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Decreased cortical bone mass and diminished bone rigidity
in the tibia of Glp-1r ' mice

To evaluate the impact of the lack of GLP-1 receptor sig-
naling on bone mass, we performed CT-based bone densi-
tometry in bones of differing cortical/cancellous bone ratio.
Tibia and lumber spine were used because the former has a
higher cortical/cancellous bone ratio, whereas the latter has
a lower cortical /cancellous bone ratio. The results are shown
as total, cortical, cancellous, and trabecular bone mass in Fig.
1. There was no significant difference between WT and Glp-
Ir /7 mice in BMC (milligrams) (Fig. 1, A-D) and bone
volume (cubic centimeters) (Fig. 1, E-H). Total BMD of tibia
was significantly lower in Glp-1r~ /= mice than in WT mice
(WT mice, 612. 97 * 403 m y/Lm Glp-1r~ /~ mice, 570.07 =
422 n15,/cn1 ;P = 0. ()()()()()36) but no significant difference
was obs‘erved in total BMD of spine (Fig. 21). Cortical BMD

also was significantly decreased in Glp-Ir /= mice com-
pared with WT mice in both tibia and spine (tibia: WT mice,
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Fic. 1. CT-based bone densitometry of tibia and lumbar spine in
10-wk-old male WT (ehite barsyand Glp-1r~" (Mack bars) mice. A 1),
Total (A), cortical (B), cancellous (C), and trabecular (1) BMC; E- 11,
total (E), cortical (F), cancellous ((3), and trabecular (H) BV; 1-L, total
D, cortical (J), cancellous (K), and trabecular (1) BMD; M, minimum
moment of inertia of cross-sectional areas, representing the flexural
rigidity; N, the polar moment of inertia of cross-sectional areas, rep-
resenting the torsional rigidity, calculated l)y LaTheta software. Val-
ues are e)\pw\c(-(l as means = SE; b= 6 mice per group. ¥, P < 0.05;
= P <001, WT es, Glp-1r'" mice.
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FiG. 2. Bone histomorphometry of tibia and lumbar spine in 6-wk-old
male WT Geliite bars) and Glp-1r™'" (black bars) mice. A, Represen-
tative pictures of proximal tibia. Original magnification, x20. B,
Representative pictures of lumbar spine. Original magnification,
x40. C, BV/TV of tibia and lumbar spine in WT and Glp-1r /™ mice.
D, Multinuclear osteoclasts in WT and Glp-1r~"" mice. Original mag-
nification, x400. E and F, N.Mu.Oc (E) and ES/BS (F) as cellular
activity parameters regarding bone resorption. GG 1, Osteoblast sur-
face (Ob.SYBS (), mineral apposition rate (MAR) (H), and bone
formation rate (BFRYBS (1) as bone formation par amutura \'alnm are
expressed as means = SE; n - 57 mice per group. =, P < 0.05; %% P <
0.01, WT es. Glp-1r™" mice.

687 34+357 mo/cm ;Glp-1r- /= mice, 650.06 = 10.59 m"/cm
= 0.0093; spine: WT mice, 4]] 31 * 877 mv/cm Glp- 1r /
mice, 38045 = 6.67 mv/cm = 0.018) (Fig. 1)). However,
cancellous and trabecular BMD were not significantly different
inWT and Glp-1r 7 mice in both tibia and spine (Fig. 1, Kand
L). Reflecting the loss of cortical bone, Glp-1r~ " mice showed
skeletal fragility by diminished bone rigidity indexes. The min-
imum moment of inertia of cross-sectional areas, which repre-

sents flexural rigidity, was significantly reduced in Glp-1r~/
mice (WT mlce 0.014 = 0.002 mgcm; Glp 1r™ " " mice, 0.008 =
0.001 mgrem; P = 0.022) (Fig. IM). Moreover, torsional rigidity
as indicated by the polar moment of inertia of cross-sectional
areas also was significantly diminished in Glp-1r™"  mice (WT
mice, 0.064 = 0.006 mgcm; Clp-]r"/' mice, 0.040 = 0.006
mg<m; P = 0.020) (Fig. IN). These results indicate that Glp-
Ir /" mice have cortical osteopenia and bone fragility.

Glp-1r" ' mice exhibit increased numbers of osteoclasts
and bone resorption activity in the tibiae

We next performed histomorphometrical analyses of prox-
imal tibiae (Fig. 2A) and lumbar spines (Fig. 2B) of 6-wk-old
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male WT and Glp-1r™/~ mice. Although the bone volume
(BV)/tlssue volume (TV) ratio (Fig. 2C) was somewhat lower
in Glp-1r" *~ mice in both tibia and spine, the difference was
not statistically significant. The number of osteoclasts (N.Oc),
especially multinuclear osteoclasts (N.Mu.Oc), the fully dif-
ferentiated cells responsible for active bone resorptlon was
significantly increased in tibia of Glp-1r~/~ mice (Fig. 2, D
and E), and all of the following parameters indicating oste-
oclastic r)umber were also significantly higher in the tlbla of
Glp-1Ir ¥ mice: N.Mu.Oc per bone surface (BS) (2.06/mm-
5. 3.90/mm-, I’ = 0.022), N.Mu.Oc per eroded surface (ES)
(6.18/mm? vs. 9.32/mm, P = 0.040), NMu.Oc/TV (12.22/
mm® vs. 2026/mm°, P = 0.012), N.Oc/BS (3.21/mm~ vs.
598/mm?, P = 0.002), and N.Oc/TV (19.28/mm? vs. 31.59/
mm?, P = 0.009), for WT vs. Glp-1r~/ "~ mice, respectively.
Furthermore, eroded surface (ES/BS) was significantly in-
creased in the tibiae of Glp-1r **  mice compared with WT
mice (Fig. 2F). However, osteoclastic bone resorption activity
was less apparent in spine of Glp-1r~/~ mice (Fig. 2, E and
F). On the other hand, no significant difference was observed
in bone formation parameters, including osteoblast surface
per BS (Fig. 2G), mineral apposition rate (Fig. 2H), and bone
formation rate (Fig. 2I) between WT and Glp-1r ¥ mice.

GLP-1 has no direct effect on osteoclasts and osteoblasts

Because osteoclastic number and bone resorptive activity
were increased in Glp-1r~ /= mice, we investigated whether
GLDI-1 has a direct effect on osteoclasts and/or osteoblasts
using cell culture models. We first evaluated the effect of
GLP-1 on osteoclastic differentiation by culturing bone mar-
row cells together with osteoblasts, because osteoclasts are
formed from the precursor cells in bone marrow by stimu-
lation from osteoblasts. As a result, GLP-1 had no inhibitory
effect on 1¢,25-dihydroxyvitamin Da-induced osteoclastic
generation (Fig. 3A). Pit-forming assays showed that GLP-1
had no direct effect on pit-forming activity of mature oste-
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Fig. 3. Eftects of GLP-1 on osteoclasts and osteoblasts in vitro. A,
Effect of GLP-1 on osteoclastic difterentiation. The numbers of tar-
trate-resistant acid phosphatase (TRAP)-positive osteoclasts formed
from coculture of osteoblasts and bone marrow cells in the presence
or absence of 107% M1 14,25-dihydroxyvitamin D, [T, 25(0OH), D,]
(ehite bars)and/or 10 7
GLP-1 on the pit-forming activity of mature osteoclasts, using 107 ¢
M ealcitonin as a positive control. C, Effect of GLP-1 on esteoblastic
apoptosis. Saos-2 cells were pretreated with 107* M GLP-1 for 1 b and
then incubated for an additional 6 h in the absence Gehite bars) or
presence of 50 pM etoposide (black bars). Values are expressed as
means - SE.

M GLP-1 (hluck bars) are shown. B, Effoct nf
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oclasts placed on dentine slices, whereas calcitonin com-
pletely inhibited pit formation (Fig. 3B). Unlike the GID re-
ceptor, the GLP-1 receptor was absent in osteoblasts, and
GLP-1failed to increase intracellular cAMP levels in Saos-2
cells (data not shown). Furthermore, GLP-1 had no protective
effect on etoposide-induced osteoblastic apoptosis (Fig. 3C).
These in vitro experiments demonstrate that GLP-1 has no
direct effect on either osteoclasts or osteoblasts.

