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Abstract

To clarify the pathogenesis of altered bone metabolism in diabetic state and its underlying mechanisms, the bone mineral
content and fasting levels of serum intact parathyroid hormone (i-PTH), intact osteocalcin (i-OC), tartrate-resistant acid
phosphatase (TRAP) and osteoclastgenesis inhibitory factor/osteoprotegerin (OCIF/OPG) were measured in male type 2
diabetic patients and their age-matched controls. In addition, urine levels of osteoclastic markers, C-telopeptide of type 1
collagen (CTx), deoxypyridinoline (DPD), and N-telopeptide of type I collagen (NTx) were simultancously determined. Serum
levels of i-PTH and i-OC in diabetic patients were significantly lower than those in the controls. Conversely, serum
concentrations of TRAP were significantly elevated in diabetic patients. However, no clear correlation was observed between
serum i-OC and TRAP. It was also observed that urinary excretion of CTx, DPD, and NTx was significantly increased in the
diabetics as compared with the controls. Unexpectedly, serum levels of OCIF/OPG tended to be higher in the diabetic group, and
these values exhibited a significantly positive correlation with those of serum TRAP. There was found a significantly negative
correlation between serum TRAP and bone mineral density (BMD) and also between serum OCIF/OPG and bone mineral
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density. It seems probable that OCIF/OPG has a suppressive role on the increased bone resorption to prevent further loss of the

skeletal bone mass in type 2 diabetic patients.
(© 2004 Elsevier Ireland Ltd. All rights reserved.

Keywords: Type 2 diabetes mellitus; Intact osteocalcin; Bone resorption; Tartrate-resistant acid phosphatase (TRAP); Osteoclastogenesis

inhibitory factor/osteoprotegerin (OCIF/OPG)

1. Introduction

It has been recognized that the alterations in
mineral and bone metabolism are associated with
diabetes mellitus and that the resulting bone loss is one
of the chronic complications of diabetic patients [ 1-6].
Regarding the altered bone metabolism found in
patients with type 2 diabetes, we and others have
demonstrated the evidence that the osteoblastic
function was decreased whereas the osteoclastic
function was conversely elevated [5,7,8]. In order to
further confirm the enhancement of osteoclastic
function in type 2 diabetes, we measured the urine
markers for bone resorption, cross-linked C-telopep-
tide of type 1 collagen (CTx), deoxypyridinoline
(DPD), and cross-linked N-telopeptide of type I
collagen (NTx) [9-11], as well as the circulating
osteoclastic marker.

In terms of the molecular mechanisms for
functional coupling between osteoblasts and osteo-
clasts, the bone coupling factors have been recently
cloned from osteoblastic cells. Osteoclast differentia-
tion factor (ODF) has been identified as a membrane-
bound ligand mediating an essential signal 1o
osteoclast progenitors for their differentiation into
osteoclasts [12,13]. On the other hand, osteoclasto-
genesis inhibitory factor/osteoprotegerin (OCIF/OPG)

inhibits the osteoclastogenesis by interrupting the
binding of ODF to ODF receptor of osteoclast
progenitors [14,15].

In this study, we confirmed that the osteoclastic
function is significantly accelerated in type 2 diabetic
patients. For the purpose of clarifying its underlying
pathogenesis, the circulating levels of OCIF/OPG
were measured to investigate their interrelationship
with the increased osteoclastic markers, and then the
putative role of OCIF/OPG on the altered bone
metabolism in diabetes was analyzed.

2. Subjects

A total of 169 male type 2 diabetic patients (55. +
0.9 years of age and 6.1 £ 0.5 years of disease
duration; means + S.E.) was examined in this study.
Ninety-five age-matched male healthy subjects (54.7
+ 1.1 years of age) were also studied as the controls
with fasting blood glucose level less than 7.0 mmol/I
(Table 1). The female type 2 diabetic patients were
excluded from the present study to prevent the
influences of sex hormones from the evaluations of
bone mineral content. Those who had obvious renal
dysfunction (serum creatinine levels of 132 =
10" mmol/l or more, urine corrected albumin levels

Table 1
Clinical profile of male patients with type 2 diabetes and their age-matched controls
Number Body mass index (kglm:) Duration (years) Glucose (nmol/l) HbAlc (%)
Diabetic patients
Diet 61 235+ 05 54 +£09 9.37 + 0.51" 83 x03°
Oral hypoglycemic agent 64 21.8 £ 0.4° 6.5 £ 0.8 10.41 + 0.48" 10,1 £ 0:3°
Insulin 44 21.0 £ 0.5" 7.0 £ 0.9 12.43 £ 0.66° 106 + 0.4°
Totals 169 223+ 02 6.1 £05 10.46 + 0.29° 10.0 + 0.5
Controls 95 228 £ 0.2 - 541 £ 0.05 50+ 0.1

Values were presented as mean + S.E.
“p <001
® p < 0.05 vs. controls.
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of 5.04 + 107° mg/mmol creatinine or more) were
excluded to avoid possible influence of renal
osteodystrophy and retardation of hormone excretion
[16]. In addition, the patients with retinopathy,
neuropathy and coronary artery disease were also
excluded. None had taken oral calcium supplementa-
tion, drugs such as statins to affect bone metabolism
[17] or any vitamin preparation containing Vitamin D,
or K. Each subjects had given informed written
consent to participate in this study, and the study was
carried out in accordance with the Declaration of
Helsinki as revised in 1996.

