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Reduced AMPKa2 protein expression restores glucose-induced
insulin secretion in islets from calorie-restricted rats
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SUMMARY

In a state of caloric restriction (CR), improved insulin action was associated with
the activation of AMP-activated kinase (AMPK). Here, we verified whether AMPK
was involved in impaired B-cell function in islets from rats subjected to CR for
21 days. Eight-week-old male rats were distributed into a control (CTL) group that
was fed an isocaloric diet ad libitum or a CR group that received 60% of the food
consumed by the CTL group. From days 18-21, CTL and CR rats were treated with
sense (CTLS and CRS) or antisense (CTLAS and CRAS) AMPKa2 oligonucleotides.
Caloric restriction was associated with decreased body weight, perigonadal fat pads
and insulinaemia, while higher glucose tolerance was observed in CRS rats.
Antisense treatment normalized insulinaemia and glucose tolerance in CRAS rats
and increased cholesterolaemia in CRAS and CTLAS groups. These effects were
associated with reduced pAMPK/AMPK protein expression in the liver of rats trea-
ted with antisense oligonucleotides. Additionally, CRS islets showed higher pAMPK/
AMPK content and lower glucose-induced insulin release. As expected, antisense
oligonucleotides against AMPKo2 efficiently reduced pAMPK/AMPK protein in
CRAS and CTLAS islets. The lower AMPK content in CRAS islets normalized the
insulin secretion in islets exposed to 16.7 mM glucose. In addition, CTLAS islets
presented higher insulin secretion at 2.8 and 16.7 mM glucose. These findings sup-
port the hypothesis that higher AMPK protein expression is involved in impaired
B-cell function in islets from rats subjected to CR for 21 days.

Keywords
AMP-activated kinase, caloric restriction, insulin secretion, B-cell

Caloric restriction (CR) modulates molecular and biochemi-
cal pathways that delay physiopathological alterations
associated with ageing and prevent diseases such as hyper-
tension, obesity and diabetes (Canté & Auwerx 2009). We
previously demonstrated that a 40% reduction in food
restriction decreases insulin secretion stimulated by glucose
and depolarizing agents, an effect associated with lower glu-
cose oxidation and a reduction in the expression of the
silent information regulator-T1 (SIRT1) protein (do Amaral
et al. 2011). However, increased SIRT1 was associated with
the effects of chronic calorie restriction, and a relationship
between SIRT1 and AMP-activated kinase (AMPK) was

reported (Chen et al. 2010; Wang et al. 2012; Chen et al.
2013). SIRT1 overexpression was observed to result in the
deacetylation of the AMPK kinase LKB1 (liver kinase 1),
favouring its translocation from the nucleus to the
cytoplasm, where it activates AMPK (Lan et al. 2008). In
addition, AMPK enhances SIRT1 activity indirectly by
increasing the cellular NAD*/NADH ratio and by deacetyla-
tion and regulation of the activity of SIRT1 targets (Cantd
et al. 2009). During caloric restriction, AMPKo2 enhances
the insulin sensitivity in skeletal muscle (Wang et al. 2012);
however, its effect in pancreatic islets is not known. AMPK
activation may regulate insulin secretion, although this
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protein was reported to exert contradictory effects on glu-
cose-induced insulin secretion (Salt et al. 1998; da Silva
Xavier et al. 2000; Richards et al. 2005; Lim et al. 2009;
Okazaki et al. 2010; Diifer et al. 2010; Langelueddecke
et al. 2012; Beall er al. 2013). Here, using an antisense
oligonucleotide against AMPKo2, we assessed whether
AMPK is involved in the reduced insulin secretion in islets
isolated from rats subjected to CR for 21 days.

Materials and methods

Materials

1251 human insulin was purchased from Genesis (Sio Paulo,
SP, Brazil), and routine reagents were purchased from Sigma
Chemical (St Louis, MO, USA).

Experimental groups

Male Wistar rats (8 weeks old) from the Centro Univer-
sitirio Herminio Ometto (UNIARARAS) were obtained
from the Animal Breeding Center and separated into two
groups: control rats (CTL) that were fed an isocaloric com-
mercial diet ad libitum and a CR group that received 60%
of the food ingested by CTL, with free access to water (do
Amaral et al. 2011). All of the experiments were approved
by the Ethical Committee on Animal Experimentation at
UNIARARAS. From day 18-21 of the treatment, CTL
and CR received 3 nM AMPKo2 mismatch oligonucleotides
(CTLS and CRS groups) or antisense oligonucleotides
(CTLAS and CRAS) two times per day via intraperitoneal
injection at 12-h intervals (Santos et al. 2013). The
mismatch (5-ACCACCAAGAATCACAACCACAGAGC-3')
and antisense (5'-GCCUUGGTGTTTGGATTTCTGUGGG
U-3') oligonucleotides were designed based on the GenBank
Accession no. NM_023991 (Rattus norvegicus AMPKa2
sequence) (Prodimol Biotecnologia, Belo Horizonte, MG,
Brazil). All oligonucleotides were diluted in buffer contain-
ing 10 mM Tris-HCl and 1 mM EDTA.