GLP-1 receptor signaling modulates calcitonin expression
in mice

Because GLP-1 has no direct effect on bone cells, we in-
vestigated indirect pathways of GLP-1-mediated bone me-
tabolism. Plasma levels of total calcium (data not shown) and
ionized calcium (Fig. 4A) were unchanged in both fasting
and fed conditions. Because hyperparathyroidism is a cause
of cortical bone loss, plasma intact PTH levels were mea-
sured, but there was no difference in PTH levels between WT
and Glp-1r~/ " mice (Fig. 4B). Because the GLP-1 receptor is
expressed in thyroid C cells and GLP-1 stimulates calcitonin
secretion in vitro via a cAMI-mediated mechanism (10, 11),
calcitonin could be involved in the alteration of bone me-
tabolism observed in Glp-1r 7/~ mice. Quantitative real-time
PCR analysis revealed that administration of the GLP-1 re-
ceptor agonist exendin-4 significantly increased thyroid cal-
citonin mRNA levels in WT mice (Fig. 4C). Conversely, the
loss of GLP-1 receptor signaling in Glp-1r~/~ mice was as-
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Fii. 4. Calcitonin doficiency resulted in increased hone resorption in
Glp-1r * mice. A and B, Plasma levels of jonized calcium (A) and
intact PTH (B) in WT and Glp-1r™'" mice. Values are expressed as
means = sk; b = 6-8 mice per group. C, Relative expression levels of
caleitonin mRNA in thyroid from WT mice injected ip with PBS or 24
nmol/kg exendin-4 (Ex-4) 6 h before RNA isolation. Values are ex-
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exendin-4 treatment. 1), Relative expression levels of calcitonin
mRNA in thyroid from WT and Glp-1r~'~ mice determined by quan-
titative real-time PCR. Values are expressed as means - SE;n = 4
mice per group. *, P < 0.05; ** P < 0.01, WT vs. Glp-1r™"  mico. E,
Urinary elimination of DPD from WT and G Ip-1r /" mice before and
at 4 h after single administration of 10 [U/kg Lalutnnm Values are
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sociated with a significant reduction in levels of calcitonin
mRNA transcripts, 41% of levels in control WT thyroid
glands (Fig. 4D). Consistent with results of bone histomor-
phometry showing increased osteoclastic bone resorption,
Clp-1r ¥ mice showed significantly higher urinary DFD
concentration (Fig. 4E). However, calcitonin treatment effec-
tively decreased the urinary DPD concentration in Glp-1r .
mice (Fig. 4E), demonstratmg_, that increased bone resorption
in Clp -1r/ " mice remains sensitive to the antlresorptwe
actions of calcitonin.

Discussion

Decreased BMD is a major determinant of fracture, but
fracture risk in diabetic patients is often increased (17-19)
and is not necessarily associated with decreased BMD. BMD
intype 2 diabetes has been reported to be decreased, normal,
or increased depending on various factors such as body
weight or the site where BMD is measured. Body weight is
one of the main determinants of BMD in both dlabenc and
nondiabetic subjects, suggesting that the increased BMD
could be explained by the higher body weight. In the present
study, there was no difference in several metabolic factors
that often indirectly modulate BMD, including body weight,
fat mass, or plasma levels of leptin, between WT and C]p-
1r /7 mice.

Quantitative CT was used in the present study for the
measurement of BMD because of the merits of the method
with regard to distinct assessment of cortical, cancellous, and
trabecular bones and to providing indexes of bone strength
in live animals (13, 20). We found that total BMD of tlbla
which has a higher cortical/cancellous bone ratio, was sig-
nificantly lower in Glp-1r~ /" mice and that cortical BMD at
both tibia and lumbar spine was selectively reduced in Glp-
1r™’~ mice compared with WT mice. Reflecting the cortical
bone loss, Glp-]r“/‘ mice showed skeletal fragility. In dia-
betic patients, BMD measured at sites with high cortical/
cancellous bone ratio, such as distal radius or metacarpal
bone, has been reported to be selectively decreased com-
pared with sites high in cancellous bone such as lumbar spine
or femoral neck (21-24). Reduced GLP-1 secretion is one of
the features of type 2 diabetes (9), and lt is of interest that
cortical bone loss is observed in Glp-1r™/" mice as well as in
diabetic patients. Therefore, we suppose that modulation of
GLD-1 receptor signaling may theoretically contribute to reg-
ulation of bone turnover in diabetic sub]ects, a hypothesis
that requires further testing.

We found by bone hlstomorphometry that genetic loss of
GLI-1 receptor signaling resulted in swmﬁmntlv increased
osteoclastic bone resorption activity, w hereas the effects on
bone formation parameters were less marked, similar to the
changes in bone turnover induced by gastrointestinal factors.
However, unlike GIP’, GLP-1 had no direct effects on oste-
oclasts and osteoblasts as shown by the i vitro experiments.

Calcitonin is a known inhibitor of bone resorption and has
been reported to prevent or retard bone loss in animal models
of excessive bone resorption (25-28). As to the effect of cal-
citonin on cortical bone, calcitonin treatment has been shown
to increase lumbar vertebral cortical thickness (29) and fem-
oral cortical areas (30) in ovariectomized rats. It has been
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reported that the GLP-1 receptor is expressed in thyroid C
cells and that GLI’-1 stimulates calcitonin secretion via a
cAMP-mediated mechanism in cultured C cells (10, 11); we
also found that GLP-1 has a stimulatory effect on calcitonin
gene expression in thyroid C cells in vivo, because attempts
at measurement of plasma calcitonin were not successful due
to sample volumes and assay sensitivity. Thus, increased
osteaclastic bone resorption in Glp-1r / mice might arise
indirectly from loss of GLP-1 receptor signaling on C cells,
leading to calcitonin deficiency. Consistent with this hypoth-
esis, Glp-1r /" mice exhibit reduced levels of calcitonin
mRNA transcripts in the thyroid. Furthermore, calcitonin
treatment effectlvelv suppressed the urinary DI’D concen-
tration in Glp-1r 7 mice. Taken together, these findings are
consistent with an essential role for calcitonin in the regu-
lation of bone turnover (31) and raise the possibility that
modulation of GLP-1 receptor signaling may regulate bone
resorption indirectly through the thyroid C cell.

In summary, our present fmdln},s demonstrate that ge-
netic dlsruptlon of GLP-1 receptor signaling results in cor-
tical osteopenia and bone fragility due to increased bone
resorption by osteoclasts, in association with reduced thy-
roid calcitonin expression. Moreover, exogenous GLP-1 ad-
ministration increased calcitonin expression in the thyroid
glands of normal WT mice. These findings raise the possi-
bility that clinical modulation of GLP-1 receptor signaling in
human subjects, either through administration of GLP-1 re-
ceptor agonists or dipeptidyl peptidase-4 inhibitors, may
indirectly regulate bone turnover in diabetic subjects. Given
the recent observations of reduced bone density and in-
creased fracture rates in diabetic subjects treated with thia-
zolidinediones (32, 33), more studies directed at understand-
ing the actions of therapies that activate GLIP-1 receptor
signaling seem warranted.
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ARTICLE INFO ABSTRACT

Article history: Curcumin is a compound derived from the spice turmeric, and is a potent anti-oxidant,
Received 18 October 2007 anti-carcinogenic, and anti-hepatotoxic agent. We have investigated the acute effects of
Accepted 6 December 2007 curcumin on hepatic glucose production. Gluconeogenesis and glycogenolysis in isolated

hepatocytes, and gluconeogenetic enzyme activity after 120 min exposure to curcumin were
measured. Hepatic gluconeogenesis from 1 mM pyruvate was inhibited in a concentration-
Keywords: dependent manner, with a maximal decrease of 45% at the concentration of 25 uM. After
Curcumin 120 min exposure to 25 pM curcumin, hepatic gluconeogenesis from 2 mM dihydroxyace-
Diabetes mellitus tone phosphate and hepatic glycogenolysis were inhibited by 35% and 20%, respectively.
Liver Insulin also inhibited hepatic gluconeogenesis from 1 mM pyruvate and inhibited hepatic
Mice glycogenolysis in a concentration-dependent manner. Curcumin (25 pM) showed an addi-
tive inhibitory effect with insulin on both hepatic gluconeogenesis and glycogenolysis,
indicating that curcumin inhibits hepatic glucose production in an insulin-independent
manner. After 120 min exposure to 25puM curcumin, hepatic glucose-6-phosphatase
(G6Pase) activity and phosphoenolpyruvate carboxykinase (PEPCK) activity both were
inhibited by 30%, but fructose-1,6-bisphosphatase (FBPase) was not reduced. After
120 min exposure to 25pM curcumin, phosphorylation of AMP kinase «-Thr'’? was
increased. Thus, the anti-diabetic effects of curcumin are partly due to a reduction in
hepatic glucose production caused by activation of AMP kinase and inhibition of G6Pase
activity and PEPCK activity.

) 2007 Elsevier Ireland Ltd. All rights reserved.

1. Introduction flavoring agent. Curcumin is reported to have a wide range of

effects: it is anti-inflammatory [1], anti-oxidant [2,3] anti-
Curcumin is the major yellow pigment extracted from turmeric, hepatotoxic [4], and hypocholesterolemic [5,6]. Curcumin alsois
the powdered rhizome of the herb curcuma longa. Turmeric is a reported to have a beneficial effect on blood glucose in diabetic
spice used extensively in curries and mustards as a coloring and rats [7,8). However, while elevated hepatic glucose production is

* Corresponding author. Tel.: +81 75 751 3560; fax: +81.75 751 4244.
E-mail address: hosokawa@metab.kuhp kyoto-u.ac.jp (M. Hosokawa).
Abbreviations: DHAP, dihydroxyacetone phosphate; FBP, fructose-1,6-bisphophatase; G6Pase, glucose-6-phosphatase; PEPCK, phos-
phoenolpyruvate carboxykinase; AMP kinase, adenosine monophosphate activated protein kinase.
0168-8227/$ - see front matter & 2007 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.diabres.2007.12.004
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found frequently in type 2 diabetes, it is not known whether
curcumin affects glucose metabolism in the liver. In the present
study, we demonstrate that curcumin suppresses hepatic
glucose production in an insulin-independent manner in
isolated hepatocytes. We also investigated the inhibitory effect
of curcumin on the activity of gluconeogenetic enzymes in
isolated hepatocytes. Our results show that curcumin activates
AMP kinase and suppresses both hepatic glucose-6-phospha-
tase (G6Pase) and phosphoenolpyruvate carboxykinase
(PEPCK), thus inhibiting hepatic glucose output.

