptors ex-
isted earlier than leptin receptors and have been conserved
from yeast to humans [14].
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Abstract

Aims/hypothesis A decrease in plasma adiponectin levels
has been shown to contribute to the development of diabetes.
However, it remains uncertain whether adiponectin plays a
role in the regulation of insulin secretion. In this study, we
investigated whether adiponectin may be involved in the
regulation of insulin secretion in vivo and in vitro.

Methods The effect of adiponectin on insulin secretion
was measured in vitro and in vivo, along with the effects
of adiponectin on ATP generation, membrane potentials,
Ca™" currents, cytosolic calcium concentration and state of
5'-AMP-activated protein kinase (AMPK). In addition,
insulin granule transport was measured by membrane
capacitance and total internal reflection fluorescence (TIRF)
analysis.
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Results Adiponectin significantly stimulated insulin secre-
tion from pancreatic islets to approximately 2.3-fold the
baseline value in the presence of a glucose concentration of
5.6 mmol/l. Although adiponectin had no effect on ATP
generation, membrane potentials, Ca®” currents, cytosolic
calcium concentrations or activation status of AMPK, it
caused a significant increase of membrane capacitance to
approximately 2.3-fold the baseline value. TIRF analysis
revealed that adiponectin induced a significant increase in
the number of fusion events in mouse pancreatic beta cells
under 5.6 mmol/l glucose loading, without affecting the
status of previously docked granules. Moreover, intravenous
injection of adiponectin significantly increased insulin
secretion to approximately 1.6-fold of baseline in C57BL/6
mice.
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Conclusions/interpretation The above results indicate that
adiponectin induces insulin secretion in vitro and in vivo.

Keywords Adiponectin - Beta cell - Capacitance -
Fusion events - Insulin granules - Insulin secretion - Islet

Abbreviations

AICAR  5-amino-imidazole-4-carboxamide riboside
AMPK  5-AMP-activated protein kinase

[Ca™™]. cytosolic Ca™" concentration

GFP green fluorescent protein

LPS lipopolysaccharide

TIRF total internal reflection fluorescence
Introduction

The adipocyte-derived hormone adiponectin (also known as
Acrp30, GBP28 or AdipoQ) [1—4] has been shown to play
important roles in the regulation of glucose and lipid me-
tabolism. Plasma adiponectin levels are reduced in obese and
insulin-resistant humans and in animal models [2, 5, 6].

Adiponectin improves insulin sensitivity in muscle and.

liver by enhancing fatty acid oxidation via activation of
5'-AMP-activated protein kinase (AMPK) [7, 8] and
peroxisome proliferator-activated receptor « [6, 9].

We previously demonstrated that adiponectin-deficient
(Adipo_/_) mice exhibit insulin resistance [10], but that after
glucose loading the plasma insulin levels tended to be
lower in Adipo™ mice than in wild-type mice, suggesting
that adiponectin may induce insulin secretion [10]. The
adiponectin receptors ADIPOR1 and ADIPOR2 have recently
been cloned [11] and identified in human and rat pancreatic
beta cells [12]. Expression of the adiponectin receptors by
INS-1 cells (a clonal rat beta cell line) has been found to
increase following exposure to oleic acid, an unsaturated
NEFA. Moreover, a previous study has suggested that
adiponectin also exerts anti-apoptotic actions and that this
protective function of adiponectin might serve to counteract
autoimmune- and lipotoxicity-induced beta cell destruction
[13]. However, it is still uncertain whether adiponectin plays
a role in the regulation of insulin secretion. In this study we
investigated whether adiponectin might be involved in the
regulation of insulin secretion in vitro and in vivo.

Methods
Animals C57BL/6 mice were obtained from CLEA Japan

(Tokyo, Japan). Male C57BL/6 mice (10 to 16 weeks old)
were housed under a 12 h light—dark cycle and given free

@ Springer

access to food. The animal care and experimental proce-
dures were approved by the Animal Care Committee of the
University of Tokyo.

RNA preparation and real-time quantitative PCR Total RNA
was extracted from isolated islets using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. ¢DNA synthesis was performed
using the SuperScript Preamplification System (Invitrogen),
followed by TagMan quantitative PCR (Applied Biosys-
tems, Foster City, CA, USA; 50°C for 2 min and 95°C for
10 min, followed by 40 cycles of 95°C for 15 s and 60°C
for 1 min) with an ABI Prism 7000 PCR instrument
(Applied Biosystems) to amplify samples of the Adipori,
Adipor2 and B-actin genes. The sequences of the primers
and probes are described elsewhere [11].

