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ARTICLE INFO ABSTRACT
Article history: Strict long-term glycemic control has been reported to prevent or improve diabetic periph-
Received 22 November 2007 eral neuropathy, but the effects of short-term glycemic control have not been clarified in
Accepted 12 December 2007 patients with type 2 diabetes. To investigate reversibility of impaired vibratory sensation by
Published on line 8 February 2008 short-term glycemic control, we used the TM31 liminometer and C64 tuning fork methods to
. o measure peripheral neuropathy. Thirty-one type 2 diabetes patients with poor glycemic
Keywords: control (HbAlc: 10.8 £ 0.4%, mean + S.EM., range from 7.9% to 16.2%) were administered
Vibratory sensation strict glycemic control. Vibratory sensation before and after short-term glycemic control
Diabetic peripheral neuropathy was evaluated, and the metabolic profile including plasma glucose, HbA1lc, total cholesterol,
Glycemic control HDL cholesterol, triglyceride, and free fatty acid (FFA) was measured. After 20.0 + 2.1 days of
Glucose metabolism strict glycemic control, vibratory sensation improved significantly in both upper and lower
Lipid metabolism extremities, assessed by TM31 liminometer and C64 tuning fork. Along with the improved

glycemic control, lipid metabolism (total cholesterol, triglyceride and FFA) was significantly
improved. Thus, short-term intensive glycemic control can improve vibratory sensation,
metabolic changes in glucose and lipid metabolism being the factors responsible for
improved of peripheral nerve function.

(" 2008 Published by Elsevier Ireland Ltd.

g Introduction control can improve vibratory sensation in patients with type

1 diabetes |5]. However, there are few reports regarding short-
Strict glycemic control can improve diabetic peripheral term glycemic control and vibratory sensation in patients with
neuropathy in patients with type 1 diabetes [1,2], and preserve  type 2 diabetes, in whom clinical development of the disease
it in patients with type 2 diabetes [3.4]. In addition, there is and its complications is more slowly progressive. In this study,
some evidence that both long- and short-term glycemic we compared vibratory sensation before and after rigorous
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short-term glycemic control in Japanese type 2 diabetes
patients, We used the TM31 liminometer and the C64 tuning
fork methods to evaluate vibratory sensation [6-9]. Metabolic
profiles were alse examined before and after short-term
glycemic control to clarify the factors involved in the
restoration of vibratory sensation.

2 Patients and methods

Thirty-one type 2 diabetes patients who had poor glycemic
control on admission to Kyoto University Hospital during June
2002 and January 2004 were administered strict glycemic
control by intensive insulin therapy and diet. The patients
were 20-70 of age, and those with other neurological disorders
that can cause peripheral neuropathy such as familial,
alcoholic, uremic or endocrine neuropathy were excluded.
The threshold of vibratory sensation and plasma glucose, total
cholesterol, HDL cholesterol, triglyceride and free fatty acid
(FFA) were compared on admission and before discharge.

The clinical characteristics at admission were as follows.
Duration of diabetes was 9.4 £ 1.7 years. Of 31 patients, 20
were male and 11 were female. The average age and BMI were
59.0 + 2.2 years and 24.6 = 0.8 kg/m?, respectively. HbA1lc was
10.8 = 0.4%, mean =+ S.E.M., ranging from 7.9% to 16.2%. Fifteen
patients had diabetic retinopathy and 3 had diabetic nephro-
pathy with proteinuria. None of the patients had painful
neuropathy, but 10 patients had abnormality of deep reflex
testing (ankle reflex and/or knee reflex) for both lower limbs.
The threshold of vibratory sensation was evaluated by two
separate tests. The TM31 liminometer (Medic International Co.
Ltd,, Tokyo, Japan) measurements of vibratory sensation were
performed at the radial malleoli of both hands and the medial
malleoli of both feet [4,8,9]. The amplitude was increased and
decreased from 0 um to 155 pm at a constant rate to ascertain
the threshold of vibratory sensation. C64 quantitative tuning
fork (Takano Manufacturing Co., Nagoya, Japan) measure-
ments, which quantify the severity of deficits in vibratory
sensation on a scale of 0 (minimum score) to 8 (maximum
score), were performed at the radial malleoli of both hands and
the medial malleoli of both feet and the first toe of both feet.
Based on the results of previous studies, normal values up to
40 years should be at least 6/8, while patients older than 40
years should score at least 4/8 [6,7,10].

Each measurement was performed by the same examiner
and done three times to calculate the mean. To evaluate the
accuracy of the vibratory test, we preliminarily examined
correlation of two methods in 157 patients. TM31 liminometer
and €64 tuning fork measurements showed remarkably high
correlation at both upper and lower extremities. As repre-
sentative, left foot measurements are compared in Fig. 1(A)
(p < 0.001, r = 0.95).

HbAlc was measured on admission and the following
month. Plasma glucose, HbAlc, serum total cholesterol, HDL
cholesteral, triglyceride and FFA concentration were mea-
sured as reported previously [11,12]. The study was designed
in compliance with the ethics regulations set out by the
Helsinki declaration.

Data are presented as means + S.E.M. Statistical analyses
were performed by STATVIEW 5 system (StatView, Berkeley,

CA). Differences between the two groups were assessed by
Student's t-test. Regression analysis also was performed to
study the distribution. p-Values less than 0.05 were considered
statistically significant.

3. Results

After 20.0 £ 2.1 days of strict glycemic control, vibratory
sensation improved significantly in both upper and lower
extremities as assessed by TM31 liminometer. Similar results
were obtained by C64 tuning fork (Fig. 1(B)). Vibratory
sensation improved at the medial malleus of the left foot as
assessed by both TM31 liminometer (p < 0.01) and C64 tuning
fork (p < 0.001).