2. Materials and methods
2.1 Animals

C57/BL6) mice were purchased from Shimizu (Kyoto, Japan).
The mice were allowed access to food, standard rat chow
(Oriental Yeast, Osaka, Japan), and water ad lib. The mice were
housed in an air-controlled (temperature 25 +2°C and 50%
humidity) room with a 12 h light/dark-cycle. For gluconeogen-
esis measurements, the mice were fasted 24 h with free access
to water before the experiment. For glycogenolysis measure-
ments, the mice were allowed access to food and water ad lib
before the experiment.

2.2, Hepatocyte preparation

Liver of 10-week-old mice was perfused through the inferior
vena cava with a buffer consisting of 140 mM NacCl, 2.6 mMKCl,
0.28 mM Na,HPOQ,, 5 mM glucose, and 10 mM Hepes (pH 7.4)
after pentcbarbital sodium anesthesia as described previously
in Refs. [9,10]. The perfusion was first for 5 min with the buffer
supplemented with 0.1 mM EGTA and then for 15 min with
the buffer containing S mM CacCl, and 0.2 mg/ml collagenase
type 2 (Worthington, Lakewood, NJ). All of the solutions were
prewarmed at 37 °C and gassed with a mixture of 95% O,/
5%CO0,, resulting in pH 7.4. The isolated hepatocytes were
filtered with nylon mesh (0.75 mm in diameter) and washed
twice with the buffer above without collagenase, and
suspended in a small volume of DMEM (GIBCO, Rockville,
MD) without glucose or pyruvate, and counted. The viability of
hepatocytes was evaluated by trypan blue staining. Samples
with viability of less than 90% were discarded.

2.3.  Hepatic glucose production

For gluconeogenesis measurements, hepatocytes (7.5 x 10°)
were incubated at 37 *C in a humidified atmosphere (5% CO,) in
0.5 ml of DMEM without glucose but containing 1 mM pyruvate
or 2mM dihydroxyacetone phosphate (DHAP), 0.24 mM 3-
isobutyl-1-methylxanthine in the presence or absence of
curcumin or insulin. For glycogenolysis measurements, hepa-
tocytes (7.5 x 10°) were incubated at 37°C in a humidified
atmosphere (5% CO,) in 0.5 ml of DMEM without glucose or
pyruvate but containing 0.24 mM 3-isobutyl-1-methylxanthine
in the presence or absence of curcumin or insulin. Curcumin
was dissolved in DMSO to a concentration in the medium that
did not interfere with cell viability (maximally 0.1%, v/v).
Incubation was stopped by placing the cells on ice, followed by

centrifugation at4 °C for 60 s at 600 x g. The sampling was done
at 0, 30, 60, and 120 min. The supernatant was removed, the
cells were lysed in 0.1% of SDS in phosphate buffered saline, and
the protein content was determined (BCA kit, Pierce). The
glucose content of the supernatant was measured by
glucose oxidation method (100 Trinder kit, Sigma). The dose-
response of curcumin in gluconeogenesis and glycogenolysis
were obtained at the incubation time of 120 min.

2.4.  DNA synthesis measurement

DNA synthesis of hepatocytes was determined as the uptake
of 5-bromo-2’-deoxyuridine (BrdU) according to the instruc-
tion manual (Cell Proliferation ELISA, BrdU (colorimetric),
Roche Diagnostics, Manheim, Germany). After a 24-h pre-
incubation of isolated hepatocytes with curcumin (25 uM) or
vehicle in DMEM without glucose but with 10% fetal calf
serum, hepatocytes were incubated for an additional 2 h with
BrdU. The hepatocytes were fixed, and BrdU incorporation into
DNA in hepatocytes was detected by ELISA. The results of
incorporation of BrdU were expressed as photo-absorbance
(wavelength 370492 nm).

2.5.  Enzyme activities

Hepatocytes were incubated at 37 °C in a humidified atmo-
sphere (5% CO,)} in DMEM without glucose but containing
1 mM pyruvate and 0.24 mM 3-isobutyl-1-methylxanthine in
the presence of 25 pM curcumin or vehicle (DMSO) for 120 min.
Incubation was stopped by placing the cells on ice followed by
centrifugation at 4 °C for 60 s at 600 x g. The supernatant was
removed, and the cells were homogenized using a glass/Teflon
homogenizer. In the microsomal preparation for the G6Pase
assay, 50 mM Tris-HCI, pH 7.5, containing 250 mM sucrose,
and 0.2 mM EDTA, was used as the homogenizing buffer [11].
For assay of G6Pase, liver microsomal fraction was prepared as
follows: homogenate obtained as above was centrifuged at
20,000 x g for 20 min at 4 °C, and was then ultracentrifuged at
105,000 x g for 1 h at 4 °C. The resulting sediments were used
for G6Pase assay [11]. The G6Pase activity was measured with
intact microsomal preparation. Activity of G6Pase was
determined as described by Passonneau and Lowry [12].

For liver PEPCK and fructose-1,6-bisphophatase (FBPase)
assays, the homogenizing buffer contained 0.1 M Tris-HCl, pH
7.5, 0.15M KCl, SmM EDTA, 5mM dithiothreitol, and 5 mM
MgS0, [11]. The homogenate was centrifuged at 105,000 x g for
1hat4 °‘C,and the supernatant was collected. Activity of FBPase
was determined as described by Passonneau and Lowry [12].

Activity of PEPCK was determined as described by
Nakagawa and Nagai [13]. All enzyme activity was measured
photometrically using BIO-RAD Benchmark Plus.

Enzyme activities are expressed as the number of substrate
molecules converted by 1 mg cytosolic or microsomal protein
per minute. The liver microsomal fraction was solubilized by
addition of 0.1% SDS before protein determination.

2.6. Immunoblotting analysis

Hepatocytes were incubated at 37 °C in a humidified atmo-
sphere (5% COj) in 10ml of DMEM without glucose but

Pract. (2008), doi:10. 101611 diabres.2007. 12(X)4
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containing 1 mM pyruvate and 0.24 mM 3-isobutyl-i-methyl-
xanthine in the presence of 25 uM curcumin or vehicle (DMSO)
for 120 min. Incubation was stopped by placing the cells on ice
followed by centrifugation at 4°C for 60s at 600 x g. The
supernatant was removed, and the cells were homogenized in
ice-cold lysis buffer (50 mM Tris-HC}, pH 7.4, 50 mM NaF, 1 mM
sodium pyrophosphate, imM EDTA, 1mM EGTA, 1mM
dithiothreitol, 0.1 mM benzamidine, 0.1 mM phenylmethyl-
sulfonylfluoride, 0.2 mM sodium vanadate, 250 mM mannitol,
1% Triton X-100, and S pg/ml soybean trypsin inhibitor). The
cell lysates were sonicated twice for 10s and centrifuged at
13,000 x g for 5 min. The pellets were discarded, and super-
natants were assayed for protein concentration. Equal
amounts of proteins (50 pg) were subjected to SDS-polyacry-
lamide {8%) gel electrophoresis and transferred onto nitro-
cellulose membranes (PROTRAN, Schleicher & Schuell) by
electroblotting. After pre-incubation with blocking buffer (PBS
containing 0.1% Tween 20 and 5% nonfat dry milk) for 2h at
room temperature, blotted membranes were incubated with
each primary antibody (phospho-AMP kinase o-Thr'’? anti-
body or AMP kinase a antibody, Cell Signaling Technology,
Danvers, MA) overnight at 4 °C, followed by washing twice
with blocking buffer. Membranes were then incubated with a
horseradish peroxidase-linked anti-rabbit 1gG (Amersham) for
1h at room temperature, washed twice in PBS containing
0.04% Tween 20, and visualized by ECL Western blotting
detection reagents (Amersham). Densitometry was carried out
to measure band intensities and phosphorylated AMP kinase
o-Thr'’2 was normalized by the levels of AMP kinase « protein.

2.7. Materials

Curcumin was purchased from Wako Chemicals (Osaka,
Japan). Standard rat chow was from Oriental Yeast (Osaka,

Japan). Human insulin was from Novo-Nordisk (Copenhagen,
Denmark). All other chemicals were of reagent grade.

2.8.  Statistical analysis

Results are mean + S.E.M. (n = number of animals). Statistical
significance was evaluated using two-tailed Student’s t-tests.
Differences among groups were also statistically examined by
one-way ANOVA (Fisher’s PLSD test). P < 0.05 was considered
significant.

2.9.  Ethical considerations
All studies were performed in the laboratories of the

Department of Diabetes and Clinical Nutrition, Kyoto Uni-
versity, in accordance with the Declaration of Helsinki.