General nutritional parameters

At the end of the experimental period, all rats were fasted
for 12 h, weighed and subsequently euthanized in a CO,
chamber followed by decapitation. Rat blood was collected
in heparinized tubes (5000 IU diluted 1:1000) and cen-
trifuged at 10,600 g. The plasma was used for insulin
determination by radioimmunoassay (Ribeiro et al. 2010)
and total cholesterol (CHOL) measurement using colori-
metric kits according to the manufacturer’s instructions
(Roche Diagnostics, Mannheim, Germany). Liver and perig-
onadal fat pads were removed and weighted. Glycogen con-
tent was measured in liver samples (15-20 mg) by the
phenol-sulphuric method (Lo et al. 1970) after KOH diges-
tion and glycogen precipitation with ethanol. The glycogen
content in the liver was calculated using a standard curve
of p-glucose.
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Oral glucose tolerance test (0GTT)

An oGTT was performed on CTL and CR rats treated with
AMPKo2 mismatch or antisense oligonucleotides. After a
12-h fasting period, glucose was administered orogastrically
through a catheter [1 g/kg body weight (BW)]. Blood sam-
ples were obtained from the cut tip of the tail at 0, 30, 60,
90 and 120 min after glucose administration for glucose
determination using a glucose analyser (Accu-Chek Advan-
tage; Roche Diagnostics, Rotkreuz, Switzerland) (do Amaral
et al. 2011).

Static insulin secretion

Pancreatic islets were isolated by collagenase digestion of
the exocrine pancreas. Groups of four islets were first incu-
bated for 30 min at 37°C in Krebs’ bicarbonate solution
containing 115 mM NaCl, 5 mM KCl, 10 mM NaHCOs3;,
2.56 mM CaCl,, 1 mM MgCl, and 15 mM HEPES; supple-
mented with 0.3% (w/v) bovine serum albumin (BSA) and
5.6 mM glucose; and equilibrated with 95% O,: 5% CO,,
pH 7.4. After 30 min, the solution was replaced with fresh
buffer, and the islets were further incubated for 1 h in the
presence of 2.8 or 16.7 mM glucose. At the end of the
incubation period, the insulin content of the medium was
measured by radioimmunoassay (Ribeiro et al. 2010).

Western blotting

For protein extraction, isolated islets (300 islets) and liver
fragments from CTL and CR rats treated with AMPKo2
mismatch or antisense oligonucleotides were processed and
homogenized with a Polytron homogenizer (PTA 20S model
PT 10/35; Brinkmann Instruments, Westbury, NY, USA) in
buffer containing 10 mM EDTA, 100 mM Trizma base,
10 mM sodium pyrophosphate, 100 mM sodium fluoride,
100 mM sodium orthovanadate, 2 mM PMSF, 0.1 mg/ml
aprotinin (Sigma) and deionized water at maximum speed
for 40 s. The extract was then centrifuged at 14,100 g for
20 min at 4°C for the removal of insoluble material. The
supernatant was collected for the determination of protein
concentration by the biuret method (Protal colorimetric
method; Laborlab, Sao Paulo, Brazil). Aliquots of the super-
natant were treated with Laemmli buffer containing
100 mM DTT (Sigma). Samples containing 70 pg protein
were boiled for 5 min and loaded onto 10% SDS-PAGE.
The molecular mass standard used was Spectra Multicolor
Broad Range Protein Ladder (Fermentas #1841). The gels
were run in a Mini-Protean® apparatus (Bio-Rad, Hercules,
CA, USA) and then transferred to nitrocellulose membranes
(Hybond ECL, 0.45 pm). The membranes were washed in
basal solution (1 M Trizma base, 5 M NaCl, 0.005%
Tween 20 and deionized water) and incubated in blocking
solution (basal solution plus 5% Molico® skim milk) to
reduce non-specific protein binding. Membranes were incu-
bated with a polyclonal antibody against AMPKa (1:1000,
cat # 2532, Cell Signaling, Danvers, MA, USA) and pAMP-
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KoThr172 (1:1000, cat # 2535, Cell Signaling).Visualization
of specific protein bands was performed by incubating the
membranes  with  appropriate  secondary antibodies
(1:10,000; Zymed Laboratories, Inc., CA, USA), followed
by exposure to X-ray films. The band intensities were quan-
tified by optical densitometry using the free software Image
J (http://rsbweb.nih.gov/ij).