Along with improved glycemic control (HbAlc reduced
from 10.8 £ 0.4% to 9.0+ 0.3% and fasting plasma glucose
reduced from 209.8 = 11.7mg/dl to 116.2 + 5.7 mg/dl), and
lipid metabolism significantly improved. The total cholesterol
concentration declined from 217.0+7.0mg/dl to 1933+
7.3 mg/dl (p < 0.001), the triglyceride concentration declined
from 155.8 = 19.0 mg/dl to 115.6 + 10.8 mg/dl (p < 0.01), and
the FFA concentration declined from 733.9 £ 68.2 mequiv./dl
to 5816 + 48.4 mequiv./dl (p < 0.01),

4, Discussion

The development of diabetic peripheral neuropathy has been
considered irreversible [13]. However, it has been shown that
long-term strict glycemic control can improve diabetic
peripheral neuropathy in patients with type 1 diabetes [1,2]
and preserve it in patients with type 2 diabetes [3,4]. In
addition, it has recently been reported that spontaneous
recovery from diabetes resulting in near-euglycemia allows
many features of neuropathy to recover in murine diabetes
models [14]. In the present study, improvement of vibratory
sensation evaluated by the two different methods in upper
and lower extremities after 20 days of strict glycemic control
demonstrates that vibratory sensation in type 2 diabetic
patients can be ameliorated by short-term glycemic control. In
addition, when the 31 patients were divided into a good
improvement and a little improvement group, the good
improvement group showed reduction to 2.7 + 0.6%, while
the little improvement group was reduced only to 1.6 + 0.3%.
The difference may reflect a relationship between improved
vibratory sensation and improved glycemic control.

Both TM31 liminometer and C64 quantitative tuning fork
measurements were used in this study. Independent exam-
inations were performed three times in each patient at three
different places. The two measurements correlated well,
indicating that sensitivity of the C64 tuning fork is comparable
to that of the TM31 liminometer, and is useful clinically as a
simple diagnostic tool [15,16].

The duration of diabetes averaged 9.4 i 1.7 years, and
many subjects had overt diabetic complications. Because the
UKPDS study recruited newly diagnosed type 2 patients and
treatment was for 10 years, it is possible that the effect on
neuropathy was a consequence of long-term glycemic control
since the beginning of early-stage diabetic neuropathy [3].
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Fig. 1 - (A) Comparison of TM31 liminometer and C64 tuning fork measurements; (B) changes in vibratory sensation by
short-term glycemic control. Closed circles and thick bars represent mean + S.E.M. *p < 0.01, p < 0.001.

Type 2 diabetes generally progresses slowly, and many
patients already have diabetic polyneuropathy when they
are diagnosed. We found that short-term glycemic control
improved vibratory sensation even in patients with progres-
sive diabetic polyneuropathy, and the DCCT study reported
improved nerve conduction velocity and CVR-R during long-
term intensive glycemic control. Thus, improvement of
neurological function, at least in type 1 diabetes, might well
follow systemic change derived from intensive glycemic
control. Further studies are required to determine if auto-
nomic function also can be improved during short-term
intensive glycemic control in patients with type 2 diabetes.
Long-term studies such as UKPDS covered over 10 years,
while the measurement interval of our study was only
20.0 = 2.1 days. The factors known to be involved in improve-
ment by long-term control are histological changes, typically
related to decreased myelinated fiber density or loss of nerve
fibers with axonal degeneration of remaining fibers [17,18]. By

contrast, metabolic changes are probably responsible for
improvement by short-term control. Lipid metabolism as well
as glucose metabolism was found to be improved by short-
term hospitalization. It has been reported that higher
triglyceride concentrations are correlated with polyneuropa-
thy [19], so improvement of lipid metabolism also may
contribute to improved vibratory sensation.

In conclusion, we have shown that short-term intensive
glycemic control can improve vibratory sensation that can be
detected by C64 tuning fork as well as by TM31 liminometer in
patients with type 2 diabetes,
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ABSTRACT

Curcumin is a compound derived from the spice turmeric, and is a potent anti-oxidant,
anti-carcinogenic, and anti-hepatotoxic agent. We have investigated the acute effects of
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-
dependent manner, with a maximal decrease of 45% at the concentration of 25 pM. After
120 min exposure to 25 uM curcumin, hepatic gluconeogenesis from 2 mM dihydroxyace-
tone phosphate and hepatic glycogenolysis were inhibited by 35% and 20%, respectively.
Insulin also inhibited hepatic gluconeogenesis from 1 mM pyruvate and inhibited hepatic
glycogenolysis in a concentration-dependent manner. Curcumin (25 uM) 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 25uM 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 25 uM curcumin, phosphorylation of AMP kinase a-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

i 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 extensivelyincurries and mustardsasacoloringand  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 phosphoenclpyruvate carboxykinase
(PEPCK), thus inhibiting hepatic glucose output.

2. Materials and methods
2.1. Animals

C57/BLE] 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 NaCl, 2.6 mM KCl,
0.28 mM Na,HPO,4, 5 mM glucose, and 10 mM Hepes (pH 7.4)
after pentobarbital 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 5 mM CaCl, 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%CO;, 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 = 10°)
were incubated at 37 “C in a humidified atmosphere (5% C0,) in
0.5 ml of DMEM without glucose but containing 1 mM pyruvate
or 2mM dihydroxyacetone phosphate (DHAF), 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%, w/v).
Incubation was stopped by placing the cells on ice, followed by

centrifugationat4 '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 pM) 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 370-492 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 uM curcumin or vehicle (DMS0) 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 GG6Pase
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 « 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, 5 mM EDTA, 5 mM dithiothreitol, and 5 mM
Mgs0, [11]. The homogenate was centrifuged at 105,000 x g for
1hat4 C,andthesupernatant 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% CO,) in 10ml of DMEM without glucese but