Insulin secretion by islets lIslets were isolated from 10- to
16-week-old C57BL/6 mice as described elsewhere [14]. In
brief, after clamping the common bile duct at a point close
to the duodenal outlet, 2.5 ml KRB (129 mmol/l NaCl,
4.8 mmol/l KCl, 1.2 mmol/l MgSO,, 1.2 mmol/l KH,POy,
2.5 mmol/l CaCl,, 5 mmol/l NaHCO; and 10 mmol/l HEPES;
pH 7.4) containing 4 mg/ml collagenase (Sigma, St Louis,
MO, USA) was injected into the duct. Insulin release by the
pancreatic islets was measured by static incubation with
KRB containing 0.2% (wt/vol.) bovine serum albumin [15].
In the static incubation, batches of ten freshly isolated
islets were preincubated at 37°C for 30 min in KRB
containing 2.8 mmol/l glucose. The preincubation solutions
were replaced with KRB containing test agents and the
batches of islets were incubated at 37°C for 60 min. The
insulin released in the supernatant fractions was then
measured by radioimmunoassay (Biotrak; GE Healthcare,
Chalfont St Giles, UK).

Generation of recombinant adiponectin Bacterially ex-
pressed murine full-length adiponectin was generated as
described previously [7, t1]. The endotoxin content of the
purified protein was determined using a Limulus Amebocyte
Lysate Assay (Bio Whittaler, Walkersville, MD, USA). Mam-
malian adiponectin was purchased from Alexis Biochemicals
(San Diego, CA, USA).

Glucose oxidation and fatty acid oxidation Glucose oxida-
tion in the islets was evaluated by measuring the '*CO,
generation from D-[6-'*CJglucose [16]. Batches of ten freshly
isolated islets were incubated at 37°C for 60 min in KRB
containing 29.6 kBq p-[6-"*C]glucose and 5.6 or 22.2 mmoV/l
glucose with and without 10 pg/ml adiponectin. For fatty
acid oxidation, batches of ten freshly isolated islets were
incubated at 37°C for 60 min in KRB containing 25.9 kBq
[U-"*Clpalmitic acid, 1 mmol/l carnitine, and 5.6 or
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22.2 mmol/ glucose with and without 10 pg/ml adiponectin.
The *CO, produced was volatilised by adding HCl, captured
with Solvable (Packard Instrument Company, Meriden. CT,
USA) and measured by liquid scintillation counting.

ATP and cAMP content The ATP and cAMP contents of
the islets were determined as described previously [17].
Briefly, batches of ten islets were incubated at 37°C for
60 min in KRB containing 5.6 mmol/l glucose with and
without 10 pg/ml adiponectin. Incubation was stopped by
the addition of ice-cold HCIO, and the islets were homoge-
nised by sonication. The lysates were neutralised by the
addition of NaOH. The ATP content and cAMP content of
the supernatant fraction were measured using a biolumines-
cent assay kit (Sigma) and an enzyme-linked immunoassay
kit (GE Healthcare), respectively.

Electrical recordings Electrophysiological experiments on
the islets were performed using cells in situ in intact
pancreatic islets. The islets were washed extensively in
collagenase-free solution and then maintained in a short-
term tissue culture (<24 h) in RPMI 1640 containing 10%
(vol./vol.) fetal calf serum supplemented with 100 pg/ml
streptomycin and 100 IU/ml penicillin.

To establish the wWhole-cell mode, the amphotericin B-
perforated patch-clamp technique was used. The membrane
potential and the current of superficial cells in the intact
pancreatic islets were recorded using an EPC-9 patch-clamp
amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany).
The beta cells were identified by the lack of inward Na*
currents in the presence of a depolarising pulse from —70 to
0 mV (5 ms in duration) [18]. The capacitance measure-
ments were performed using software-based lock-in soft-
ware (Pulse version 8.11; HEKA Electronics). The changes
in cell capacitance were estimated by the Lindau—Neher
technique [19, 20] by implementing the *Sine + DC” feature
of the lock-in module. The amplitude of the sine wave was
20 mV and the frequency was set at 1250 Hz. Patch pipettes
(tip resistance 5-7 MS2 when filled with the pipette solution)
were pulled from borosilicate tubing. The capacitance mea-
surements were performed at 32-34°C. Capacitance was
measured again 2 min 30 s after treatment with or without
adiponectin. The standard extracellular medium consisted of
120 mmol/l NaCl, 20 mmol/] tetraethylammonium-Cl,
3.6 mmol/l KCI, 2 mmol/l NaHCO;, 0.5 mmol/l NaH-PO,,
0.5 mmol/l MgSO,, 5 mmol/l HEPES (at pH 7.4), 2.6 mmol/l
CaCl, and 5 mmol/l p-glucose. The pipette solution for the
perforated patch was composed of 76 mmol/d Cs,SOy,
10 mmol/l NaCl, 10 mmol/l KCI, 1 mmol/l MgCl, and
5 mmol/l HEPES (at pH 7.35).