3. Methods
3.1. Biochemistry

A Hitachi 7350 autoanalyzer (Hitachi Co. Ltd.,
Tokyo, Japan) was used to measure circulating levels
of glucose, calcium, magnesium, inorganic phos-
phorus, creatinine and albumin, and urinary excretion
of calcium and creatinine. Corrected values of serum
calcium were calculated according to the formula 10y/
x mmol/g albumin, where x denotes albumin (g/dl) and
y denotes calcium (mmol/l) [18]. HbAlc was
determined with a high-performance liquid chroma-
tography [19]. Urine C-peptide (CPR) was analyzed
by a radioimmunoassay (RIA) technique as reported
previously [20]. Serum insulin was determined by
enzyme immunoassay (AxSYM Insulin Kit, Dinabott
Co. Ltd., Tokyo, Japan) using monoclonal antibody
which cross-reacted neither with human proinsulin nor
CPR. The sensitivity of this assay is 1.0 pmol/l, and
the coefficients of variance (CV) of intra- and inter-
assay were 2.2-2.7% and 3.5-7.2%, respectively.
Serum intact osteocalcin (i-OC) was determined by
one-step enzyme immunometric assay (Osteocalcin
test Teijin, Teijin Co. Ltd. Tokyo, Japan) [21]. The
sensitivity of this assay is 8.5 pmol/l, and the CV of
intra- and inter-assay were 2.5-7.5% and 4.0-7.6%,
respectively. Serum TRAP was determined by using
paranitrophenol phosphate as previously described
[22]. Intact molecules of parathyroid hormone (i-
PTH) in serum were determined by a highly sensitive
two-site immunoradiometric assay [6]. The detection
limit for i-PTH was 10 pmol/l, and CV of intra- and
inter-assay were 2.6-2.9% and 3.0-4.0%, respec-

tively. Circulating 1,25 dihydroxyvitamin D,
(1,25(0H),D5) were measured by RIA (1,25(OH),D
RIA Kit; Immunodiagnostic Systems Co. Ltd.,
Boldon, UK) [23]. The sensitivity of this assay is
3.3 pmol/ml, and the CV of intra- and inter-assay were
8.7-10.4% and 11.3-11.9%, respectively.

Urinary concentrations of CTx were quantified by
RIA (a-CrossLaps™ ; Osteometer Co. Ltd., Copenha-
gen, Denmark) using a specific monoclonal antibody
[9]. The detection limit for CTx is 44 nmol/l, and CV
of the intra- and inter-assay were 2.9-9.7% and 4.6—
9.6%, respectively. Urinary DPD were quantified by
ELISA (Osteolinks “D”*; Sumitomo Pharmaceutical
Co. Ltd., Osaka, Japan) using a specific monoclonal
antibody [10]. The detection limit for DPD is 1.1 nmol
and CV of the intra- and inter-assay were 3.5-4.3%
and 4.4-5.7%, respectively. The DPD assay used
determines only the free component of DPD in urine
since samples are not hydrolysed. Urinary NTx were
measured using ELISA assay (Osteomark™, Ostex
International Inc., Seattle, WA) and were expressed as
nanomoles of bone collagen equivalent (BCE)/l/mM
creatinine [11]. The detection limit for NTx is
5.0 nMBCE/mMcre, and CV of the intra- and inter-
assay were 3.5-4.4% and 2.9-4.8%, respectively.

Serum levels of OCIF/OPG were determined by
two steps sandwich ELISA (OCIF/OPG Kit; Cosmo
Bio. Co. Ltd., Tokyo, Japan) according to the method
of Tsuda et al. [ 14]. The detection limit for OCIF/OPG
is 0.52 pmol/l, and CV of the intra- and inter-assay
were 4.3-4.9% and 8.7-10.5%, respectively.

After overnight fasting, blood samples were
collected from the antecubital vein and centrifuged
at 3000 rpm for 5min. Serum was immediately
separated and stored at —40 °C until assayed. The
first morning urine samples were collected and
centrifuged at 1500 rpm for 5 min immediately after
collection in order to eliminate the debris, and were
also stored at —40 °C.

3.2. Measurement of bone mineral density

Teijin Bonalyzer (Teijin Co. Ltd.) was utilized to
measure the bone mineral density (BMD) by means of
computed X-ray densitometry (CXD) at the center of
the right second metacarpal bone [6]. The principle
of this method is based on the microdensitometric
method using X-ray films of hands with aluminum
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step scale as standard [3,4,6]. The index correspond-
ing to bone mineral density (m-BMD) was obtained as
the integrated value of the density area in X-ray film
derived by the width of metacarpal bone. It was
calculated that CV of m-BMD was 1.2-2.0% and m-
BMD reflects the cortical density of the metacarpal
bone [6].

3.3. Statistical analysis

The results were expressed as the mean + S.E.
Student’s unpaired r-test and a one-way ANOVA
analysis of variance test were used for statistical
analysis. To test the relationship between two indices,
Spearman’s correlation coefficient test was per-
formed. Differences were accepted as significant at
p < 0.05.

4. Results

4.1. Urinary excretion of CPR, circulating levels of
insulin, calcium, inorganic phosphorus, magnesium,
i-PTH, 1,25(0H)->D;, and bone mineral density

Table 2 shows urinary excretion of CPR, circulat-
ing wvalues of insulin, minerals, i-PTH and
1,25(0H),D; along with m-BMD in type 2 diabetic
patients and in the controls. Urine levels of CPR were
significantly reduced in type 2 diabetic patients
compared to those in control subjects (p < 0.01).
On the other hand, fasting levels of serum insulin
tended to be higher in the diabetics, but no statistical

Table 2

difference was observed between the diabetic and
control groups. Serum levels of corrected calcium and
magnesium were significantly lower in the diabetic
group than in the controls (p < 0.05-0.01), but serum
inorganic phosphorus was not significantly different.
Serum i-PTH and 1,25(0OH),D: were significantly
decreased in diabetic patients than in their controls
(p < 0.01). The values of m-BMD were significantly
lower in the diabetic group compared to the control
group (p < 0.05), indicating the decreased bone mass
in the diabetic state.