3. Results

3.1.  Effect of curcumin on hepatic gluconeogenesis in
freshly isolated hepatocytes

Fig. 1A shows the time course of inhibition by curcumin of
hepatic gluconeogenesis from pyruvate. After 30, 60, and
120 min exposure to 25 pM curcumin, hepatic gluconeogen-
esis was significantly inhibited by approximately 45%, 40%,
and 45%, respectively. The viability of the hepatocytes was not
affected by 120 min exposure to 25 puM curcumin (control:
78 4+ 1% vs. curcumin: 79 + 2%). Fig. 1B shows the time course
of inhibition by curcumin of hepatic gluconeogenesis from
dihydroxyacetone phosphate. After 120 min exposure to
25 uM curcumin, hepatic gluconeogenesis was significantly
inhibited by approximately 35%.

(A) (B)
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Fig. 1 - Time course of inhibition in hepatic gluconeogenesis from 1 mM pyruvate (A) and 2 mM DHAP (B). Isolated
hepatocytes from fasted mice were incubated in the presence of 25 pM curcumin or vehicle for 2 h. Glucose content in
supemnatant was measured by glucose oxidation method. Each point shows mean + S.E.M. (n = 6). *P < 0.05, **P < 0.01
compared with control by unpaired Student’s t-test. Control (O), curcumin (@).
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As shown in Fig. 2, curcumin inhibited hepatic gluconeo-
_genesis from pyruvate at the incubation time of 120 min in a
concentration-dependent manner.

As shown in Fig. 3, after 120 min exposure to insulin,
hepatic gluconeogenesis from pyruvate was inhibited in a
concentration-dependent manner. After 120 min exposure to
various concentrations of insulin (0.1, 1, and 10 nM) in the
presence of 25 uM curcumin, hepatic gluconeogenesis from
pyruvate was further inhibited by approximately 45% when
compared to that in the absence of 25 pM curcumin.

3.2 Effect of curcumin on DNA synthesis in isolated
hepatocytes

To determine whether curcumin is toxic to hepatocytes, we
examined the effect of curcumin on DNA synthesis in isolated
hepatocytes. After 24 h exposure to 25 uM curcumin, BrdU
Incorporation into DNA in isolated hepatocytes was not
decreased compared to control, indicating no suppressive
effects of curcumin on DNA synthesis (Fig. 4).

33 Effect of curcumin on hepatic glycogenolysis in freshly
isolated hepatocytes

Fig. SA shows the time course of inhibition by curcumin of
hepatic glucose production from glycogenolysis. After 60 and
120 min exposure to 25 uM curcumin, hepatic glycogenolysis
was significantly inhibited by approximately 10% and 20%,
respectively. As shown in Fig. 5B, curcumin inhibited hepatic
glycogenolysis at the incubation time of 120min in a
concentration-dependent manner. As shown in Fig. 6, after
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Fig. 2 - Concentration-dependence of inhibition in
gluconeogenesis from 1 mM pyruvate by curcumin at the
incubation time of 120 min in isolated mice hepatocytes.
Each point shows mean + S.E.M. (n = 6). P <0.001 by one-
way ANOVA, '
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Fig. 3 - Concentration-dependence of inhibition in
gluconeogenesis from 1 mM pyruvate by insulin in the
presence and absence of 25 pM curcumin in isolated mice
hepatocytes. Each point shows mean + S.E.M. (n=6).

P < 0.001 by one-way ANOVA. *"P < 0.01 compared with
insulin alone by unpaired Student’s t-test. Insulin alone
(open bar), insulin plus curcumin (closed bar).

120 min exposure to insulin, hepatic glycogenolysis was
inhibited in a concentration-dependent manner. After
120 min exposure to various concentrations of insulin (0.1,
1, and 10nM) in the presence of 25uM curcumin, hepatic
glycogenolysis was further inhibited by approximately 20%
compared to that in the absence of 25 pM curcumin.

3.4.  Effect of curcumin on activities of hepatic
gluconeogenetic enzymes

To further investigate inhibition of hepatic glucose production
by curcumin, we measured the activities of key gluconeoge-
netic enzymes, G6Pase, FBPase, and PEPCK. After 120 min
exposure to 25pM curcumin, hepatic G6Pase activity and
PEPCK activity were significantly inhibited by approximately
30%, but FBPase was not inhibited (Fig. 7).

35 Effect of curcumin on phosphorylation of AMP kinase

AMP kinase activation was monitored in Western blots by
staining with a specific antibody against phosphorylated Thr*”?
of AMPkinase a, which is essential for AMP kinase activity. After
120 min exposure to 25 pM curcumin, phosphorylation of AMP
kinase o-Thr'7? was significantly increased by 70% when
normalized by total content of AMP kinase «, clearly indicating
curcumin activation of AMP kinase (Fig. 8).

4, Discussion

This is the first study to show that curcumin reduces hepatic
glucose production. Our results demonstrate that curcumin
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Fig. 6 — Concentration-dependence of inhibition in
glycogenolysis by insulin in the presence and absence of
0 25 uM curcumin at the incubation time of 120 min in

Fig. 4 - The effect of curcumin on DNA synthesis in isolated
hepatocytes. After 24-h pre-incubation of isolated mice
hepatocytes with 25 pM curcumin or vehicle in DMEM
without glucose but with 10% fetal calf serum, hepatocytes
were incubated for an additional 2 h with BrdU. The
results of incorporation of BrdU were expressed as photo-
absorbance (wavelength 370-492 nm). Control (open bar),
curcumin (closed bar).
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isolated mice hepatocytes. Each point shows

mean * S.E.M. (n = 6). P < 0.001 by one-way ANOVA.
‘P < 0.05 compared with insulin alone by unpaired
Student’s t-test. Insulin alone (open bar), insulin plus
curcumin (closed bar).

inhibits both hepatic gluconeogenesis and glycogenolysis by
suppressing both G6Pase activity and PEPCK activity. As
curcumin had no suppressive effect on DNA synthesis in
isolated hepatocytes, the inhibition of hepatic glucose
production should not be a toxic effect. Indeed, Shen et al.
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Fig. 5 - (A) Time course of inhibition of hepatic glucose production from glycogenolysis by curcumin. Isolated hepatocytes
from fed mice were incubated in the presence of 25 pM curcumin or vehicle for 2 h. Glucose content in supernatant was
measured by glucose oxidation method. Each point shows mean + S.E.M. (n=5). *P < 0.05, **P < 0.01 compared with control
by unpaired Student’s t-test. Control (0O), curcumin (@®). (B) Concentration-dependence of inhibition of glycogenolysis by
curcumin at the incubation time of 120 min in isolated mice hepatocytes. Each point shows mean + S.E.M. (n = 6). P < 0.05

by one-way ANOVA.
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Fig. 7 - Effects of curcumin on hepatic gluconeogenetic activities of G6Pase, FBPase, and PEPCK in isolated mice hepatocyte.
Isolated hepatocytes from fasted mice were incubated in the presence of 25 pM curcumin or vehicle for 2 h. All enzyme
activities were measured photometrically. Enzyme activities are expressed as the number of substrate molecules converted
by 1 mg cytosolic or microsomal protein per minute. Each point shows mean + S.E.M. *P < 0.05 compared with control by
unpaired Student’s t-test. Control (open bar), curcumin (closed bar).
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Fig. 8 - Effect of curcumin on activation of AMP kinase in
isolated mice hepatocytes. AMP kinase activation was
monitored in Western blots by staining with a specific
antibody against phosphorylated Thr'’? of AMP kinase «.
After 120 min exposure to 25 pM curcumin, the level of
phosphorylation of AMP kinase «-Thr'’? (pAMPK) was
significantly increased by 70% when nomalized by total
content of AMP kinase « (AMPK), and is expressed as fold
stimulation over the control (mean + S.E.M,, n=5) (lower
panel). Upper panel shows a representative immunoblot of
PAMPK and AMPK in hepatocytes from two mice in each
group. *P < 0.05 compared with control by unpaired
Student’s t-test. Gontrol (open bar), curcumin (closed bar).

recently reported a protective effect of curcumin against warm
ischemia/reperfusion injury in rat liver [14].

Arun and Nalini reported that curcumin reduced blood
glucose in alloxan-induced diabetic rats 7], but the mechan-
ism of the anti-diabetic action was left unclear in that study. In
the present study, insulin was found to dose-dependently
inhibit hepatic gluconeogenesis, reaching a plateau at a
concentration of 10nM. In the presence of 10 nM insulin,
the addition of 25 uM curcumin enchanced the inhibitory
effect of insulin on hepatic gluconeogenesis, demonstrating
that curcumin inhibits hepatic gluconeogenesis by a pathway
independent of insulin signaling. Thus, curcumin is an
insulin-sentitizing agent.