The cytosolic Ca®" concentration ([Ca’"].) was mea-
sured using fura-2 by exciting its fluorescence in a dual-
wavelength ratiometric mode at 340 and 380 nm. The

emission wavelength was filtered at 500 nm. [Ca®"]. was
expressed as the 340:380 nm ratio.

Western blot analysis Mouse islets were homogenised in
ice-cold buffer A (25 mmol/l Tris-HCl; pH 7.4, 10 mmol/l
sodium orthovanadate, 10 mmol/l sodium pyrophosphate,
100 mmol/l sodium fluoride, 10 mmol/i EDTA, 10 mmol/
EGTA and | mmol/l phenylmethylsulfony! fluoride). Sam-
ples were separated on polyacrylamide gels and transferred
to a nitrocellulose membrane (Schleicher & Schuell, Dassel,
Germany). Rabbit anti-phospho-AMPK o (Thr-172) anti-
body and rabbit AMPK & antibody were purchased from Cell
Signaling (Beverly, MA, USA).

Total internal reflection fluorescence microscopy We per-
formed total internal reflection fluorescence (TIRF) micros-
copy using an inverted microscope (IX70; Olympus,
Tokyo, Japan) with a high-aperture objective lens (Apo
100x OHR, Na 1.65; Olympus) as described previously
[21, 22]. Mouse pancreatic islets were isolated by collage-
nase digestion. Isolated islets were dissociated into single
cells by incubation in Ca”*"-free KRB containing 1 mmol/l
EGTA and the beta cells were cultured on high-refractive-
index glass (Olympus) coated with fibronectin (Koken,
Tokyo, Japan). To label the insulin-containing granules,
pancreatic beta cells were infected with recombinant
adenovirus Adex!CA insulin green fluorescent protein
(GFP) as described previously [22]. The experiments were
performed 2 days after infection. To observe GFP, we used
a 488 nm laser line for excitation. The procedure used to
monitor the motion of GFP-labelled insulin granules in
pancreatic beta cells by TIRF microscopy has been
described elsewhere [21]. Infected cells on a glass coverslip
(Olympus) were mounted in an open chamber and
incubated for 30 min at 37°C in KRB and 0.3% (wt/vol.)
bovine serum albumin in the presence of 2.8 mmol/l
glucose. The cells were then transferred to a thermostati-
cally controlled stage (37°C) and stimulated with 10 pg/ml
adiponectin in the presence of 5.6 mmol/l glucose in the
chamber. Diodomethane sulphur immersion oil (Cargille
Laboratories, Cedar Grove, NJ, USA) was used to establish
contact between the objective lens and the coverslip. The
space constant for the exponential decay of the evanescent
field was approximately 43 nm.

Image acquisition and analysis Images were acquired
every 300 ms with a cooled charge-coupled-device camera
(DV887DCSBYV; Andor Technology, South Windsor, CT,
USA) operated with Metamorph 6.2 software (Universal
Imaging, Downingtown, PA, USA). Most analyses, includ-
ing tracking (single projection of difference images) and
area calculations, were performed with the Metamorph
software. To analysc the data, fusion events were selected

@ Springer



Diabetologia (2008) 51:827-835

0 - 0
Liver Islet Liver Islet
C
S 7 NS
G
2
55
Z _; NS
=2 NS | —
z !
30 - 5 M
Adiponctin 0 09 1 0 6 100 10
(pg/mb) 2.8 mmol 5.6 mmol 11} mmalil 22.2 mmold
glucose glucose glucose glucose

5.6 mmold 5.6 mmold 3.6 mmol’l 3.6 mmol't 5.6 mmol’l 5.6 mmok/l

glucose  glucose glucose glucose glucose glucose
+ + + +
0 pgml 0.25 ng'ml 1 pg/ml 10 pg/mt

adipouectin LPS adiponectin - adiponectin

(mammatian) (mammalian)

Fig. 1 Adiponectin stimulates insulin secretion from islets. TagMan
RT-PCR of Adipor! (n=3) (a) and Adipor? (n=3) (b) in mouse
pancreatic islets. e Islets were incubated in KRB containing the
indicated concentrations of glucose with or without adiponectin
(1=9-20). d Islets were incubated with glucose and with adiponectin
or LPS (n=3). e Islets were incubated with glucose with or without
mammalian-derived adiponectin (n=3). Values are means+SEM.
*»<0.05

manually and the average fluorescence intensity of the
individual granules in a 1x1 pum square placed over the
granule centre was calculated. The number of fusion events
was counted manually while looping approximately 15,000
time-lapsed frames. The sequences were exported as single
TIRF files and further processed using Adobe Photoshop
6.0 software or converted into Quick Time movies.