4.2. Serum i-OC, TRAP, OCIF/OPG and urinary
excretion of CTx, DPD, and NTx

Serum level of i-OC in type 2 diabetic patients was
0.53 + 0.03 nmol/l, which was significantly lower
than those in the controls (1.02 + 0.05 nmol/l, p <
0.01). On the other hand, serum levels of TRAP in type
2 diabetic patients were 10.75 £+ 0.14 U/, and were
significantly higher than those in the control group
(9.50 £ 0.10 U/, p < 0.01) (Fig. 1). Serum OCIF/
OPG in diabetic patients (9.05 £ 0.45 pmol/l) tended
to be higher than that in the control group (8.00 =
0.31 pmol/1), although it is not statistically significant
(0.05 < p < 0.1). In addition, urinary concentrations
of CTx, DPD, and NTx in type 2 diabetic patients were
161 £+ 8 nmol/mMcre, 4.80 £+ 0.13 nmol/mMcre and
41.9 + 2.0 nMBCE/mMcre, respectively, and were
also significantly higher than those in the control
group (136 + 6, 4.13 £ 0.13 nmol/mMcre, and 34.6
+ 1.5 nMBCE/mMcre, respectively; p < 0.05-0.01)
(Fig. 2).

Urine levels of CPR, circulating values of insulin and bone metabolic markers, and bone mineral density in male type 2 diabetic patients and their

age-matched controls

Type 2 diabetics Controls
Urine CPR (nmol/day) 207 + 1.3° 300 + 33
Insulin (pmol/l) 468 + 2.5 378 + 36
Corrected calcium (mmol/kg albumin) 5.08 + 0.05" 531 £ 0.04
Inorganic phosphorus (mmol/l) 1.05 £ 0.01 1.04 + 0.02
Magnesium (mmol/l) 0.81 + 0.01" 0.83 + 0.01
Intact PTH (pmol/1) 2.38 + 0.10" 3.26 + 0.10
1,25 (OH)-D; (pmol/l) 1013 + 55" 1319+ 73
m-BMD (mmAl) 2.80 + 0.15" 3.11 £ 0.03
Values were presented as mean + S.E.
*p < 0.01

" p < 0.05 vs. control.
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Fig. 1. Serum levels of i-OC (A), and TRAP (B) in type 2 diabetic patients and control subjects. Level of i-OC in the type 2 diabetics was
significantly lower than that of the controls (p < 0.01). On the other hand, serum level of TRAP in the diabetics was higher than the value in their
controls (p < 0.01).
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Fig. 2. Urine levels of CTx to creatinine (A), deoxypyridinoline (DPD) to creatinine (B), and NTx to creatinine (C) in type 2 diabetic patients and
control subjects. Urine concentration of CTx and NTx in the type 2 diabetics was significantly higher than that in their controls (p < 0.05). Urine
DPD in the diabetic group was also significantly higher than the value in their control group (p < 0.01).
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4.3. Correlation coefficients among serum i-PTH and
i-OC, serum and urine osteoclastic markers, and m-
BMD in diabetic patients

A significantly positive correlation was found in
diabetic patients between serum i-PTH and i-OC (r =
0.289, p < 0.01). There was no clear correlation
between serum i-OC and TRAP. On the other hand,
serum TRAP exhibited significantly positive correla-
tion with urine osteoclastic markers (CTx and DPD)
(r = 0.298 and 0.250, respectively; p < 0.01). A
significantly negative correlation was observed
between m-BMD and serum levels of TRAP (r =
—0.254, p < 0.01). The urinary excretion of CTx,
DPD, and NTx similarly exhibited a tendency to be
negatively correlated with m-BMD (r = ~0.211,
—0.179, and —0.162, respectively).

4.4. Correlationship between serum OCIF/OPG and
serum i-OC, TRAP or m-BMD in diabetic patients

There was a significantly positive correlation in
diabetic patients between circulating levels of OCIF/
OPG and TRAP (p < 0.01; Fig. 3). The urinary
excretion of CTx and DPD similarly tended to be
negatively correlated with serum levels of OCIF/OPG
(r=—0.164 and —0.103, respectively, 0.05 < p < 0.1).
On the other hand, a significantly negative correlation
was found between m-BMD and serum OCIF/OPG
(p < 0.01). There was no clear correlation between
circulating levels of OCIF/OPG and i-OC (Fig. 3).

5. Discussion

The existence of diabetic osteopenia and altered
mineral metabolism has been recognized as one of the
chronic complications of diabetes mellitus [1-8]. In
type 1 diabetic patients, fairly uniform results were
obtained, where bone mass is reduced by 6-14% in the
forearm [4]. Although many reports have been
published to elucidate pathophysiological character-
istics of abnormal bone metabolism in type 2 diabetic
patients, however no detailed consensus on the
pathogenesis of osteopenia in type 2 diabetes has
been yet obtained. Differences in the race, age, sex and
degree of obesity of the subjects in these studies can be
considered as the causal factors of this inconsistency
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Fig. 3. Correlationship between serum OCIF/OPG (y-axis) and
serum i-OC (A), TRAP (B) or m-BMD (C) (x-axis) in diabetic
patients. There was a significantly positive correlation between
circulating OCIF/OPG and TRAP (r = 0.344, y =272 + 1.10x, p
< 0.01), whereas no significant relationship was observed between
serum OCIF/OPG and i-OC. On the other hand, a significantly
negative correlation was found between serum OCIF/OPG and m-
BMD (r = —0.302, y = 22.97-5.21x, p < 0.01).

[4,24,25]. Therefore, in the present study, only non-
obese male patients with type 2 diabetes and their age-
matched control subjects were examined in order to
prevent the influence of sex, age and obesity from
the evaluations of altered bone metabolism. The
decreased activity of osteoblasts under diabetic
conditions has been commonly observed in both
diabetic animals and humans [7,26-28]. Since a
positive correlation was found between i-PTH and
i-OC, it is speculated that the relative hypofunction
of parathyroid gland causes the decreased activity of
diabetic osteoblasts. However, it has been still
controversial if the osteoclastic function in diabetes
is elevated or not [5,7,29,30]. We have previously
reported that serum level of osteoblastic osteocalcin
was decreased, while circulating TRAP, a bone
resorption marker, was conversely elevated in
genetically diabetic Wistar fatty rats [20], suggesting
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the increased activity of osteoclasts in diabetic state.
Moreover, in male type 2 diabetic patients, we found
in the present study that serum concentrations of
TRAP was significantly higher than those in age-
matched controls, and that a significantly negative
correlation was observed between serum TRAP and
bone mineral content. A significant decrease in serum
osteocalcin was conversely observed in the identical
cases of type 2 diabetic patients, and there was no clear
correlation between i-OC and TRAP. Thus, the
accelerated osteoclastic activities and the putative
uncoupling between the functions of osteoblasts and
of osteoclasts would be supposedly related to the
pathogenesis of diabetic osteopenia.