Recently, the major effect of metformin, a biguanide, was
reported to be inhibition of hepatic G6Pase activity and
hepatic glucose production in rats fed a high-fat diet [15].
Zhou et al. reported that metformin activated AMP kinase in
hepatocytes [16]. The activation of AMP kinase is known to
suppress gene expression of GéPase and PEPCK and to
inhibit hepatic glucose production in an insulin-indepen-
dent manner [17,18]. In the present study, curcumin was
found to inhibit both Gé6Pase and PEPCK activity; we
therefore measured the effect of curcumin on AMP kinase
activity to clarify the underlying mechanism. Zang et al.
reported that resveratrol, a polyphenol and an anti-oxidant,
which is a key component in red wine, stimulates AMP
kinase in hepatoma HepG2 cells [19]. Kim et al. reported that
cryptotanshinone, another anti-oxidant and a diterpene,
which was originally isolated from dried roots of Salvia
mlitorrhiza Bunge, showed anti-diabetic effects through
activation of AMP kinase {20]. Considering these findings
together, the potent anti-oxidant effect of curcumin may
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well be involved in the activation of AMP kinase. Further
investigation is required to clarify the anti-diabetic action of
curcumin in hepatocytes.

Biguanide sometimes shows the lethal adverse effect
of lactic acidosis in diabetic patients when prescribed
inappropriately. On the other hand, since curcumin is
derived from an extensively used dietary spice, the
compound may well be safely administered to humans.
Indeed, Sharma et al. administered oral daily curcumin to
advanced colorectal cancer patients without major adverse
effects [21]. Cheng et al. also administered oral daily
curcumin to patients with high risk or pre-malignant
lesions [22].

Considered together with our results, these data suggest
that curcumin might provide a valuable new therapy in the
treatment of type 2 diabetes.
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Increased activity of intracellular glucocorticoid reactivating
enzyme, 11p-hydroxysteroid dehydrogenase type 1 (118-
HSD1) in obese adipose tissue contributes to adipose dysfunc-
tion. As recent studies have highlighted a potential role of
preadipocytes in adipose dysfunction, we tested the hypoth-
esis that a variety of metabolic stress mediated by ceramide or
AMP-activated protein kinase (AMPK) would regulate 118-
HSD1 in preadipocytes. The present study is the first to show
that 1) expression of 118-HSD1 in 3T3-L1 preadipocytes was
robustly induced when cells were treated with cell-permeable
ceramide analogue C, ceramide, bacterial sphingomyelinase,
and sphingosine 1-phosphate, 2) 5-aminoimidazole-4-carbox-
amide ribonucleoside (AICAR)-induced activation of AMPK

augmented the expression and enzyme activity of 118-HSD1,
and 3) theseresults werereproduced in human preadipocytes.
We demonstrate for the first time that C, ceramide and AICAR
markedly induced the expression of CCAAT/enhancer-bind-
ing protein (C/EBP) § and its binding to 113-HSD1 promoter.
Transient knockdown of C/EBPf protein by small interfering
RNA markedly attenuated the expression of 118-HSD1 in-
duced by C, ceramide or AICAR. The present study provides
novel evidence that ceramide- and AMPK-mediated signaling
pathways augment the expression and activity of 118-HSD1 in
preadipocytes by way of C/EBP, thereby highlighting a
novel, metabolic stress-related regulation of 118-HSD1 in a
cell-specific manner. (Endocrinology 148: 5268-5277, 2007)

META BOLIC SYNDROME IS characterized by a cluster
of glucose intolerance, hypertension, and dyslipide-
mia on a basis of insulin resistance and excess in intraab-
dominal fat accumulation (1-3). Functional abnormalities of
adipose tissue have been implicated in the pathophysiology
of metabolic syndrome (2). A series of transgenic and knock-
out experiments in mouse models suggest that exaggerated
reactivation of glucocorticoid in adipose tissue, mediated by
enzyme 118-hydroxysteroid dehyvdrogenase type 1 (1 1[3
HSD1), contributes to dysfunctmn of adlpoxe tissue (3-7).
11B8-HSD1 is a bidirectional (oxo-reductase and dehydroge-
nase) enzyme (8), expressing abundantly in adipose tissue,
liver, and ‘central nervous system (9, 10). Notably 113-HSD1
mainly acts as an oxo- reductase i1 vivo and reactivates in-
active cortisone into active cortisol (8). Transgenic mice over-
expressing 118-HSD1 in adipose tissue exemplified major
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Abbreviations: ACC, Acetvl-CoA carboxylase; AICAR, 3-aminoimi-
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phenotype of metabolic syndrome (3, 4), whereas systemic
118-HSD1 knockout mice were protected against diabetes
and dyslipidemia on a high-fat diet (5-7). These data suggest
that an increased level of adipose 118-HSD1 conslderablv
contributes to metabolic derangement. Consistent with this
notion, selective 113-HSD1 inhibitors are shown to amelio-
rate diabetes, dyslipidemia, and arteriosclerosis in experi-
mental murine models (11, 12).

Obese adipose tissue is subjected to multiple cellular
stresses such as endoplasmic reticulum stress and oxidative
stress (13). Local hypoxia, tissue dysnutrition, and resultant
cell death are potentially linked to macrophage recruitment
and local inflammation in adipose tissue (13, 14). Recent
studies also highlight a complexity of preadipocytes in con-
trolling adlpose tissue function (15, 16). Nevertheless mature
adlpocytex are the major component of adipose tissue and
predominant source of 118-HSD1 (10, 17); a considerable
amount of 118-HSD1 expression is also detected in stromal-
vascular cells from adipose tissue (17). The underlying mech-
anism whereby 118-HSD1 is elevated in obese adipose tissue
still remains obscure, and the regulation of 118-HSD1 in
preadipocytes has been poorly understood.

In this context, we hypothesized that a variety of metabolic
stresses would regulate the expression of 118-HSD1 in prea-
dipocytes. The sphingolipid ceramide serves as a bioactive
lipid mediator in response to a variety of metabolic stresses
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including inflammation and oxidative stress (18). Ceramide
is generated by de novo synthesis as well as hydrolysis of
membrane sphingomvelin by sphingomyelinase (SMase)
(18, 19). Ceramide and its metabolites, sphingosine and
sphingosine 1-phosphate (51P), mediate a variety of biolog-
ical events such as apoptosis, cell growth, and the stress
response (18, 19). In contrast, AMP-activated protein kinase
(AMPK) is another mediator of metabolic stress that re-
sponds to the negative energy balance within cells (20-22).
AMPK is activated by stresses that increase intracellular
AMP level such as local hypoxia, glucose deprivation, and
ischemia (21). Whereas the function of AMPK in liver and
muscle has been well investigated, its role in adipose tissue
still remains obscure (23, 24). In the present study, using
murine 3T3-L1 preadipocytes and human preadipocytes, we
investigated the effect of ceramide- and AMPK-mediated
signaling pathways on the expression of 118-HSD1.

Materials and Methods

Reagents and chemicals

5-Aminoimidazole-d-carboxamide ribonucleoside (AICAR) was ob-
tained from Toronto Research Chemicals (Toronto, Canada). A selective
AMPK inhibitor, Compound C, and C, ceramide (N-acetyl-sphingosine)
were purchased from Carbiochem (San Diego, CA). Bacterial SMase and
S1P were from Sigma Chemicals (St. Louis, MO). Antibodies against
phospho (Ser 79) acetyl-CoA carboxylase (ACC), CCAAT/enhancer-
binding protein (C/EBP) 33, and p-actin were from Upstate Biotechnol-
ogy (Lake Placid, NY), Affinity BioReagents Inc. (Golden, CO), and
Sigma Chemicals.

Cell culture and treatment

3T3-L1 fibrobrasts (kindly provided from Dr. H. Green and Dr. M.
Morikawa, Harvard Medical School, Boston, MA) were maintained in
DMEM containing 10% (vol/vol) calf serum at 37 C in 10% CO.. Human
perirenal preadipocytes were purchased from Cambrex (Walkersville,
\MD) (25, 26) and maintained according to the manufacturer’s instruc-
tions. For differentiation of 3T3-L1 preadipocytes into mature adipo-
cytes, cells (2d postcontluence) were incubated with DMEM containing
10% (vol /vol) fetal bovine serum, 0.5 my 3-isobutyl-1-methylxanthine,
0.25 um dexamethasone, and 1 pg/ml insulin for 2 d, followed by
another 2-d incubation with DMEM containing FBS and insulin (27).
Additional incubation with DMEM containing FBS for 4 d completes the
differentiation. Compound C and C; ceramide were dissolved in DMSO
and added to the media within 0.1% of volume. S1P was dissolved in

water containing 0.4% BSA and added to the media within 1.0% of
volume.