- 104 -



DIABETES RESEARCH AND CLINICAL PRACTICE 80 (2008) 185~-191 187

containing 1 mM pyruvate and 0.24 mM 3-isobutyl-1-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 (S0 mM Tris-HCI, pH 7.4, 50 mM NaF, 1 mM
sodium pyrophosphate, 1mM EDTA, 1mM EGTA, 1mM
dithiothreitol, 0.1 mM benzamidine, 0.1 mM phenylmethyl-
sulfonylflucride, 0.2 mM sodium vanadate, 250 mM mannitol,
1% Triton X-100, and 5 pg/ml soybean trypsin inhibitor). The
cell lysates were sonicated twice for 10 5 and centrifuged at
13,000 x g for S min. The pellets were discarded, and super-
natants were assayed for protein concentration. Equal
amounts of proteins (50 ug) were subjected to SDS-polyacry-
lamide (8%) gel electrophoresis and transferred onto mitro-
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 2 h at
room temperature, blotted membranes were incubated with
each primary antibody (phospho-AMP kinase a-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 IgG (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
a-Thr'’? was normalized by the levels of AMP kinase a protein.

2.7.  Materials

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

(A)

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

2.8.  Statistical analysis

Results are mean + S.EM. (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 uM 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 M curcumin (control:
78 + 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%.

0 . N N N
0 30 60 90 120

150 0 30 60 20 120 150
Time (min)

Fig. 1 - Time course of inhibition in hepatic gluconeogenesis from 1 mM pyruvate (A) and 2mM DHAP (B). Isolated
hepatocytes from fasted 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 = 6). P < 0.05, P < 0.01
compared with control by unpaired Student’s t-test. Control (0), 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 puM 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).

3.3.  Effect of curcumin on hepatic glycogenolysis in freshly
isolated hepatocytes

Fig. 5A 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 & concentration-dependent manner. After
120 min exposure to various concentrations of insulin (0.1,
1, and 10nM) in the presence of 25 uM 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).

3.5.  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 AMP kinase a, which is essential for AMP kinase activity. After
120 min exposure to 25 uM curcumin, phosphorylation of AMP
kinase o-Thr'’? was significantly increased by 70% when
normalized by total content of AMP kinase a, 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

= 106 -



NICAL

PRACTICE Bo (2008) 185~-191 189

NS

04 p
g
c
gos-
<
E
c
&
< 02
®
4]
g
EUJ-
<

0

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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Fig. 6 - Concentration-dependence of inhibition in
glycogenolysis by insulin in the p e and ab e of
25 uM curcumin at the incubation time of 120 min in
isolated mice hepatocytes. Each point shows

mean = S.EM. (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 glucese
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 uM 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 (C), 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 uM 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 normalized 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. Control (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 G6Pase 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 G6Pase 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 isclated 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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Abstract

To clarify the cytoprotective effect of glucagon-like peptide-1 receptor (GLP-1R) signaling in conditions of glucose toxicity in vivo, we
performed murine isogenic islet transplantation with and without exendin-4 treatment. When a suboptimal number of islets (150) were
transplanted into streptozotocin-induced diabetic mice, exendin-4 treatment contributed to the restoration of normoglycemia. When 50
islets expressing enhanced green fluorescent protein (EGFP) were transplanted, exendin-4 treatment reversed loss of both the number
and mass of islet grafis one and 3 days after transplantation. TUNEL staining revealed that exendin-4 treatment reduced the number
of apoptotic beta cells during the early posttransplant phase, indicating that GLP-1R signaling exerts its cytoprotective effect on pan-
creatic beta cells by inhibiting their apoptosis. This beneficial effect might be used both to ameliorate type 2 diabetes and to improve

engraftment rates in clinical islet transplantation.
© 2008 Elsevier Inc. All rights reserved.

Keywords; Exendin-4; Glucagon-like peptide-1; Cytoprotection; Apoptosis; Enhanced green fluorescent protein; Islet transplantation; Islet engraftment

Glucagon-like peptide-1 (GLP-1) is a physiological
incretin, an intestinal hormone released in response to
nutrient ingestion that stimulates glucose-dependent insu-
lin secretion [1,2]. Recent studies have demonstrated that
GLP-1 has beneficial effects on pancreatic beta cells [3-6],
one of which is inhibition of apoptosis of native beta cells.
In vitro studies have shown that GLP-1 receptor (GLP-1R)
signaling has various beneficial actions such as ameliorat-
ing ER stress [7.8] and oxidative stress [9]. However, dem-
onstration of the in vive cytoprotective eflect in an animal
model of type 2 diabetes (T2DM) is problematic because
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enhancement of GLP-1R signaling reduces blood glucose
levels due to its insulinotropic action [4,5], glucagonostatic
action on alpha cells [10], and improvement of insulin sen-
sitivity [11], which makes it difficult to evaluate the
cytoprotective effects in the same conditions of glucose
Ltoxicity.

To clarify the cytoprotective effect of GLP-1R signaling
in vivo, we used a murine isogenic islet transplantation
model using a suboptimal number of islets together with
exendin-4 treatment, a degradation-resistant GLP-1 analog
[12]. As isogenic islet grafts in the natural course of the
early posttransplant period are easily lost due to various
physiological stress [13], various suboptimal number of
islet transplantation can lead proper engraftment during
the transplantation process without regard for the effects
of improved blood glucose levels following transplantation
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of an optimal number of islets. When a higher suboptimal
mass of islets is transplanted, blood glucose levels remain
high during the early posttransplant period, changing to
normoglycemic only during the late posttransplantation
period if the engrafted mass is sufficient but remaining in
the hyperglycemic state if the engrafted mass is insufficient.
Thus, when a suboptimal number of islets are transplanted
together with exendin-4 treatment in the early posttrans-
plant period when the recipient is hyperglycemic, its indi-
rect action on glucose tolerance can be excluded and its
cytoprotective effect can be evaluated by monitoring the
blood glucose levels. In addition, bio-imaging technology
permits comparison of the number and mass of islets
before and after transplantation,

In the present study, we evaluated the cytoprotective
effect of GLP-IR signaling in vive in pancreatic beta cells
using a murine isogenic islet transplantation model. We
used a suboptimal mass of transplanted islets with and
without exendin-4 treatment, and monitored blood glucose
levels. We also compared the number and mass of islet
grafts with and without exendin-4 treatment under condi-
tions of hyperglycemia.