In order to ascertain the fact that osteoclastic
activity in diabetic patients is increased, urinary
excretion of CTx, DPD, and NTx was simultaneously
examined. CTx and NTx have been known to be the
cross-linked C- and N-terminal telopeptide of bone
type I collagen and to be released into blood stream
after the degradation of collagen through osteoclast-
derived proteases [31]. Since CTx, DPD, and NTx are
excreted from the kidney into urine, urinary con-
centrations of these substances has been used as the
means for estimation of osteoclastic bone resorption
[10,32]. The urinary excretion of CTx and DPD was
found to be elevated in the diabetic group and to be
positively correlated with serum levels of TRAP.
These results comfirm that the osteoclastic activity is
significantly increased in type 2 diabetic patients.

It has been recognized that OCIF/OPG modifies
osteoclastic differentiation by binding to ODF as
decoy receptor, and then suppresses the generation of
mature osteoclasts from their precurcer cells [33]. In
addition, it has been reported that recombinant OCIF/
OPG inhibits osteoclastogenesis in a dose-dependent
manner in vitro, and increases bone mineral density
and bone volume in vivo, associated with a decrease of
active osteoclast number in normal rats [34]. In our
studies, unexpectedly, the circulating levels of OCIF/
OPG tended to be rather increased in type 2 diabetic
patients. On the other hand, serum OCIF/OPG
exhibited significantly positive correlation with serum
TRAP, so that, it is possible that OCIF/OPG plays a
protective role against the increased bone resorption
under diabetic condition. In addition, a negative
correlation between OCIF/OPG and m-BMD might be
related to the putative role of this osteoblast-derived

cytokine to prevent further loss of the bone mass in
diabetic patients.

It has been reported that serum OCIF/OPG is very
sensitive to renal function. For example, the age-
related increase in serum OCIF/OPG is likely to be
related to modest deterioration in glomerular filtration
rate with age [35]. We excluded diabetic patients with
evident renal dysfunction in this study. Furthermore,
there was no significant correlation between serum
OCIF/OPG and corrected urine albumin (data not
shown). Although it is true that OCIF/OPG is
osteoblast-derived, OCIF/OPG has other roles, and
the majority of plasma OCIF/OPG is likely to be
derived from not only bone but also other various
tissues [36]. In particular, OCIF/OPG has been
reported to be involved in vascular physiology and
its pathology [14]. In our preliminary study, however,
no significant difference in serum levels of OCIF/OPG
was found among the patients with various stages of
diabetic retinopathy or neuropathy (data not shown). It
is still unclear whether the etiological background is
common in diabetic osteopenia and various kinds of
vasculopathy in type 2 diabetic patients, because the
examination on those with microvascular and macro-
vasular complications were not performed in the
present study. Further investigation will be needed in
order to resolve the relationship between OCIF/OPG
and diabetic vasculopathy.

The clinical management of diabetic osteopenia
would become important for the preservation of
quality of life in older diabetic patients, because it has
been recently recognized that metabolic derangement
under diabetic condition is related to the risk of bone
fracture [37]. Further efforts should be necessary to
clarify the detailed underlying mechanism and to
establish the preventive methods for osteopenia in
diabetic patients.
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translocation and its glicose transport activity in 3T3-L1 adipocytes. Am J
Physiol Endocrinol Metab 289: E643-E649, 2005. First published May 31,
2005; doi:10.1152/ajpendo.00456.2004 —To determine whether the in-
crease in glucose uptake following AMP-activated protein kinase
(AMPK) activation in adipocytes is mediated by accelerated GLUT4
translocation into plasma membrane, we constructed a chimera be-
tween GLUT4 and enhanced green fluorescent protein (GLUT4-
¢GFP) and transferred its cDNA into the nucleus of 3T3-L1 adipo-
cytes. Then, the dynamics of GLUT4-eGFP translocation were visualized
in living cells by means of laser scanning confocal microscopy. It was
revealed that the stimulation with 5-aminoimidazole-4-carboxamide-1--
p-ribofuranoside (AICAR) and 2,4-dinitrophenol (DNP), known activa-
tors of AMPK, promptly accelerates its translocation within 4 min, as was
found in the case of insulin stimulation. The insulin-induced GLUT4
translocation was markedly inhibited after addition of wortmannin (P <
0.01). However, the GLUT4 translocation through AMPK activators
AICAR and DNP was not affected by wortmannin. Insulin- and AMPK-
activated translocation of GLUT4 was not inhibited by SB-203580, an
inhibitor of p38 mitogen-activated protein kinase (MAPK). Glucose
uptake was significantly increased after addition of AMPK activators
AICAR and DNP (P < 0.05). AMPK- and insulin-stimulated glucose
uptake were similarly suppressed by wortmannin (P < 0.05-0.01). In
addition, SB-203580 also significantly prevented the enhancement of
glucose uptake induced by AMPK and insulin (P < 0.05). These results
suggest that AMPK-activated GLUT4 translocation in 3T3-L1 adipo-
cytes is mediated through the insulin-signaling pathway distal to the site
of activated phosphatidylinositol 3-kinase or through a signaling system
distinct from that activated by insulin. On the other hand, the increase of
glucose uptake dependent on AMPK activators AICAR and DNP would
be additionally due to enhancement of the intrinsic activity in translocated
GLUT4 protein, possibly through a p38 MAPK-dependent mechanism.

glucose transporter 4; mitogen-activated protein kinase; phosphatidyl-
inositol 3-kinase; enhanced green fluorescent protein

IT HAS BEEN ESTABLISHED that insulin-stimulated glucose uptake
into adipocytes and skeletal myocytes involves the transloca-
tion of GLUT4 from an intracellular pool to the plasma
membrane. The intracellular mechanism for the recruitment of
GLUT4-containing vesicle into plasma membrane has been
investigated, and it has been revealed that phosphatidylinositol
3-kinase (PI3K) plays a crucial role in insulin-stimulated
GLUT4 translocation (7, 14, 24). However, little has been

elucidated concerning other mechanisms to enhance the
GLUT4 translocation than the insulin signaling system.