RNA preparation and quantitative real-time PCR

Total RNA was extracted from cultured cells using TRIzol Reagent
(Iavitrogen, Carlsbad, CA), and ¢DNA was then synthesized using
iScript ¢<DNA Synthesis Kit (Bio-Rad, Hercules, CA) according to the
manufacturer’s instructions. To determine the mRNA levels, probes and
primers were emploved as follows: probe (5'FAM-tecgagttcaaggeage-
gagacactacc-TAMRA-3"), forward (3'-ccaggtcggaggaaggtcte-37), and re-
verse (5-ccageaatgtagtgageagagg-3) for murine 1135-HSDL; probe
(5'FAM-ccccacteacctgetgetactcattca-TAMRA-3Y,  forward  (5'-ttggct-
cagecagatgea-31), and reverse (3'-ccagectactcattgggatca-3') for murine
monocyte chemoattractant protein-1 (MCP-1); probe (5'FAM-acattgt-
cagectegeagaatecatactg-TAMRA-2Y), forward (3-atgegacccaccctgtgac-
3, and reverse (3'-gacccteccagecaacatg-3) for murine preadipocyte
factor-1 (Pref-1); and probe (5 -cattgttatcgtctectetetggetgge-3), forward
(5" -ttgeccatgetgaageagag-37), and reverse (5'-geaaccattggataagecactt-3)
for human 113-HSD1. TagMan PCR was performed using ABI Prism
7700 Sequence Detection System as instructed by the manufacturer
(Applied Biosystems, Foster City, CA). Each value of mRNA level was
normalized to that of 185 rRNA.

Endocrinology. November 2007, 14811113268 3277 5269

Western blot analysis

Cells were washed twice with ice-cold PBS, and harvested in lysis
buffer [40 myM HEPES, 10 mxas EDTA, 100 myM NaF, 10 my sodium
pyrophosphate, 1 mym Na;VO,, 0.1 mg/ml aprotinin, 1 my PMSF, 50 nm
okadaic acid, and 1%, (vol/vol) Nonidet P-40 at pH 7.5]. For analysis of
C/EBPg, cells were harvested in lysis butfer [19 (wt/vol) SDS, 60 my
Tris-HCl, 1 my Na;VO,, 0.1 mg/ml aprotinin, 1 mat PMSF and 50 nym
okadaic acid at pH 6.8, and boiled at 100 C for 10 min. After centrif-
ugation, supernatants were normalized for protein concentration via
Bradford method and then equal amounts of protein were subjected to
SDS-PAGE and immunoblot.

Measurement of AMPK activity

Activation of AMPK is assessed by the immunoblot of Thr172-phos-
phorylated AMPKn. Antibodies against AMPKo and phosphorylated
(Thr172) AMPK (Cell Signaling Technology, Beverly, MA) can detect
both 1 and 2 isoform of the catalytic subunit (28). In 3T3-L1 adipo-
cytes, AMPK activity is largely attributable to the 1 isotorm (29), and
both a1 and «2 catalytic subunit isoforms are activated by AICAR (29).
The phosphorylation at Thr172 parallels the degree of AMPK activation,
thus making it possible to estimate the activity of both isoform com-
plexes (28).

Measurement of 113-HSDI1 activity

Assays for 113-HSDI1 activity were performed by incubating viable
cells with 250 nai corticosteroids with appropriate tritium-labeled tracer.
In assays for oxo-reductase activity, cells were incubated in serum-free
DMEM containing 250 na cortisone that includes 6.4 1Ci/ml tritium-
labeled tracer [1,2-*H], cortisone (Muromachi Yakuhin LTD, Kyoto,
Japan). In assays for dehydrogenase activity, cells were incubated in
serum-free DMEM containing 250 nM cortisol with 6.4 1Ci/ml tritium-
labeled tracer [1,2,6,7-°H], cortisol (Muromachi Yakuhin LTD). After the
incubation at 37 C for indicated time, corticosteroids were extracted by
ethyl acetate, separated by thin-layer chromatography in chloroform:
methanol (95:3), and quantified by autoradiography. As a control (in-
dicated as ref.), serum-free DMEM with tritium-labeled cortisone or
cortisol was incubated without cells.

Chromatin immunoprecipitation (ChIP) analysis

ChIP analysis was performed using an assay kit (Upstate Biotech-
nology) according to the manufacturer’s protocol. Anti-C/EBPB anti-
body used for immunoprecipitation is from Santa Cruz Biotechnology
(Santa Cruz, CA). Forward primer (5'-ctggaagttgectettacte-3") and re-
verse primer (3'-cctgtaggacacacgaagaa-3') were used to amplify the
DNA fragmentbetween ~170and ~71 (relative to the transcription start
site) of mouse 113-HSD1 genomic DNA, which contains two putative
C/EBP binding sites (30). V

RNA interference (RNAI)

Two Stealth RNAj for mouse C/EBPf were obtained (Invitrogen).
Each small interfering RN A (siRNA), termed RNAi154 and RNAI16S,
was designed as a 23-bp duplex oligoribonuclectide with a sense strand
corresponding to nucleotides 154-173 or 168192 of the reported mouse
C/EBP3 coding sequence (GenBank accession no. NMOUYS83), respec-
tively. The Stealth R\ Ai negative control duplex (Invitrogen) was used
as a control oligoribonucteotide. According to the manufacturer’s pro-
tocol, 3T3-L1 preadipocytes were transfected with 10 ny siRNA in
antibiotic-free medium using Lipotectamine RNAIMAX (Invitrogen).
The transfected cells were cultured overnight and applied to the
experiments.

Statistical analysis

The data are presented as means - sEx from independent three or
four experiments. Student’s f test was used to compare the data when
the variances of two groups were regarded equal (within 57%). When
variances of two groups were apparently different, Welch's f test was
used. Differences were accepted as significant at ' < 0.05 level.

Downloaded from endo.endojournals.org at KYOTO UNIVERSITY on March 4, 2008

— 367 —



53270 Endocrinology. Novewmber 2007, 1481115268 5277

Results

When 3T3-L1 preadipocytes were differentiated into ma-
ture adipocytes, the level of 118-HSD1 mRNA was increased
by 150-fold (Fig. 1). Based on this result, we first analyzed the
effect of ceramide signaling on the expression of 11B-HSD1

in both 3T3-L1 preadipocytes and differentiated adipocytes.

Effect of ceramide on the expression of 113-HSD1 in
3T3-L1 preadipocytes

When 3T3-L1 preadipocytes were treated with a short
chain ceramide analog, C, ceramide (10-100 un), for 24 h,
mRNA of Pref-1, which is known to express abundantly in
preadipocytes (31, 32), was not altered (Fig. 2A). In contrast,
expression of MCI’-
pendently, reaching to 2.0 = (.1-fold (I’ < 0.01) and 2.2 *
(.1-fold (P < 0.01), respectively (Fig. 2, B and C). To evaluate
the effect of C, ceramide on the 118-HSD1 enzyme activity,
cells were incubated with tritium-labeled cortisone or corti-
sol. C, ceramide significantly increased the conversion of
cortisone to cortisol by 1.7 = 0.1-fold (P < 0.05) (Fig. 2D, left).
This indicates that 115-HSD1 oxo-reductase activity was in-
creased in response to C, ceramide. In contrast, 118-HSD1
dehvdrogenase activity was neither detected nor induced
during a 24-h incubation period (Fig. 2D, right). These results
indicate that 118-HSD1 in 3T3-L1 preadipocytes acts solely
as an oxo-reductase.

Hydrolysis of membrane sphingomyelin by SMase pro-
voke intracellular accumulation of ceramide (19). Ceramide
is subsequently metabolized to sphingosine and 5112, both of
which mediate biological events including cell growth and
apoptosis (19). We thus treated 3T3-L1 preadipocytes with
bacterial SMase and S1P. When cells were treated with bac-
terial SMase (25-200 mU/ml) and S1P (1.0-10 um), 118-
HSD1 mRNA level was significantly induced, reaching to
17 = 0.2-fold (P < 0.05) and 3.0 = 05-fold (P < 0.05),
respectively (Fig. 2, E and F). To further investigate whether
ceramide signaling would be involved in the induction of
118-HSD1 by inflammatory cytokines, inhibitors of ceramide
[fumonisin B1, an inhibitor of ceramide synthase (33); myri-
ocin, an inhibitor of serine palmitoyltransferase (34); desi-

e
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Fis. 1. Expression profile of 113-HSD1 mRNA during the course of

differentiation in 3T3-L1 cells. Postconfluent 3T3-1.1 preadipocyles
were induced to differentiate as described in Materials and Methods.
MRNA level of 113 IISDI was determined. Results are means - SEM
from three vxpurnn( nts. ¥ < 0.01 compared with 2 d postconfluent
preadipocytes (initial).
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pramine, an inhibitor of SMase (35)] were cotreated with
3T3-L1 preadipocytes. Desipramine (10 and 20 pM) dose-
dependently attenuated the expression of 118-HSD1 mRNA
induced by TNFa or IL-18 [46 = 10% (P = (.07) and 41 * 2%
(P < 0.01), respectively]. This result indicates that induction
of 118-HSD1 by TNFa or IL-18, at least in part, is attributable
to the activation of SMase. Such an effect was not observed
when treated with fumonisin Bl or myriocin (data not
shown). These results raise a possibility that ceramide-me-
diated signaling pathway is involved in the regulation of
118-HSD1 in preadipocytes.

Effect of ceramide on the expression of 118-HSD1 in 3T3-L1
differentiated adipocytes

Induction of 118-HSD1 mRNA by C, ceramide (10-100
M) was not observed in 3T13-L1 differentiated adipocytes
during 24-h incubation periods (Fig. 3A). Similarly, SMase
(25200 mU/ml) and S1P (1.0-10 pm) did not induce the
expression of 118-HSD1 (Fig. 3, B and C). These results are
in agreement with our data that a robust induction of 118-
HSD1 expression by TNF« and 1L-18 was observed only in
3T3-L1 preadipocytes but not in differentiated adipocytes
(data not shown). Altogether, our data suggest that the effect
of C, ceramide, SMase, and S1P on 118-HSD1 expression is
restricted in preadipocytes.