Materials and methods

Animal care. All experiments were approved by the Kyoto University
Animal Care Committee,

Animals, Male CS7BL/6JJcl mice (CREA, Japan) aged 8-10 weeks
were used as recipients and donors. Male transgenic CS7TBL/6-EGFP
mice aged 8-10 weeks were also used as donors., The mice were obtained
from Dr. Masaru Okabe (Research Institute for Microbial Diseases,
Osaka University, Osaka, Japan) [14] Recipient animals were rendered
diabetic by a single intraperitoneal injection of streptozotocin (Sigma—
Aldrich, USA), 120mg/kg body weight, freshly dissolved in 10 mM
citrate buffer (pH 4.2). Mice with a blood glucose concentration greater
than 20 mmol/l for 2 consecutive days were used as recipients. Blood

glucose ¢ were d d by glucose meter (Glucocard,
Arkley, Japan).
Islet isolation, islet transpl and exendin-4 treatment, Islets were

isolated, as previously described [15] Recipient mice were anesthetized by
isoflurane (Forane, Abott, Japan). Fresh islets in a volume of 400 ul PBS
solution were injected into the portal vein and transplanted into the right
hepatic lobe as previously described [15.16] Exendin-d at a dosage of
1.0 nmol/kg body weight was administered intraperitoneally once daily in
the moming for 14 days.

Oral ghicose tolerance test (OGTT), After fasting for 16 h, a basal
blood sample was collected and the mice received glucose (1.5 g/kg body
weight) orally: additional blood samples were collected at 15, 30, 60, 90,
and 120 min after glucose loadng.

Evaluation of number and mass of EGFP-expressing islet grafts.
Islets isolated from transgenic CS7TBL/6-EGFP mice were first observed
by fluorescence microscope BZ-8000 (KeyEnce, Japan) before trans-
plantation; the area of fluorescence was measured using Image J
software (Mational Institute of Mental Health, USA). Livers bearing
islet grafts were removed and sectioned into 500-um slices and seri-
alized; digitalized photographs of all sections were taken. The number
of EGFP-positive islets in each liver section was then counted,
excepling those appearing by their position to be part of an islet in an
adjacent section. The total area of fluorescence of all islets was then
measured.

Measurement of beta-cell mass wsing immunohistochemistry. The
right hepatic lobes were fixed, embedded in paraffin, cut in blocks
at regular intervals, and sectioned into S-pm sections. Deparaffi-

nized sections were incubated with a polyclonal guinea pig anti-
insulin antibody (Dako, USA), then with a biotinylated goat anti-
guinea pig antibody (Vector, USA), and then with a streptavidin
peroxidase conjugate and substrate kit (Dako). The total liver arca
and total insulin-positive beta-cell area were quantified using Image
J sofiware.

Apoprosis detection. TUNEL staining was performed using Apoplosis
detection Kit (Takara Bio, Japan),

Staristical analyses. All data are presented as means £ SEM. Statistical
analyses were performed by an unpaired r-test. p value of less than 0,05
was considered significant.

Results

Exendin-4 decreased the number of islet grafts required 1o
restore normoglycemia

To evaluate the cytoprotective effect of GLP-1R signal-
ing during the early posttransplant phase, we performed
isogenic islet transplantation and observed blood glucose
levels during the late posttransplant phase. Previous
reports have shown that transplantation of only 75 islets
can normalize blood glucose levels if the majority becomes
engrafted [17], but because many islets are lost due to var-
ious stress such as glucotoxicity, transplantation of 75 islets
is insufficient for restoration of normoglycemia. In our pre-
liminary experiments, while some recipients showed
improved blood glucose levels when 200 islets were trans-
planted (data not shown), no recipients showed any change
in blood glucose levels when 150 islets were transplanted
(Fig. 1A). Thus, 150 islets was chosen as an appropriate
suboptimal number for use in these transplantation exper-
iments. In addition, all mice transplanted with 150 islets
together with exendin-4 treatment became hyperglycemic
soon after transplantation but became normoglycemic
approximately 14 days after transplantation (Fig. 1A).
The responsibility of the islet grafts in exendin-4-treated
mice in maintenance of glucose tolerance is demonstrated
by the immediate return to hyperglycemia after removal
the right hepatic lobe (Fig. 1B). In addition, OGTT was
similar in mice receiving 150 islets with exendin-4 treatment
and sham-operated control mice (Fig. 1C). These results
indicate that exendin-4 treatment played a crucial role in
the restoration of normoglycemia by protecting the trans-
planted islets from damage during the early posttransplant
phase.