AMP-activated protein kinases (AMPKs) have been known
to act as a metabolic sensor in mammalian cells (9, 30). The
kinase activity is enhanced by a relative increase in cellular
AMP level (increase in AMP-to-ATP ratio) through a meta-
bolic uncoupler, dinitrophenol (DNP), to decrease ATP con-
centration and by 5-aminoimidazole-4-carboxamide-1-{3-p-ri-
bofuranoside (AICAR), an adenosine analog. After entering
into cells, AICAR is phosphorylated, and the reaction product
5-aminoimidazole-4-carboxamide ribonucleotide mimics the
action of AMP to activate AMPK (6, 19). In the case of skeletal
myocytes, activation of AMPK through physiological stimula-
tion such as muscle contraction or by the pharmacological
activator AICAR leads to a significant increase of glucose
uptake mediated by the translocation of GLUT4 (10, 20).

It has been reported that GLUT4 translocation is accelerated by
stimulation other than by insulin, such as hyperosmolar shock and
bradykinin (2, 4, 15), but the precise mechanism has not yet been
elucidated. In addition, although AMPK activation by AICAR in
adipocytes has also been observed to increase glucose uptake
under basal conditions (27), it seems to be still unclear whether or
not its increase is mediated by GLUT4 translocation. In this study,
we monitored in real time the GLUT4 trafficking in living, single
3T3-L1 adipocytes by use of a chimera between GLUT4 and the
intrinsically fluorescent enhanced green fluorescent protein
{eGFP). The time-dependent acceleration of GLUT4 translocation
was measured using laser-scanning confocal microscopy after
AMPK activation by AICAR and DNP. The effect of insulin was
examined in parallel for a comparative purpose. The involvement
of PI3K and p38 mitogen-activated protein kinase (MAPK) acti-
vation was also investigated in the mechanisms for accelerated
GLUT4 translocation and increased glucose uptake through
AMPK activation in 3T3-L1 adipocytes.

MATERIALS AND METHODS

Materials. Wortmannin, AICAR, and bovine serum albumin (BSA)
were from Sigma (St. Louis, MO), and DNP and 2-deoxy-p-glucose
(2-DG) were from Wako (Osaka, Japan). SB-203850 was from Calbio-
chem (La Jolla, CA). 2-["*C]DG (300 mCi/mmol) was obtained from
DuPont-NEN (Boston, MA). Human GLUT4 ¢cDNA was a generous gift
from Dr. G. I. Bell (University of Chicago). The GLUT4-eGFP construct
was prepared by subcloning the full-length GLUT4 ¢cDNA in frame into
the HindIIl and EcoR1 sites of the peGFP vector (Clontech, Palo Alto,
CA) to make a COOH-terminal eGFP fusion.
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Preparation of cells. 3T3-L1 cells were obtained from the cell bank
of Japanese Collection of Research Bioresouces (Tokyo, Japan). Cells
were seeded and fed every 2-3 days in Dulbecco’s modified Eagle’s
medium (DMEM) high glucose supplemented with 50 U/ml penicil
lin, 50 pg/ml streptomycin, 100 mM MEM sodium pyruvate, and 10%
fetal calf serum and were grown under 5% CO- at 37°C. At conflu-
ence, differentiation was started by addition of medium containing
500 pM isobutylmethylxanthine (IBMX, Sigma), 250 pM dexameth-

A

Fig. 1. Visualization of GLUT4 translocation
using GLUT4-eGFP (enhanced green fluo-
rescent protein) chimeric protein and dynam
ics of its intracellular distribution after addi-
tion of stimulants. Each image was obtained
using laser-scanning confocal microscopy be-
fore (1), and 4 (2), 10 (3), and 20 min (4) after
the following stimulations: A: 10~ M insulin
alone; B: 1077 M insulin + 3 X 107" M
wortmannin; C: 1077 M insulin + 107° M
$B-203580 (an inhibitor of p38 MAPK): D:
10-* M 24-dinitrophenol (DNP) alone: E
10" M DNP + 3 x 107" M wortmannin

AMPK-INDUCED GLUT4 TRANSLOCATION

asone (Sigma), and 1.7 pM insulin. After 48 h, this mixture was
replaced with fresh medium. Between days 7 and /0 after induction of
differentiation, the glucose uptake was determined using 2-["*C]DG,
and the dynamics of GLUT4 translocation were monitored in living
cells by transferring the cDNA of GLUT4-eGFP into their nucleus.
Cell microinjection of GLUT4-eGFP cDNA. 3T3-L1 adipocytes
were injected with ¢cDNA of GLUT4-eGFP using an Eppendorf
microinjector system (Femtojet; Eppendorf, Hamburg, Germany) fit-
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ted on to Zeiss Axiovert microscope. In each coverslip, the plasmid of
GLUT4-eGFP ¢cDNA adjusted to 50-200 pg/ml in 10 mM Tris-HCI
buffer (pH 8.0) plus | mM EDTA was injected into the nucleus of
-50 cells. After injection, cells were washed twice with DMEM
containing 10% fetal calf serum and incubated for 1624 h under 5%
CO. at 37°C. The efficiency of gene transfer into cells was in the
range of 8-27%.

Experimental protocol for stimulation with insulin, DNP, or
AICAR. After the preincubation of differentiated 3T3-L1 adipocytes in
Krebs-Ringer bicarbonate (KRB) buffer containing (in mM) 110
NaCl, 4.4 KCl, 1.45 KH,PO., 1.2 MgCl,, 2.3 calcium gluconate, 4.8
NaHCOs, 11 glucose, and 10 HEPES (pH 7.4) and 0.3% BSA (for
GLUT4 translocation) or in serum-free Hanks’ buffer (in mM: 136.9
NaCl, 5.6 KCI, 0.34 Na,HPO,-7H-0, 0.44 KH.,PO., 1.27 CaCl,, and
4.2 NaHCOj and 0.02% BSA, pH 7.4) (for 2-DG uptake) at 37°C for
140 min, cells were then additionally incubated with 10~7 M insulin,
10" *MDNPor 10" * M AICAR for 20 min. In experiments where the
PI3K inhibitor (3 X 107* M wortmannin) or the p38 MAPK inhibitor
(107" M SB-203085) was used, each agent was added to the buffer 20
min before the addition of insulin, DNP, or AICAR.