Effect of AICAR on the expression of 113-HSD1 in
3T3-L1 preadipocytes

AMPK is activated by cellular stresses that interfere with
ATP production (20-22). In contrast, 118-HSD1is a NADPH-
dependent enzyme and its oxo-reductase activity requires
NADFH supply from a glucose metabolizing pathway (36).
This scheme tempted us to speculate that 113-HSD1 would
be involved in an AMPK-mediated fuel sensing mechanism.
To test this hypothesis, we examined the effect of AMPK on
the expression of 118-HSD1 using a cell permeable AMDP
analog, AICAR (37).

When 3T3-L1 preadipocytes were treated with AICAR
(0.1-0.5 mm) for 24 h, AMPK phosphorylation was increased
pronouncedly (Fig. 4A). MCP-1 mRNA level was not altered
even after the treatment with AICAR (Fig. 4B). In contrast,
118-HSD1 mRNA level was increased in a dose-dependent
manner, reaching to 8.7 £ 0.8-fold (I’ < 0.05) (Fig. 4C). Oxo-
reductase activity of 118-HSD1 was concomitantly increased
by 3.0 £ 02-fold (P < 0.01) after the treatment with (0.5 mm
AICAR (Fig. 4D).

To turther evaluate the involvement of AMPK in the regulation
of 118-HSD1, cells were cotreated with AICAR and a selective
AMPK inhibitor, compound C (38). Western blot analyses showed
that augmented phosphorylation of AMPK and ACC by the treat-
ment with 0.5 mm AICAR were attenuated when cells were co-
treated with 10 um compound C (Fig. 5A). Compound C com-
pletely blocked the effect of 0.5 ma AICAR on its augmentation
of 113-HSD1 (80 * 2.4% decrease compared with AICAR-treated
group, P < 0.01) (Fig. 5B). These results indicate that augmented
expression of 118-HSD1 by AICAR largely is attributable to the
activation of AMPK. In contrast, mRNA of glucocorticoid receptor,
which is known toexpress considerably in preadlpocytes (39),was
not affected by AICAR or compound C (data not shown).
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Effects of ceramide and AMPK signaling on the expression
of 113-HSD1 in human preadipocytes

To explore whether potent effects of ceramide and AMI’K on
11B-HSD1 expression are reproduced in human preadipocytes
{25, 26), impact of C. ceramide, S1P, and AICAR on 118-HSDI1
expression and enzyme activity were similarly analyvzed. When
cells were treated with C, ceramide (25-100 pn) for 24 h, 18-
HSD1 mRNA level was increased dose dependently, reaching to
53 = 0.3fold (I < 0.01) (Fig. 6A). In contrast, the effect of S11°
(2.5-10 pa1) was marginal (Fig. 6A). AICAR (0.3-1.0 mm) induced

P < 0.01 compared with vehicle-treated group. U.I)., Under detectable.

the phosphorylation of AMPK (Fig. 6B) and augmented 115-
HSD1 mRNA level by 28 = (.1 fo]d (P < 001) (Fig. 6A). C-
ceramide (50 unt) and AICAR (1.0 mn1) significantly increased the
oxo-reductase activity of 118-HSD1by 2.9 = 0.3-fold (I’ <0.01) and
2.1 £ 004-fold (P < 0.05) (Fig. 6C).

Induction of C/EBP by ceramide and AMPK signaling in
3T3-L1 preadipocytes

118-HSD1 promwter contains a couple of C/EBP binding
sites, and C/EBP mediated regulation of 113-HSD1 has long
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been investigated exclusively in hepatocytes (40). Because
C/EBPa is not expressed in preadlpocytes (41), we tested a
possibility that C/EBPS would be involved in the regulation
of 118-HSD1 by ceramide or AICAR. Western blot analysis
showed that C/EBPB expression was substantially increased
after the treatment with C, ceramide (0.1 mMm) or AICAR (0.5
mM), culminating in 1.8- and 6.5-fold increase within 3 h,
respectively (Fig. 7, A and B). Expression of C/EBPB by C,
ceramide or AICAR was increased in a dose-dependent man-
ner (data not shown). In contrast, 118-HSD1 expression was
induced 12 h after the treatment with C, ceramide or AICAR
(data not shown).

To explore a possible involvement of C/EBPB in 113-
HSD1 regulation, ChIP analysis was performed with primers
spanning putative C/EBP binding sites in mouse 118-HSD1
promoter (30). No amplified band was observed in samples
processed without antibody (No antibody control), exclud-
ing a possibility of nonspecific binding between DNA frag-
ments and protein A-agarose (Fig. 7C). When treated with C_

A
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Cc
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1.2
- 15 3 1
E’a 25
E> E > 06
8205 o
e I3
A~ @~ 0.2
A -~ 0
0 25 50 100 200 6 1.0 25 50 10
SMase (mU/ml) S1P (uM)

ceramide or AICAR for 6 h, association of C/EBPS with the
promoter of 118-HSD1 gene was substantially induced (Fig.
7C). Our data demonstrated that the activation of ceramide
or AMPK pathways induced the expression of C/EBPS and
its binding to the 118-HSD1 promoter.

Effect of C/EBPS knockdown on the expression of
11B-HSD1 induced by ceramide or AMPK signaling in
3T3-L1 preadipocytes

To further validate a role of C/EBI’B in the control of
118-HSD1 by ceramide or AICAR, C/EBP protein was tran-
siently knocked down by siRNA. When 3T3-L1 preadipo-
cytes were transfected with siRNA, C/EBPS protein expres-
sion induced by C, ceramide or AICAR was markedly
attenuated, demonstrating effective silencing of C/EBPS
(Fig. 8, A and B). Notably, augmented expression of 1183
HSD1 induced by C, ceramide or AICAR was swmﬁcantly
attenuated in cells transfected with C/EBPB siRNA (Fig. 8,

D

p-AMPK-g. |

AMPK-c. | g e @50 @D

Fi. 4. AMPK activation enhances the
expression of 113-HSD1 in 3T3-L1
preadipocytes. Cells were treated with
AICAR (0.1-0.5 my) for 24 h. A, West- B
ern blot of AMPK protein and phosphor-
ylated AMPK (p-AMPK). mRNA levels
of MCP-1 (B) and 113-118D1 (C). D, As-
say for 113-HSD1 activity. Cells treated
with AICAR (0.5 m) for 24 I were in-
cubated in serum-free media containing
250 na of cortisone or cortisol with tri-
tinm-labeled tracer (6.4 (Ci/ml of [1,2-
"Hl, cortisone or [1,2,6,7-*111, cortisol)

0.1

AICAR (mM): 0O

- N
n o

(fold vs. control)
=] -
(4] (=]

MCP-1 mRNA level

0

for 12 h. Emerged spots of cortisol were AICAR (mM) 0 0.1
indicated by «arrowes. Results  are
means - SkEA from three or four exper- C
Hnents, = P < 0.05, # P < 0.01 com- 3 12
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Fic. 5. AICAR-induced expression of 113- A B —

HSDI1 is attenuated by an AMPK inhibitor. 2 — 6 -

3T3-1.1 preadipocytes were cotreated with 2 % 5 *

AICAR (0.5 my) and indicated concentra- pre— <Z( i

tions of compound C (Comp. C) for 24 h. A, p-AMPK-o. I . a-e I % g 4

Waestern blot of total AMPPK protein, phos- 9 3 tt

phorylated AMPK (p-AMPK) and phos- AMPK-a |;--- —I o ; 2 tt
NP ~ ; 3 @5

phorylated ACC (p-ACC). B, mRNA level of Ig

11j3-HSD1. Results are means = SgM from p-ACC I R . & ——nl a o

three experiments. *#*, P < 0.01 compared -

with vehicle-treated group. ™, P < 0.01 AICAR(mM) 0 05 05 05 05 AICAR(mM) O 05 05 05 05

compared with AICAR-treated group. Comp. C (M) 0

C and D). In contrast, negative control Stealth RNAI treat-
ment had no impact on the expression of C/EBPB or 118-
HSD1. These results suggest that C/EBPB is involved
critically in the induction of 113-HSD1 by ceramide- or
AMPK-mediated signaling pathways.

Discussion

The major finding of the present study is that ceramide-
and AMPK-mediated signaling pathways augment the ex-
pression and enzyme activity of 118-HSD1 in both murine
and human preadlpmytes We provide novel evidence that
activation of ceramide and AMPK pathways induce the ex-
pression of C/EBPB. ChIP analyses demonstrate the DNA
binding of C/EBPB to 113-HSD1 promoter, and transient
knockdown of C/EBPS protein by siRNA further support
the notion that C/EBP is critically involved in the expres-
sion of 115-HSD1 induced by C, ceramide or AICAR. Taken
together, the present study hluhlwhts a novel mechanism
that metabolic stress-related slvnallng pathways mediated
by ceramide and AMPK regulate the expression of 113-HSD1
in preadipocytes.