Detection of fluorescence of transplanted Islets of transgenic
C57BLI6-EGFP mice

To clarify the cytoprotective effect of exendin-4
in vivo, we established a novel system whereby the total
number and the total mass of islets can be compared
before and after transplantation by using fluorescent
islets isolated from transgenic C57BL/6-EGFP mice.
These mice exhibited normal pancreas and islet morphol-
ogy and well as normal glucose tolerance by OGTT
(data not shown).
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Fig. |. Exendin-4 reduced the number of islets required for transplantation to restore normoglycemia in STZ-induced diabetic mice. (A) Blood glucose

1
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1 with 150 islets together with 1 nmol/kg exendin-4 treatment (open circles, n = 4), 400 islets alone (filled

triangles, n = 5), 150 islets alone (filled circles, n = 3), STZ-treated only (filled triangles, n = 5), and Sham-operated CS7BL/6 mice (open squares, n = 5),
(B) Right hepatic lobe was resected from two recipients transplanted with 150 islets together with exendin-4 treatment on Day %) to clarify the effect of the
islet grafts on glycemic control. (C) OGTT was performed on Day 30 in recipients transplanted with 150 islets together with exendin-4 treatment and in

sham-operated wild-type CSTBL/6 mice (n = 3 for each).

Transplanted islets of transgenic C5TBLI6-EGFP mice are
traceable and measurable in both number and mass

To confirm traceability and measurability of the trans-
planted islets, intraportal transplantation of islets isolated
from transgenic CS7BL/6-EGFP mice was performed.
One day and three days after transplantation, the right
hepatic lobe was resected and sliced, and each slice was
photographed by fluorescence microscope (Fig. 2A-C).
Liver slices containing islet grafts were then immuno-
stained for insulin. The area of fluorescence (Fig. 2A) coin-
cided with that of the islet beta cells stained for insulin
(Fig. 2B), demonstrating traceability of the islets. The num-
ber of islet grafts in the liver after transplantation was then
compared. When 25, 50, or 75 islets were transplanted, the
total number of islet grafts detected in the liver was
243 +0.3, 48.7+ 0.8 and 73.3 £ 0.3, respectively (n=13
for each), demonstrating a significant (p < 0.0001), strong
correlation (r = 1.000) between the number of detected islet
grafts in the liver and the number of transplanted islets
(Fig. 2E). In addition, because the area of fluorescence
coincided with that of immunostained islets (Fig. 2A-C),
the total area of fluorescence reflected the total area mass
of the islets, allowing comparison of total islet mass before
and after transplantation. When 25, 50, and 75 islets were
transplanted, the total area mass of islets before transplan-
tation was 2.01 = 0.04, 4.11 = 0.01, and 5.89 = 0.09 (mm°),
respectively, while that of islet grafts in the liver were
2.00 4+ 0.02, 4.28 +0.07, and 6.08 +0.03 (mm°), respec-

tively (n=23 for each), demonstrating a significant
{p < 0.0001), strong (r = 0.998) correlation between before
and after transplantation (Fig. 2F).

Exendin-4 reduced loss of transplanied islets from transgenic
CS57BLI6-EGFP mice during the early posttransplant phase

To exclude the indirect effect of exendin-4 through its
effect on blood glucose levels, we reduced the number of
the transplanted islets to 50. When 50 islets of transgenic
C57BL/6-EGFP mice were transplanted with or without
treatment of exendin-4 into STZ-induced diabetic mice,
the blood glucose levels were not significantly different on
1 day (Day 1) (n=3, 27.1 £0.3 vs 27.8 £ 0.1 (mmol/l),
p="0.193) or 3 days (Day 3) after transplantation (n = 3,
28.7 £ 0.2 vs 28,7 & 0.3 (mmol/l), p = 0,936). The number
and the total area mass of the islet grafts in livers resected
on Day 1 (figure not shown) and Day 3 (Fig. 3A and B)
were then examined. The number of islet grafts with treat-
ment of exendin-4 (Ex(+)) showed 94% and 19.9%
increases on Day | (n=13 for each, 46.7+0.5] vs
42.0+033, p<0.05) and Day 3 (n=3 for each,
44.6 +0.36 vs 34.7 + 0.84, p<0.01) (Fig. 3C) compared
to those without treatment (Ex(—)). Ex(+) islet grafts
exhibited 29.0% and 31.9% more total area mass on Day
1 (n= 3 for each, 69.5 & 2.5% vs 53.3 £+ 2.1% (normalized
1o the total fluorescence area mass before transplantation),
p<0.05) and Day 3 (n=3 for each, 64.5+2.6% vs
26.9 £ 1.1%, p < 0.05) (Fig. 3D). respectively, than Ex(—-).
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Fig. 4. Exendin-4 treatment reduced beta-cell apoptosis after intraportal
islet transplantation. (A-B) Representative photographs of liver sections
on Day 1 (A) and Day 3 (B} from Ex4{+) mice and Ex4{ —) mice stained
for insulin (a, ¢, ¢, and g) and TUNEL-assay (b, d, [, and h) are shown.
TUNEL-puositive cells are indicated by arrowhead. Scale bar: 200 pm. (C)
Exd(+) showed significantly greater beta-cell mass than Ex4(—) on Day |
(n=13 for cach) and Day 3 (n=3 for each). "p <0.05 and 'p <001 vs
Exd{—). (D) Ex4{+) showed a significantly greater decrease in the ratio of
TUNEL-positive betn cells than Ex4i—) on Day | (n=3 for each)
(number/beta-cell area (mm?)) and Day 3 (n = 3 for each) (number/beta-
cell area (mm°)). “p < 0.05 vs Exd(—)

Exendin-4 decreased the rate of apoptosis of beta cells
introduced by intraportal islet graft after transplantation

To investigate the difference in area mass of trans-
planted islets in Ex(+) and Ex(—), the rate of apoptosis
of beta cells of islet grafts on Day | and Day 3 was exam-
ined (Fig. 4A and B). The rate of apoptosis of TUNEL and
insulin-double positive cells was significantly lower on Day
I (n=23for LdLh. 246.5 + 5.5 vs 36.4 + 3.6 (number/beta-
cell area (mm?), p fl_lllj and on Day 3 (n =3 for each,

114

148.7 + 17.7 vs 41.3 + 1.3 (number/beta-cell arca (mm?),
p < 0.01) with Ex(+) than Ex(—) (Fig. 4D).