.
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Image capture of GLUT4 translocation and its analysis. The
transfected 3T3-L1 adipocytes with GLUT4-eGFP were imaged with
a laser-scanning confocal microscope LSM 510 (Carl Zeiss, Jena,
Germany) to monitor the dynamics of GLUT4 translocation. Trans-
fected cells were on a heated stage adjusted to provide a temperature
of 37°C in the bathing KRB buffer. Images were collected using
488-nm excitation wavelength every | min. The eGFP signals were
analyzed with NIH Image software (version 1.61, National Institute of
Mental Health, NIMH Public Inquiries, Bethesda, MD). To guantify
the extent of GLUT4-eGFP translocation to the plasma membrane, the
ratio of fluorescence intensity in the peripheral region to that in the
remaining cellular fluorescence was calculated. The peripheral-to-
cellular ratio in the basal state was expressed as 100(%), and the area
under the curve during the 20-min stimulation was calculated for the
quantitative comparison.

2-DG uptake assay. The differentiated 3T3-L1 adipocytes were
serum starved using serum-free Hanks' buffer (pH 7.4) prior to
glucose uptake experiments, as described above, and were preincu-
bated for 140 min. For 2-DG uptake measurements, 0.2 pCi
2-["*C]DG was then added to the medium containing 1 mM nonra-

Fig. 1. F: 107* M DNP + 10~ M SB-203580;
G: 10 ' M S-aminoimidazole-4-carboxamide- 1 -
B-p-ribofurancside (AICAR) alone; H: 107" M
AICAR — 3 x 107 M wortmannin; /: 10~ ' M
AICAR + 107° M SB-203580,
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dioactive 2-DG. After the incubation for 20 min at room temperature
along with each stimulant (insulin, DNP, or AICAR), glucose uptake
was stopped by aspiration of the buffer. Cells were rapidly washed
several times with 1 ml of ice-cold phosphate-buffered saline and
solubilized by the addition of 0.2 M NaOH. Nonspecific uptake was
determined in parallel in the presence of 10 pM cytochalasin B. The
radioactivity associated with the cells was measured using a scintil-
lation counter (LSC-3100; Aloca, Tokyo, Japan), as has been de-
scribed previously (21).

Statistical analysis. Statistical analysis was performed by analysis
of variance using StatView computer software (Abacus, Berkeley,
CA). Results are expressed as means = SE, and P < 0.05 was
considered significant.

RESULTS

Visualization of GLUT#4 translocation and its dynamics of
intracellular distribution. The dynamics of GLUT4-eGFP trans-
location were visualized and monitored using laser-scanning con-
focal microscopy. Each image in Fig. | indicates the intracellular
localization of GLUT4 before (1), and 4 (2), 10 (3), and 20 min
(4) after the addition of 10~7 M insulin, 10 MDNP, or 10 * M
AICAR. As indicated in Fig. 1A, insulin stimulation elicited
GLUT#4 translocation into plasma membrane within 4 min. On the
other hand, the time-dependent translocation was almost dimin-
ished by the pretreatment with 3 % 10~* M wortmannin (Fig. 1B).
Administration of DNP or AICAR alone similarly promoted
GLUT4 translocation within 4 min in a time-dependent manner
(Fig. 1, D and G). The pretreatment with wortmannin, however,
failed to inhibit the translocation by DNP or AICAR (Fig. 1, E and
H). In addition, the translocation induced by insulin, DNP, or
AICAR was not affected by the pretreatment with 107° M
SB-203580. (Fig. 1, C, F, and /).

Quantitative assessment of GLUT4 translocation by each
stimulant. A significant increase in the peripheral/cellular ratio of
GLUT4-eGFP fluorescence intensity was observed 4 min after the
addition of insulin (138.2 * 13.3% of the basal state, P < 0.05),
and it consistently continued thereafter (P << 0.05; Fig. 2A). When
the cells were pretreated with wortmannin, however, no apparent
acceleration of the GLUT4 translocation was found, and the
statistically significant suppression was noted in the translocation
during the insulin stimulation (P < 0.05; Fig. 24). DNP and
AICAR also significantly enhanced the GLUT4 translocation 4
min after the addition (140 = 10.5 and 130.7 = 8.5% of the basal
state in DNP and AICAR stimulation, respectively, P < 0.05; Fig.
2, B and ). In contrast, the wortmannin pretreatment failed to
suppress the GLUT4 translocation stimulated with DNP or
AICAR (Fig. 2, B and C). The addition of SB-203580 did not
suppress the translocation by insulin, DNP or AICAR (Fig. 2,
A-C). When the area under the curve of peripheral/cellular ratio of
fluorescence intensity was calculated (Fig. 3A), it was confirmed
that wortmannin could almost completely inhibit the insulin-
induced GLUT4 translocation (63,081 = 8,516 and 181 = 844
arbitary units in insulin alone and insulin plus wortmannin, re-
spectively, P < 0.01), but not by DNP or AICAR (Fig. 3, B and
(). No significant effect on the accelerated translocation by
insulin, DNP, or AICAR was observed by the addition of SB-
203580 (Fig. 3, A-C).