Statistical analysis

The results are presented as the mean + SEM. The statisti-
cal analyses were carried out using one-way analysis of vari-
ance (ANovA) followed by Duncan’s post-test (P < 0.05)
using the sTATISTICA 5.0 software (Statsoft, Tulsa, OK, USA).

Ethical approval statement

The study was approved by the Institutional Ethics Commit-
tee on Animal Experimentation (Centro Universitario Hermii-
nio Ometto, FHO/UNIARARAS) — Protocol No. 017-2008).

Results

Rat features

Calorie-restricted rats displayed a lower BW at 7 days after
the beginning of the treatment when compared with the CTL
group (P < 0.01; Figure 1a). Treatment with the AMPKo2
antisense oligonucleotide did not alter BW or food consump-
tion in the CTLAS and CRAS groups compared with their
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respective controls (Figure 1a, b). At the end of the experi-
mental period, the final BW was lower in the CRS and CRAS
rats compared with their respective controls (P < 0.005;
Table 1). In addition, CRS rats showed lower insulinaemia
(P <0.008) and perigonadal fat depots (P < 0.002); how-
ever, no differences in liver glycogen, glycaemia or CHOL
plasma levels were observed compared with the CTLS group
(Table 1). Treatment with the antisense oligonucleotide nor-
malized insulinaemia and partially decreased fat depots in
CRAS; however, this treatment increased CHOL plasma con-
centrations in the CTLAS and CRAS groups (P < 0.01 and
P < 0.05 respectively) and decreased glycogen content only
in the liver of CRAS rats (P < 0.02; Table 1).

In the oGTT, after glucose injection, the glycaemia
reached maximal levels at 30 min in all groups (Figure 2a).
Total glycaemia, as determined by the area under the curve
(AUC), was lower in CRS rats (P < 0.05; Figure 2b), and
treatment with the antisense oligonucleotide normalized
glycaemia in CRAS (Figure 2b).

Glucose-induced insulin secretion

At non-stimulatory glucose concentrations (2.8 mM), insulin
secretion was similar between the CRS and CTLS groups.
Islets from CTLAS rats secreted higher amounts of insulin in
response to 2.8 mM glucose compared with CTLS
(P < 0.0001). Treatment with the antisense oligonucleotide
did not alter insulin release in CRAS islets at substimulatory
glucose concentrations (Figure 3). Islets from CRS rats
secreted less insulin at 16.7 mM glucose than CTLS islets
(P = 0.05; Figure 3). Administration of the AMPKo2 anti-
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Figure 1 Body weight (a) and food intake (b) in rats treated with sense (S) (CTLS and CRS) and antisense (AS) (CTLAS and CRAS)
oligonucleotides. The data are the mean + SEM (n = 3-5 rats). *Significant difference between CTLS and CTLAS wvs. caloric
restriction groups. #CTLS significantly differed from CRS and CRAS rats (P < 0.05).
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Table 1 Final body weight (BW), perigonadal fat pad and
biochemical parameters in fasted caloric restriction and CTL
rats treated with AMPKo2 sense or antisense oligonucleotide

CTLS CTLAS CRS CRAS

BW (g) 279 + 18 266 + 9° 219 + 4> 224 4 9°

Perigonadal 879 + 8 618 + 82> 641 + 41> 489 + 29¢
fat pad
(mg/ g BW)

Glycaemia 88 + 4 85 + 7 108 £31 88 +9
(mg/dl)

Insulin 623 + 54° 750 £ 40° 387 + 18" 623 + 18°
(pg/ml)

Liver 574 02" 534004 54 +0.8 3.8+02°
Glycogen
(g/100 g
tissue)

CHOL 107 £ 4 153 + 15° 92 + 9% 138 £ 16"
(mg/dl)

Protein 1.7 + 0.15
(g/1)

Data are means + SEM (n = 4-5 rats).
Different letters (a, b and c¢) indicate significant differences
(P < 0.05).

sense oligonucleotide increased insulin secretion in CTLAS
islets in the presence of 16.7 mM glucose (P < 0.0001; Fig-
ure 3) and normalized glucose-induced secretion in CRAS
islets (Figure 3).

AMPKo protein expression

Pancreatic islets from CRS rats displayed higher pAMPKo/
AMPKa protein levels (P = 0.05; Figure 4b), compared
with CTLS. However, no alterations were observed in
pAMPKo/AMPKo protein content in the liver of CRS
compared with the CTLS group (Figure 4a). Antisense