Discussion

In the present study, we demonstrate that GLP-1R sig-
naling has a cytoprotective effect in the posttransplant per-
iod using a murine islet transplantation model. Exendin-4
treatment during the early posttransplant hyperglycemic
phase contributed to restore normoglycemia during the late
posttransplant phase in STZ-induced diabetic mice receiv-
ing a suboptimal graft of 150 islets. In addition, the total
number and total arca mass of the islet grafts both on
Day | and Day 3 was significantly greater in Ex(+) than
in Ex(—). The finding that the rate of apoptosis was less
in Ex(-+) than in Ex{(—) both on Day 1 and Day 3, when
their blood glucose levels were yet unchanged, demon-
strates that GLP-1R signaling inhibits apoptosis in vive
under conditions of glucose toxicity.

Murine islet transplantation is an ideal model for inves-
tigating the cytoprotective effect of exendin-4 on trans-
planted pancreatic beta cells in vivo. Although sogenic
islets injected into the portal vein are spared rejection by
the immune reaction, the cells may succumb to apoptosis
due to various stress factors including hypoxia [18.19],
inflammation [20.21], and mechanical shear stress [22.21]
before engraftment. The efficacy of exendin-4 treatment
on posttransplant hyperglycemic status in this transplanta-
tion model can be quantified using different suboptimal
numbers of islets because the posttransplant glycemic con-
dition directly reflects the mass of engrafted islets. The
number and mass of transplanted islets can be traced
because isolated islets can be labeled and examined before
transplantation. Thus, this murine islet transplantation
model allows observation of the direct effect of the cytopro-
tective effect on beta cells in vivo.

In this study, we established a method for tracing the
transplanted islets of transgenic C57BL/6-EGFP mice in
liver sections under fluorescence excitation. Our findings
reveal that the area of fluorescence of islet grafts in liver
coincides with that of insulin immunostaining (Fig. 2A-
C), which areas before transplantation correlate highly
with those after transplantation (Fig. 2F). Observation of
cach islet grafts before and after transplantation is defini-
tive for evaluation of the cytoprotective action, which is
not practicable by the conventional immunohistochemical
method due to the necessarily limited observation of the
organ.

We have also shown that the natural course of islet
engraftment in the early posttransplant period can involve
loss of about half of the transplanted beta cells. Recently,
Eich et al. reported evaluation of islet mass by positron-
emission tomography using islets labeled with '*Fluorode-
oxyglucose, and found that almost 50% of the transplanted
islets in the graft were lost [23], which is comparable with
our data. Although about 30% of the graft was found to
be lost even with exendin-4 treatment on Day 1, the rate
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of apoptosis remained lower, resulting in a mass of engrafl-
ment more than adequate for normoglycemia thereafter.
This finding is encouraging regarding the possible clinical
use of exendin-4 in islet transplantation therapy in human
subjects [24.25].

Although exendin-4 is already in clinical use for treat-
ment of T2DM [26], this cytoprotective effect on beta cells
in vivo also certainly functions independently of other
actions in T2DM. The mass of islets is usually already
decreased when patients are diagnosed with T2DM [27].
Thus, exendin-4 treatment used in the early phase of devel-
opment, when glycemic tolerance is yet normal, might
hamper the progression of T2DM.
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Corosolic acid (CRA), an active component of Banaba leaves (Lagerstroemia speciosa L)),
decreases blood glucose in diabetic animals and humans. In this study, we investigated
the mechanism of action of CRA on gluconeogenesis in rat liver. CRA (20-100 uM) dose-
dependently decreased gluconeogenesis in perfused liver and in isolated hepatocytes.
Fructose-2,6-bisphosphate (F-2,6-BF), a gluconeogenic intermediate, plays a critical role
Keywords: in hepatic glucose output by regulating gluconeogenesis and glycolysis in the liver, CRA
Corosolic acid increased the production of F-2,6-BP along with a decrease in intracellular levels of cAMP
Liver both in the presence and in the absence of forskolin in isolated hepatocytes. While a cAMP-

Gluconeogenesis dependent protein kinase (PKA) inhibitor inhibited hepatic gluconeogenesis, the drug did
Fructose-2,6-bisphosphate not intensify the inhibitory effect of CRA on hepatic gluconeogenesis in isolated hepato-
CAMP cytes, These results indicate that CRA inhibits gluconeogenesis by increasing the production

of F-2,6-BP by lowering the cAMP level and inhibiting PKA activity in isolated hepatocytes,
Furthermore, CRA increased glucokinase activity in isolated hepatocytes without affecting
glucose-6-phosphatase activity, suggesting the promotion of glycolysis. These effects on
hepatic glucose metabolism may underlie the various anti-diabetic actions of CRA.

) 2007 Elsevier Ireland Ltd. All rights reserved.

1. Introduction biological activities [2-11]. Miura and co-workers [9,10]

suggested that the acute hypoglycemic effect of CRA is

Banaba leaves (Lagerstroemia speciosa L) have been used as a
popular traditional medicine in Southeast Asia, and tea made
from the leaves has been used to treat diabetes mellitus [1].
The leaves contain large amounts of corosolic acid (CRA)
{Fig. 1), which has recently attracted much attention due to its

* Corresponding author, Tel.: +81 75 751 3560, fax: +81 75 751 4244,

derived, at least in part, from an increase in GLUT4
translocation in mouse muscle, and that CRA improves
glucose metabolism by reducing insulin resistance. Recently,
Fukushima et al. [11] have shown that CRA has lowered post
challenge plasma glucose levels in human. However, the