Insulin-, DNP-, and AICAR-induced 2-DG uptake inhibition
by wortmannin or SB-203580. The stimulation by insulin,
DNP, and AICAR enhanced 2-DG uptake 2.8 = 0.14-, 2.4 *

AMPK-INDUCED GLUT4 TRANSLOCATION
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Fig. 2. Time course of quantified GLUT4 translocation in 3T3-L1 adipocytes
after addition of 10~7 M insulin (A), 107 M DNP (8), and 10~ ' M AICAR
(C). These agents similarly elicited a significant increase of GLUT4 translo-
cation 4 min after their addition. Wortmannin pretreatment markedly reduced
the translocation induced by insulin but not that by DNP or AICAR. On the
other hand, pretreatment with SB-203580 failed to affect all of them. *P <
0.05 vs. nonstimulatory basal condition. P < 0.05 vs. corresponding control.
Data are means * SE of 6 determinations on different 3T3-L1 cells.

0.21-, and 1.7 *= 0.14-fold, respectively (P < 0.01). The
addition of wortmannin did not affect the basal 2-DG uptake
but markedly suppressed the insulin-induced glucose uptake
(5,215 + 429 and 1,618 = 277 cpm/10° cells in insulin alone
and insulin plus wortmannin, respectively, P < 0.01). Inter-
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Fig. 3. Calculation of area under the curve (AUC) of %peripheral/cellular ratio of GLUT4-eGFP fluorescence intensity after addition of 10 7 M insulin (A), 10 *
M DNP (B), and 10 * M AICAR (C). Accelerated GLUT4 translocation by insulin was significantly suppressed by 3 X 10~ M wortmannin (P < 0.01) but
not by 10 * M $B-203580. DNP- or AICAR-induced GLUT4 translocation was not affected by these agents. N.S., not significant. Data are means * SE of 6

determinations on different 3T3-L1 cells.

estingly, wortmannin treatment could also significantly inhibit
2-DG uptake by DNP and AICAR (4,625 = 555 and 2,903 *
65 cpm/10° cells in DNP alone and DNP plus wortmannin,
respectively, P < 0.05, and 3,140 = 381 and 1,891 * 150
cpm/10° cells in AICAR alone and AICAR plus wortmannin,
respectively, P < 0.05; Fig. 4A), whereas wortmannin failed to
suppress the GLUT4 translocation stimulated by these agents,
as has been described above. In another series of experiments,

SB-203580 pretreatment was found to significantly inhibit the
glucose uptake enhanced by insulin (5,752 *= 190 and 3,692 *+
67 cpm/10° cells in insulin alone and insulin plus SB-203580,
respectively, P < 0.05) and also by DNP and AICAR (4,062 +
212 and 3,072 *+ 168 cpm/10° cells in DNP alone and DNP
plus SB-203580, respectively, P < 0.05; 4,880 = 316 and
2,444 + 99 cpm/10° cells in AICAR alone and AICAR plus
SB-203580, respectively, P < 0.05; Fig. 4B).
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Fig. 4. Stimulation of glucose transport activity in 3T3-L1 adipocytes by insulin, DNP, and AICAR and its suppression by wortmannin (A) and SB-203580 (B).
A: addition of wortmannin significantly reduced the glucose uptake stimulated by insulin, as well as that evoked by DNP and AICAR (P < 0.05-0.01). B:
enhanced glucose uptakes by insulin, DNP, and AICAR were all significantly suppressed by addition of SB-203580 (P < 0.05). Data are means = SE of 6

determinations.
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DISCUSSION

Through the monitoring system of visualized GLUT4-eGFP
translocation (22, 25), we have demonstrated here that the
stimulation with DNP and AICAR, known activators of
AMPK, promptly promotes the GLUT4 translocation within 4
min, as has been previously reported in the case of insulin (13,
16, 23). In addition, the translocation induced by DNP and
AICAR was not affected by wortmannin, suggesting that
AMPK-stimulated GLUT4 translocation in 3T3-L1 adipocytes
is mediated through the insulin-signaling pathway distal to the
site of activated PI3K or through a signaling system distinct
from that of insulin. This finding seems to be consistent with
the case of enhanced GLUT4 translocation in skeletal muscles,
in which AMPK activity has reportedly been elevated through
their contraction (11, 17). Because the GLUT4 translocation
induced by insulin stimulation and AMPK activation in
3T3-L1 adipocytes was not found to be affected by SB-
203580, a known inhibitor of p38 MAPK, the recruitment of
GLUT4 to the plasma membrane was unlikely to have been
mediated by p38 MAPK signaling.