_ 9000+ \ %
g—» 2 IE 6000- l %
C = 30007 %

Figure 2 Changes in glycaemia during an oral glucose tolerance
test (0GTT) in CTLS (open squares), CTLAS (black squares),
CRS (open circles) and CRAS (black circles) rats. Total plasma
glucose concentration during the oGTT, expressed as area
under the curve (b). The data are the mean &+ SEM (n = 3-6
rats). Different letters over the bars represent significant
differences, P < 0.05.
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Figure 3 Glucose-induced insulin secretion in isolated islets
from CTLS, CTLAS, CRS and CRAS rats. Groups of 4 islets
were incubated for 1 h with different glucose (G)
concentrations as indicated by horizontal lines. Each bar
represents the mean + SEM of 12-35 groups of islets. Different
letters (a, b and c) represent significantly different results using
the indicated glucose concentrations, P < 0.035.
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Figure 4 Phospho (p)-AMPKo""'72/AMPKa protein expression
in the liver (a) and isolated islets (b) from CTLS, CTLAS, CRS
and CRAS rats. Protein extracts were processed for Western
blot. The bars represent the mean + SEM (n = 5-7). Different
letters (a, b and ¢) indicate significant differences (P < 0.05).

treatment efficiently reduced the pAMPKo/AMPKa ratio in
both liver and isolated islets of CRAS and CTLAS rats,
compared with CRS and CTLS groups respectively
(P <0.02 and P < 0.01, respectively; Figure 4a, b).

Discussion and conclusion

Here, in accordance with our previous observations (do
Amaral ef al. 2011), we show that CR for 21 days effi-



54 M. E. C. Amaral et al.

ciently lowered BW, perigonadal fat depots and insuli-
naemia, and enhanced glucose tolerance in CRS rats.

Although not significantly different, a marginal increase in
the AUC in CTLAS compared with CRAS was observed.
However, antisense treatment decreased glycogen content in
the liver of CRAS rats. It is known that AMPK is involved
in the inhibition of the hepatic glucose output by downregu-
lating gluconeogenic enzymes; in skeletal muscle, it increases
glucose uptake by enhancing GLUT-4 translocation to the
cell surface (Viollet et al. 2009; Canté & Auwerx 2010).
The low level of glycogen content in the liver of CRAS rats
indicates that a systematic reduction in AMPK protein is
occurring. With the prolongation of antisense treatment, this
reduction may lead to the disruption of whole body glucose
homeostasis.

In addition, AMPKo2 antisense treatment efficiently
decreased pAMPK/AMPK protein content in the liver of CRAS
and CTLAS rats. This effect may account for the increase in
total plasma CHOL in these groups, because it is known that
AMPK blocks the conversion of HMG-CoA (3-hydroxy-
3-methylglutaryl-coenzyme A) to mevalonate, consequently
decreasing CHOL synthesis (Viollet et al. 2009).

Our results demonstrate that AMPK is involved in the
reduced glucose-induced insulin secretion in rats submitted
to CR for 21 days because antisense treatment normalized
the hormone release and insulinaemia in CRAS rats.
Although previous studies have reported that AMPK exerts
contradictory effect on B-cell secretion (Salt et al. 1998; da
Silva Xavier et al. 2000; Richards et al. 2005; Lim et al.
2009; Okazaki er al. 2010; Diufer et al. 2010; Langelued-
decke et al. 2012), our data support the hypothesis that
increased AMPK protein levels and activation in CRS islets
decrease insulin secretion in response to glucose. In accor-
dance, enhanced AMPK activation is associated with a loss
in glucose responsiveness in high-passage hamster insuli-
noma (HIT) cells (Salt et al. 1998). Transfection of a con-
stitutively active AMPK in islets isolated from mice and
rats reduces glucose oxidation and insulin secretion
(Richards et al. 2005). In addition, AMPK activation is
involved in Katp channel regulation. Glucose deprivation
leads to increased Kir6.2 protein levels on the surface of B-
cell membranes. AMPK is involved in this process because
the translocation of Kir6.2 to the membrane was inhibited
in the presence of compound C and by the use of a small
interfering RNA for AMPK (Lim et al. 2009). Moreover,
in response to decreased glucose, whole B-cell recording
experiments showed that increased AMPK activity opens
the Karp channel, an effect associated with a decrease in
the transfer of the mitochondrial-derived ADP signals to
plasma membrane Katp by phosphotransfer cascades (Beall
et al. 2013). Therefore, enhanced AMPK activity decreases
B-cell electrical activity, resulting in decreased insulin secre-
tion at non-stimulatory glucose concentrations.

Additionally, it is important to state that AMPKa2
antisense treatment increased insulin secretion at 2.8 mM
glucose in CTLAS islets, demonstrating that in normal feed-
ing rats, the action of AMPK on the Karp channel may be

impaired when AMPK islet content and activation is dis-
rupted at lower glucose concentrations. However, we could
not explain why the same effect did not occur in CRAS
islets. It is possible that the damage in B-cell electrical activ-
ity induced by the CR treatment was not fully restored at
3 days after AMPKo2 antisense administration. Our data
demonstrate that the reduced capacity of B-cells to secrete
insulin after 21 days of CR is associated with enhanced
AMPK content and activation in rat islets.
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