Insulin secretion study in vivo Four days before the insulin
secretion study, a catheter consisting of a silicone part (Phicon
Tube; Fuji Systems, Tokyo, Japan) and a polyethylene part
(PE-50; BD Biosciences, Franklin Lakes, NJ, USA) was
inserted into the right jugular vein of animals under general
anaesthesia with sodium pentobarbital, to administer infu-
sions. The studies were performed on the mice under
conscious, unstressed conditions after 24 h fast. D-Glucose
(0.2 g/kg) was injected intravenously through the catheter,
either alone or with 0.6 mg/kg adiponectin. Blood samples
were collected into a heparinised tube before and 10 and
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20 min after the injection. After immediate centrifugation, the
plasma was separated and stored at —20 °C until analysed.
Insulin levels were determined by radioimmunoassay. The
insulin to glucose ratio was calculated using the formulas:
(10 min insulin level—fasting insulin level)/(10 min blood
glucose level—fasting blood glucose) or (20 min insulin level—
fasting insulin level)/(20 min blood glucose level—fasting
blood glucose level). The adiponectin levels were determined
with a mouse adiponectin ELISA kit (Otsuka, Tokyo, Japan).
All data were obtained from six independent experiments.

Statistical analysis The statistical significance of differences
between groups was determined using Student’s ¢ test for
unpaired comparisons, the Welch test, Dunnett’s ¢ test or
Steel’s z test. A p value of <0.05 was regarded as significant.

Results

Adiponectin stimulates insulin secretion from mouse pancreatic
islets at low glucose concentration We first confirmed the
expression of Adiporl and Adipor2 in mouse pancreatic
islets (Fig. la,b), obtaining results that were essentially
consistent with those previously reported [12]. We next
examined the effect of adiponectin on glucose-induced insulin
secretion from isolated islets during a 60 min static incubation
(Fig. lc). Adiponectin significantly stimulated insulin secre-
tion to 2.3-fold the baseline value at a 5.6 mmol/l glucose
concentration (p=0.012; Fig. Ic). However, adiponectin did
not significantly increase insulin secretion in the presence of
11.1 or 22.2 mmol/l glucose. Since high concentrations of
lipopolysaccharide (LPS) have been reported to stimulate
insulin secretion from islets [23], we investigated the effect
of LPS on insulin secretion from islets at 5.6 mmol/! glucose.
When mouse pancreatic islets were treated with LPS at
the same quantity as was present in recombinant adiponec-
tin derived from Escherichia coli, no effect of LPS was
found on insulin secretion (Fig. 1d). In addition, 10 pg/ml
mammalian-derived adiponectin also stimulated insulin
secretion from mouse pancreatic islets (p=0.039; Fig. le).
These results suggest that adiponectin acts directly on beta
cells to increase insulin secretion.

Adiponectin stimulates insulin secretion without causing
ATP generation, palmitic acid oxidation or cAMP generation
in islets To examine the effect of adiponectin on ATP gen-
eration, we measured glucose-induced changes in p-[6-'*C]
glucose oxidation and the ATP content of islets (Table 1).
p-[6-""C]Glucose oxidation to “CO, in the control islets
increased 5.5-fold when the extracellular glucose concen-
tration was raised from 5.6 to 22.2 mmoV/1. Adiponectin at a
concentration of 10 pg/ml did not affect p-[6-""Clglucose
oxidation in the presence of 5.6 mmol/l of glucose
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compared with control. In the presence of 22.2 mmol/l
glucose, adiponectin also failed to significantly change
p-[6-"*C]glucose oxidation compared with control islets
incubated at the same glucose concentration. Next, we
measured the ATP content of islets to directly monitor the
efficiency of mitochondrial ATP synthesis. The results
showed that adiponectin at a concentration of 10 pg/ml did
not affect ATP content in the presence of 5.6 mmol/l
glucose (Table 1). The above findings indicate that adipo-
nectin has no stimulatory effect on ATP generation from
mitochondrial glucose metabolism. Increase in cAMP
content potentiates glucose-stimulated insulin secret}on
through activation of cAMP-dependent protein kinase [24].
Adiponectin also failed to significantly change the cAMP
content as compared with control islets (Table 1). Although
adiponectin has been reported to reduce elevated fatty acid
levels in muscle by oxidising fatty acids [7-9], no significant
change in the oxidation of palmitic acid was observed in
pancreas islets treated with adiponectin as compared with
control at 5.6 or 22.2 mmol/l of glucose (Table 1).