Ceramide acts as a lipid mediator of metabolic stress re-
sponse (18, 42). Fatty acids, proinflammatory cytokines, glu-
cocorticoids, and serum deprivation in cultured cells are
known to induce intracellular accumulation of ceramide (43,
44). Importantly, aberrant accumulation of ceramide in in-
sulin target tissues appreciably contributes to local insulin
resistance and underlies, at least partly, the molecular mech-
anism of lipotoxicity (43, 44). A recent study demonstrated
that mRNA level of enzymes involved in sphingolipid me-
tabolism in adipose tissue as well as plasma level of SMase,
ceramide, sphingosine, and S1I’ were increased in ob/ob mice
(45). Thus we tested a possibility whether 118-HSD1 would
be induced by ceramide signals in preadipocytes. In this

context, the present study is the first to demonstrate that the
expression of 113-HSD1 was induced by C- ceramide, bac-
terial SMase and S1P in preadipocytes (Flu 2). In contrast,
induction of T15-HSD1 expression by C, ceramide, SMase,
and S1I" was not observed in differentiated adipocytes (Fig. 3),
suggesting that such effects are restricted in preadipocvtes.

SMase catalyzes the hydrolysis of sphingomyelin in outer.

side of the plasma membrane, leading to the production of
ceramide (19). Ceramide is subsequentlv metabolized to S1P,
which functions through S1P receptors (19). In the present
study, we found that mhlbmon of SNase by desipramine
attenuated the TNFa- or IL-1B-induced expression of 113-
HSD1. This observation is in agreement with previous re-
ports that TNFe and [L-18 promptly induced the hydrolysis

014 10 10 Comp.C(uM) O 0 01 10 10
of sphingomyelin to generate ceramide (46). Assays in the
present study are validated by the finding that expression of
MCP-1 was induced by Cs ceramide (Fig. 2), consistent with
the notion that NFkB and MAPK signaling pathways are
involved in the regulation of MCP-1 (47) and that ceramide
and SIP potently mediate NFkB and MAPK pathways
(18, 48).

In the present study, C., ceramide induced the expression
of 118-HSD1 at 50 - 100 uM (Fig. 2). It has been reported that
the physiological concentration of ceramide within cells are
approximately 1-5 um (49). Accordingly, C, ceramide does
induce biological effects including differentiation and
growth inhibition at 1-5 M in serum-free media. However,
hwher concentration (50-100 um) of C, ceramide are re-
qLured to induce equipotent effects in serum-containing me-
dium, because serum proteins bind C, ceramide and reduce

its potency (50), and for this, 50-100 pum C, ceramide has been

commonly used in many previous studies (51, 52). It should
also be noted that, because ceramide resides in “lipid rafts”
in the membrane (53), local concentration of ceramide within
cells must be much higher than 5 us. In this context, the
concentration of C; ceramide used in the present study is
appropriate for analyzing the responsiveness of ceramide in
adipocytes.

AMPK, activated by the increase in intracellular AMDP
level, plays a crucial role in mediating cellular stress such as
hypoxia, glucose deprivation, and ischemia (20-22). Recent
studies hlg_,hllg_,hted a potential role of AMPK in regulating
energy balance and mass of adipose tissue (23, 24). ATP level
of adipose tissue is decreased in obese rodent models (54),
supporting the notion that local hypoxia and inflammation
is associated with defective energy metabolism in obese ad-
ipose tissue (14, 54). In this context, the present study dem-
onstrates for the first time that AICAR markedly aug.,mented
the expression of 118-HSD1 in preadipocytes (an 4). Fur-
thermore, a potent AMPK inhibitor compound C completely
suppressed the induction of 118-HSD1 (Fig. 5), verifying that
AMPK signaling pathway is involved in the regulation of
118-HSD1. Based on the present study in 3T3-L1 preadipo-
cytes (Figs. 2, 4, and 5), a potential interaction between cer-
amide and AMPK in terms of the effect on 113-HSD1 ex-
pression would be of considerable interest. In 3T3-L1
preadipocytes, AMPK was not activated when treated with
C. ceramide (data not shown). Although further studies
are required, these results suggest that Leramxde signal is
not directly involved in AMPK-mediated mductmn of
113-HSD1.

The present study is the first to demonstrate that C, cer-
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amide and AICAR augmented the expression of C/EBPB in
3T3-L1 preadipocytes (Fig. 7). This result is consistent with
a line of previous reports showing that S1P induced phos-
phorylation of cAMP-responsive-element-binding protein
(CREB) (48), and CREB potentially controls the expression of
C/EBPB in adipocytes (55). Furthermore, the present study
is the first demonstration that the activation of AMPK in-
duced the expression of C/EBPB in any kinds of cells. It is
well-characterized that transient expression of C/EBPS is
essential for the induction of PPARyand C/EBPwin the early
phase of adipogenesis (41). A recent report raised a possi-
bility that AICAR inhibited adipogenesis by interfering in-
duction of P PARyand C/EBP« (56). Therefore itis tempting
to speculate that AMPK-induced augmentation and sustain-
ment of C/EBPB and resultant suppression of adipogenesis
may be a facet of adaptation to nutritional threat.
Compared with murine adipocytes, the mechanism re-
sponsible for adipogenesis and adipokine secretion is poorly

A

understood in humans (57). For example, human preadipo-
cytes do not require the process of clonal expansion in the
course of adipogenesis (57). Therefore, we examined the
effect of ceramide and AMPK signaling on the expression of
118-HSD1 using human preadipocytes. The present study
demonstrates that sphingolipids (C, ceramide and S1P) and
AICAR induced the expression of 118-HSD1 also in human
preadipocytes (Fig. 6). The effect of C, ceramide was exag-
gerated in human preadipocytes compared with 3T3-L1
preadipocytes, whereas the effect of S1P was mild in human
preadipocytes. Treatment of C, ceramide did not affect
MCP-T mRNA level, but AICAR substantially reduced the
expression in a dose-dependent manner (data not shown),
representing a contrast to the data in 3T3-L1 preadipocytes
(Figs. 2 and 4). Even considering differences in cell types or
species (58), our data provide novel evidence that ceramide
and AMPK signals induce the expression of 113-HSD1 in
both rodent and human cultured preadipocytes. Recent
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Fic. 8. Effect of C/EBPg knockdown on G, ceramide- or AICAR-induced expression of 113-HSD1 in 3T3-11 preadipocytes. Cells were transtected
with either Stealth RNAI negative control (N.C.) or C/EBPS Stealth RNAi (RNAi154, RNAi168). After 12 h of incubation, cells were treated

with C; ceramide or AICAR. Western blot of C/EBPS after the treatmer

it with 0.1 my G, ceramide (A) or 0.5 my AICAR (B) for 3 Ir. B-Actin

was used as a loading control. mRNA level of 1 1/3-['1.\‘[)1 after the treatment with 0.1 1 C, ceramide (Cyor 0.5 my AICAR (D) for 24 I, Results

are means, = $EM from four experiments. *, P < 0.05, ** P < 0.01 com
AICAR-treated group.

works demonstrated that human adipose tissue contained a
considerable amount of preadipocytes (59, 60), which may be
involved in some aspects of adipose tissue function (15, 60).
In this context, further in vivo studies are warranted to val-
idate the possible involvement of ceramide and AMPK sig-
nals in 118-HSDI1 regulation in human preadipocytes.

C/EBP family of transcription factors (C/EBPs) in adipo-

cytes serve as master regulators of a variety of cellular re-
sponse (61), and expression of C/EBPs is regulated by a
variety of hormones, cytokines, and nutrients (61 62). 11B-
HSD1 promoter contains a couple of C/EBD binding sites,
and previous studies demonstrated that the expression of
118-HSD1 was controlled by C/EBPs (40, 63). In this context,
the present study demonstrates, for the first time, that in-
duction of C/EBPB in preadipocytes was observed around
3 h after the treatment with C, ceramide or AICAR (Fig. 7),
which preceded the robust induction of 118-HSD1. Our data
of ChlP analyses and C/EBPB knockdown experiments fur-
ther reinforced the notion that C/EBPS is involved in cer-
amide- and AMDPK-mediated augmentation of 118-HSDI1 in
preadipocytes (Figs. 7 and 8).

[t should be noted that glucocorticoid is known to increase
the expression and activity of SMase, resulting in intracel-
lular ceramide accumulation and local insulin resistance (43).
This notion prompts us to speculate a vicious cycle within
cells where ceramide and 118-HSD1-derived active glu-
cocorticoid reciprocally aggravate preadipocyte dysfunc-

vared with control group. ™, P < 0.01 compared with G, ceramide or
[ =] y 2

tion. Unexpected regulation of 118-HSD1 by AMPK path-
way may also provide a novel clue to better understand
molecular pathophysiology of adipose dysfunction. Collec-
tively, the present study is the first demonstration that cer-
amide and AMPK sl;,nalln;, pathways augment the expres-
sion and enzyme activity of 118-HSD1 in human and rodent
preadlpocytes thereby highlighting a metabolic stress-re-
lated regulation of 118-HSD1 in a cell-specific manner.
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