The addition of AMPK activators AICAR and DNP en-
hanced glucose uptake in 3T3-L1 adipocytes, as was found in
the case of insulin stimulation. In contrast to the case of
GLUT4 translocation, however, the glucose transport activity
was significantly reduced by the addition of wortmannin. It has
been supposed that the magnitude of glucose transport after
insulin stimulation is regulated by promoting the GLUT4
translocation via PI3K activation (7, 14, 24) and also through
increasing the intrinsic transport activity of GLUT4 by protein
phosphorylation via p38 MAPK activation (3, 28, 29). Al-
though wortmannin has been used as an inhibitor of PI3K, this
agent has been additionally reported to inhibit insulin-depen-
dent p38a and p38f MAPK activities with an ICsp of 6 % 107
M and 2 % 10 M, respectively (28). Because the concentra-
tion of wortmannin used in this experiment was 3 % 10°° M,
it can be expected that it suppresses the p38 MAPK activities
in 3T3-L1 adipocytes. In fact, the AMPK-activated glucose
transport activity was found to be significantly suppressed by
SB-203580 in the present study. Because the magnitude of the
2-DG transport response by insulin and AMPK activators was
found to be relatively poor compared with that in previous
studies (3, 29), the degree of cell differentiation of 3T3-L1
adipocytes might have been lower in our cell preparations.
However, the significance in the reduction of glucose uptake
by the addition of wortmannin and SB-203580 could still be
valid, because apparent GLUT4 translocation into the plasma
membrane of 3T3-L1 adipocytes was observed in the cell
preparations similar to those in the glucose uptake assay. It
could, accordingly, be speculated that the enhancement of
glucose transport induced by AMPK activation in 3T3-L1
adipocytes is mediated by the increase of intrinsic activity
through p38 MAPK activation of translocated GLUT4 protein,
as has been suggested in the case of skeletal muscle (18). A
detailed evaluation would be needed in the future regarding
which isoforms of p38u and p38)3 MAPK can be phosphory-
lated and activated during this process. However, because it
has been demonstrated that SB-203580 inhibited the nucleotide
transport system and therefore can indirectly reduce AICAR-
stimulated AMPK activity (8), further examinations should be
carefully conducted on the exact role of AMPK and p38
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MAPK activation in the accelerated glucose uptake activity of
GLUT4 protein in 3T3-L1 adipocytes. It has been recently
reported that AICAR-stimulated glucose transport was depen-
dent on activation of the extracellular signal-regulated kinase
pathway, phospholipase D, and atypical protein kinase C iso-
forms in myocytes (5). Interestingly, the possible involvement
of AMPK-independent signaling has been also proposed, using
the system of overexpression of a dominant negative AMPK
mutant (26). It should be an interesting issue to be resolved,
therefore, how AMPK-dependent and -independent pathways
are related to the AICAR-induced glucose uptake observed in
3T3-L1 adipocytes. On the other hand, in adipose cells includ-
ing 3T3-L1, it has been observed that GLUT I, another isoform
of glucose transporters, is also functionally expressed (12).
AICAR has been reported to increase the intrinsic activity of
GLUT]1 protein via activated p38 MAPK to enhance the
glucose transport into Clone 9 cells, a rat liver-derived, non-
transformed cell line that expresses only the GLUTI (1, 31).
The increased intrinsic activity of GLUT1 as well as GLUT4
could potentially induce the enhancement of glucose uptake
after AMPK activation in 3T3-L1 adipocytes. In contrast to our
findings, Salt et al. (27) have demonstrated that AICAR does
not significantly enhance the translocation of GLUT4 or
GLUT1 to the plasma membrane, whereas a modest stimula-
tion of glucose uptake was simultaneously observed. The
precise reason for the discrepancy in the translocation of
GLUT4 between their results and ours is still unclear at
present, but the effect on 3T3-L1 cells might have been too
small in their experiments to be detected by the plasma mem-
brane lawn assay, because their method is supposedly less
sensitive for the detection compared with ours using the system
of the GLUT,_. GFP chimeric protein. Further studies concern-
ing the intracellular system for translocation and activation of
various GLUT isoforms are necessary to clarify this issue.

In the present study, it is revealed that AMPK activators
AICAR and DNP can accelerate GLUT4 translocation in
3T3-L1 adipocytes, as has been observed in skeletal muscles.
The mode of action on the translocation through AMPK
activation was as quick, within 4 min, as in the case of insulin
stimulation, but it was shown to be mediated by a signaling
system distal to the PI3K activation through insulin stimulation
or by a pathway distinct from that activated by insulin. On the
other hand, the enhancement of glucose uptake was further
mediated by the increased intrinsic activity of GLUT4 protein,
possibly through p38 MAPK activation. The activation of
AMPK in adipocytes would be a new therapeutic target for the
glycemic control of type 2 diabetes.
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The cytomatrix at the active zone (CAZ) has been implicated in defining the site of Ca’?*-dependent exocytosis of
neurotransmitters. Here, we demonstrate the expression and function of ELKS, a protein structurally related to the CAZ
protein CAST, in insulin exocytosis. The results of confocal and immunoelectron microscopic analysis showed that ELKS
is present in pancreatic 8 cells and is localized close to insulin granules docked on the plasma membrane-facing blood
vessels. Total internal reflection fluorescence microscopy imaging in insulin-producing clonal cells revealed that the ELKS
clusters are less dense and unevenly distributed than syntaxin 1 clusters, which are enriched in the plasma membrane.
Most of the ELKS clusters were on the docking sites of insulin granules that were colocalized with syntaxin 1 clusters.
Total internal reflection fluorescence images of single-granule motion showed that the fusion events of insulin granules
mostly occurred on the ELKS cluster, where repeated fusion was sometimes observed. When the Bassoon-binding region
of ELKS was introduced into the cells, the docking and fusion of insulin granules were markedly reduced. Moreover,
attenuation of ELKS expression by small interfering RNA reduced the glucose-evoked insulin release. These data suggest

that the CAZ-related protein ELKS functions in insulin exocytosis from pancreatic §8 cells.

INTRODUCTION

The release of neurotransmitters is restricted to specialized
presynaptic membrane compartments called active zones
(Landis ef al., 1988). The cytomatrix at the active zone (CAZ)
is thought to play an organizational role in defining presyn
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aptic sites of synaptic vesicle docking and fusion (Garner et
al., 2000). On the other hand, the fusion of vesicles is medi-
ated by the formation of the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) com-
plex of the presynaptic plasma membrane protein syntaxin 1
and synaptosomal associated protein of 25 kDa (SNAP-25)
and the synaptic vesicle protein vesicle-associated mem-
brane protein-2 (Rizo and Siidhof, 2002). Although the role
of CAZ is understood in neurons, the role of active zones or
exocytotic “hot spots” is still unclear in other regulated
secretory cells, including pancreatic 3 cells, where the
SNARE complex also plays an important role in their exo-
cytotic processes (Daniel et al., 1999; Nagamatsu et al., 1999).

Recently, several CAZ-related specific proteins in neu-
rons, including Bassoon, RIMs, Munc13s, Piccolo/Aczonin,
and CASTSs, have been identified and are thought to have a
function in synaptic vesicle exocytosis and in the spatial
organization of transmitter release (Gundelfinger ef al., 2003;
Rosenmund et al.,, 2003). RIM1, a small G protein Rab3A
effector, regulates the Ca®“-dependent exocytosis of neuro-
transmitters in a Rab3A-dependent manner (Wang et al.,
1997; Castillo et al., 2002; Schoch et al., 2002). Munc13-1 binds
both RIM1 and the target (t)-SNARE syntaxin 1 and is im-
plicated in the priming of synaptic vesicles (Brose et al., 2000;
Betz et al., 2001). Bassoon and Piccolo/Aczonin are very
large (=400 kDa) and are structurally related CAZ proteins
(tom Dieck et al., 1998; Wang et al., 1999). Genetic knockout
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