E-mail address: hosokawa@metab.kuhp.kyoto-u.ac.jp (M. Hosokawa),
0168-8227/$ - see front matter (" 2007 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.diabres.2007.11.011
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Fig. 1 - Structure of corosolic acid (CRA).

without glucose was saturated with 95% 0./5% CO; and
maintained at 37°C. The KRB was infused into the liver
through the portal vein with a peristaltic pump at a flow rate of
10 ml/min. CRA was infused into the liver with a syringe pump
at a point just before the hepatic portal vein cannula. After
30 min pre-perfusion with the basal KRB, the buffer was
replaced with one containing 2 mM lactate as a gluconeogenic
precursor. The liver was subsequently perfused with KRB with
2 mM lactate from 30 to 100 min, and the indicated concen-
tration of 20-100 pM CRA was added to KRB with 2 mM lactate
from 60 to 80 min. The buffer was then replaced with one
without lactate from 100 to 110min. Samples of effluent
perfusion fluid from the caval cannula were collected every
2min and assayed for glucose. The glucose content was

effects of CRA on liver are not well known. The liver is a key
regulatory organ of glucose homeostasis, taking up glucose in
the fed state and releasing glucose into circulation during
starvation, exercise, and when the ratio of insulin to counter-
insulin factors is decreased, maintaining blood glucose levels
within a narrow physiological range. Impairments in hepatic
glucose uptake and production both are characteristic features
of the diabetic state [12,13],

In this study, we investigated the acute and direct effects of
CRA on hepatic glucose production using perfused liver and
isolated hepatocytes to clarify the mechanism of the hypo-
glycemic effect of CRA.

2 Materials and methods
2.1.  Animals

Wistar rats were purchased from Shimizu Co., Ltd. (Kyoto,
Japan). The rats were allowed access to food and water ad
libitum, and housed in an air-controlled (temperature 25 + 2 °C
and 50% humidity) room with a 12h light/dark-cycle. For
gluconeogenesis measurements, 7-week-old rats were fasted
24 h with free access to water before the experiment.

2.2.  Materials

CRA, provided by Use Techno Corporation Co., Ltd. (Kyoto,
Japan) was stored at room temperature until use. N-[2-(p-
bromocinnamylamino) ethyl]-5-isoquinolinesulfonamide
(H89) were from BioMol Co., Ltd. (PA). All enzymes, cofactors,
substrates, and chemicals were purchased from Sigma
Chemical Co., Ltd. Standard rat chow was from Oriental Yeast
Co., Ltd. (Osaka, Japan). [**C]-pyruvate was from American
Radiolabeled Chemicals Inc. (St. Louis). All other chemicals
were of reagent grade.

2.3.  Gluconeogenesis from lactate in perfused rat liver

Rat liver perfusion was performed with the flow-through
method [14]. The perfused liver system most closely repre-
sents physiological conditions. Briefly, Wistar rats were
anesthetized with sodium pentobarbital. Krebs-Ringer Buffer
(KRB, pH 7.4) containing 1% bovine serum albumin (BSA)

I ired by glucose oxidation method (100 Trinder kit,
Sigma).

Average glucose output rate during the last 14 min of the
20 min perfusion (66-80 min) [15] with KRB containing 20-
100 M CRA was then measured and compared with control to
evaluate the inhibitory effect of CRA.

Liver wet weight was measured at the end of each experiment.
CRA was dissolved in dimethylsulfoxide (DMSO), and then
diluted with the perfusion buffer at the indicated concentra-
tion. The final concentration of DMSO was under 0.1 (v/v)%. In
the control studies, the equivalent concentration of DMSO was
added to KRB.

2.4.  Isolation of rat hepatocytes

Twenty-four hour-starved liver of 7-week-old rats was
perfused through the inferior vena cava with a buffer
consisting of 140 mM NaCl, 2.6 mM KCI, 0.28 mM NazHPO,,
5 mM glucose, and 10 mM Hepes (pH 7.4), after pentobarbital
sodium anesthesia as described previously [16). 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 5 mM
CaCl; and 0.2 mg/ml collagenase type 2 (Worthington, Lake-
wood, NJ). All of the solutions were prewarmed at 37 °C and
gassed with a mixture of 95% 0,/5%CO;, resulting in pH 7.4.
The isolated hepatocytes were filtered with nylon mesh
(0.75mm in diameter) and washed twice with the buffer
above without collagenase, suspended in a small volume of
DMEM (GIBCO, Rockville, MD) without glucose or lactate or
pyruvate, and counted. Hepatocyte viability was over 90%,
determined by the trypan blue-exclusion method.

2.5.  Gluconeogenesis from lactate in isolated rat
hepatocyte

For gluconeogenesis measurements, isolated hepatocytes
were incubated at 37 ‘C in a humidified atmosphere (5%
CO;) of DMEM without glucose but containing 1 mM lactate
and 0.24mM 3-isobutyl-1-methylxanthine (IBMX) in the
presence of CRA or vehicle for 20 min. CRA was dissolved in
DMSQ, 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 1 min at 600 = g. The supernatant was removed, the
cells were lysed in 0.1% of SDS in phosphate buffered saline
(PBS), and the protein content was measured with a
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commercially available Protein Assay kit (Bio-Rad, Hercules,
CA). The glucose content of the supernatant was measured by
glucose oxidation method (100 Trinder kit, Sigma).

2.6.  Biosynthetic labeling

Isolated hepatocytes were incubated at 37 °C in a humidified
atmosphere (5% CO,) in 0.5 ml of DMEM with 10 mM glucose,
1mM pyruvate, and 0.24 mM IBMX, and 0.05uCi of [**C]-
pyruvate in the presence of CRA or vehicle for 20 min.
Incubation was stopped by placing the cells on ice, followed
by centrifugation at 4 °C for 1 min at 600 = g. The supernatant
including neosynthesized [**C]-glucose was removed. The
cells were lysed in 0.1% of SDS in PBS and the protein content
was measured as described above.