Adiponectin stimulates insulin secretion without causing
membrane depolarisation, closure of K¥p — channels or
Ca® entry into the cytosol We measured the membrane
potentials of pancreatic beta cells to determine whether
adiponectin caused membrane depolarisation. In the pres-
ence of 5.6 mmol/l glucose, adiponectin at a concentration of
10 pg/ml had no effect on the membrane potentials (Fig. 2a),
but membrane of pancreatic beta cells depolarised when
the extracellular glucose level was raised trom 5.6 to
22.2 mmol/l (Fig. 2a). Figure 2b shows the current—voltage
relationship for Ca®* currents. When the membrane poten-
tial was held at =70 mV, Ca”* currents elicited by 200 ms
depolarising voltage-clamp pulses from —40 to 40 mV were
applied in the presence of 5.6 mmol/l glucose. Adiponectin
at a concentration of 10 pg/ml did not change the current—
voltage curve via Ca™" influx into the cytosol (Fig. 2b). To
investigate the effect of adiponectin on the increase in the
[Ca*].. we monitored the fluorescence of fura-2/acetox-
ymethyl ester excited at 340 and 380 nm in perifused islets

(Fig. 2¢). The 340:380 nm fluorescence ratio increased in
islets when the glucose concentration was raised from 5.6
to 22.2 mmol/l, but adiponectin had no effect on the [Ca™].
{(Fig. 2¢). To clarify whether adiponectin stimulates insulin
secretion without causing Ca™* influx, we next investigated
the effects of adiponectin on mouse pancreatic islets in the
presence of the L-type Ca™ -channel blocker, nitrendipine.
Nitrendipine at a concentration of 5 pmol/l is known to
inhibit Ca®" influx [25]. Nevertheless, insulin secretion was
markedly diminished at 22.2 mmol/l glucose in the presence
of nitrendipine, whereas adiponectin significantly stimulated
insulin secretion at 5.6 mmol/l glucose (p=0.043; Fig. 2d).
Interestingly, adiponectin also significantly stimulated insu-
lin secretion at 22.2 mmol/l glucose concentration in the
presence of nitrendipine (p=0.047) (Fig. 2d). These findings
suggest that adiponectin is able to stimulate insulin secretion
when the influx of Ca®” through voltage-dependent Ca™"
channels is blocked.

AMPK is not involved in adiponectin-stimulated insulin
secretion Adiponectin has been previously reported to
improve insulin sensitivity in muscle and liver by enhancing
fatty acid oxidation via the activation of AMPK [7, 8], which
has been found to increase glucose transport by stimulating
the translocation of GLUT4 [26, 27). To elucidate whether
AMPK might be involved in adiponectin-stimulated insulin
secretion, we examined the effect of adiponectin on
phosphorylation of AMPK in mouse pancreatic islets.
However, adiponectin did not affect the phosphorylation of
AMPXK at 5.6 mmol/l glucose (Fig. 3a). The AMPK activator
5-amino-imidazole-4-carboxamide riboside (AICAR), on the
other hand, significantly increased the phosphorylation of
AMPK at 5.6 mmol/l glucose (p=0.00083; Fig. 3b).
However, AICAR significantly decreased insulin secretion
from mouse pancreatic islets (p=0.024; Fig. 3c) [28]. These
results suggest that AMPK is not involved in adiponectin-
stimulated insulin secretion at low glucose concentrations.

Adiponectin stimulates insulin release via induction of
increased fusion events at a low glucose concentration We

Table 1 Adiponectin stimulates insulin secretion without causing ATP generation, palmitic acid oxidation or cAMP generation in islets

p-{6-""C]Glucose oxidation ATP content [U-"*C]Palmitic acid oxidation cAMP content
(pmol htislet™) (pmol/islet) (fimol h' islet™) (fimol/islet)
Glucose (mmol/l) 5.6 22.2 5.6 5.6 222 5.6
Control 1.92+0.27 10.6+4.1° 1.16+0.09 2.98+0.20 2.41+0.07° 49+7
n 4 4 5 4 4 5
Adiponectin 2.374+0.22 11.7£1.8 1.29+0.08 3.23+0.23 2.59+0.10" 62+10
n 4 4 5 4 4 5

Values are means+SEM.
4p<0.05, ®p<0.01 compared with the 5.6 mmol/l glucose group
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