2.7.  [*C]-glucose measurement and analysis

Neosynthesized ['*C]-glucose was separated from charged
metabolites by passage of the supernatants mentioned above
on anion and cation exchangers (Dowex AG1-X8 and 50W-X8,
respectively; Bio-Rad, Hercules, CA) as described [16]. Radio-
activity was determined by liquid scintillation counting on a
Liquid Scintillation Analyzer (model TRI-CABB 1900CA, Pack-
ard Instrument Company Inc., Downers Grove, IL).

2.8.  Fructose-2,6-bisphosphate (F-2,6-BP) content
in isolated hepatocytes

Isolated hepatocytes were treated at 37 °C in a humidified
atmosphere (5% CO,) of DMEM with or without 10 mM glucose
but containing 1 mM lactate, 0.24 mM IBMX in the presence of
CRA or vehicle for 20 min. F-2,6-BP was extracted from the
hepatocytes in NaOH and kept at 80 “C for 5 min. The extract
was collected and neutralized at 0 °C by addition of ice-cold
1M acetic acid in the presence of 20mM HEPES. After
centrifugation at 8,000 x g for 10min, supernatant was
collected and assayed for F-2,6-BP by the 6-phosphofructo-
1-kinase (PFK-1) activation method [17] and expressed as
nmol/mg protein.

2.9.  Determination of cAMP level in isolated hepatocytes

Isolated hepatocytes were treated at 37 °C in a humidified
atmosphere (5% CO,) of DMEM not containing glucose but with
or without 5 uM forskolin and with 1 mM lactate and 0.24 mM
IBMX in the presence of CRA or vehicle for 20 min. The cell
culture medium was removed and the cells were lysed by
addition of 0.1 N HCI, The solutions were incubated at 4 "C for
15 min with gentle rotation. The samples were centrifuged for
10 min at 600 x g. Aliquots were stocked at —80 "C. The cAMP
level in hepatocytes was determined with a commercially
available kit (R & D Systems, MN) and expressed as pmol/
mg protein.

2.10.  Measurement of glucokinase (GK) and
hexokinase (HK) activity

Isolated hepatocytes were treated at 37 °C in a humidified
atmosphere (5% CO;) of DMEM without glucose but containing

1 mM lactate, 0.24 mM IBMX in the presence of CRA or vehicle
for 20 min. Incubation was stopped by placing the cells on ice,
followed by centrifugation at 4 °C for 1 min at 600 x g. GK
activity was measured by a fluorometric assay according to a
method reported previously [18]. The supernatant was
removed and the cells were homogenized with a Teflon-
glass homogenizer in 3 vol.% of 100 mM Hepes-NaOH buffer
(pH 7.6) containing 100 mM KCl, 2 mM MgCl;, 1 mM EDTA,
1 mM DTT, and 2 mg/l leupeptin, and centrifuged for 1h at
20,000 xg at 4°C. The glucose phosphorylation rate
was estimated by the increase in NADH through the
following reaction: glucose-6-phosphate + NAD — 6-phos-
pho-glucono-o lactone + NADH-dependent glucose-6-phos-
phate dehydrogenase (G6PDH). The enzyme reaction was
performed using 25 ul of hepatocyte extracts in a 160 pl
solution consisting of 100 mM Tris-HCl buffer (pH 8.0)
containing 100 mM KCl, 8 mM MgCl;, 5mM ATP, 0.5 mM
NAD, 1 mM DTT, 0.1 g/l BSA, 1 U/ml G6PDH supplement with
two concentrations (50 and 0.5 mM) of glucose at 37 “Cfor1 h.
The reaction was stopped by adding 290 ul of stopping
solution (300 mM Na;HPO,, 0.46 mM SDS, pH 8.0). NADH
concentration was measured by fluorometry (Shimazu RF-
5000, Kyoto, Japan) at 340 nm excitation and 450 nm emis-
sion. Blanks in the absence of ATP were incubated in a
parallel experiment and subtracted from the total fluores-
cence of the corresponding complete reaction mixtures. The
reaction mixture was pre-incubated for 3min and the
reaction was started by the addition of ATP. GK activity
was determined by subtracting HK activity measured at
0.5 mM glucose from the activity measured at 50 mM glucose.
Enzyme activities are expressed as the number of substrate
molecules converted by 1 mg cytosolic protein per minute.

2.11.  Measurement of glucose-6- phosphatase
(G6Pase) activity

Isolated hepatocytes were treated at 37 °C in a humidified
atmosphere (5% CO,) of DMEM without glucose but containing
1 mM lactate, 0.24 mM IBMX in the presence of CRA or vehicle
for 20 min. Incubation was stopped by placing the cells on ice,
followed by centrifugation at 4°C for 1 min at 600 x g. The
supernatant was removed and the cells were homogenized
with a Teflon-glass homogenizer. In the microsomal prepara-
tion for the GéPase assay, 50 mM Tris-HCl, pH 7.5, containing
250 mM sucrose and 0.2 mM EDTA, was used as the homeo-
genizing buffer [19). For assay of GéPase, liver microsomal
fraction was prepared as follows: homogenate obtained as
above was centrifuged at 20,000 = g for 20 min at 4 °C, and the
20,000 = g supernatant was ultracentrifuged at 105,000 g for
1hat4 'C. The resulting sediments were used for GEPase assay
[19]. Ge6Pase activity was measured with intact microsomal
preparation, and determined as described by Passonneau and
Lowry [20]. Enzyme activities are expressed as the number of
substrate molecules converted by 1 mg microsomal protein
per minute.

2.12.  Statistical analysis

Significant difference was determined using one-factor
ANOVA followed by t-test. P values of <0.05 were considered

= 118 -



