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at 340 und 380 nm, and fluorescence emitted at 510 nm was captured by a
charge-coupled device (CCD) camera (Micro Max 5-MHz System; Roper
Industries, Trenton, NJ). Fluorescence signals at 340-nm (F340) and 380-
nm {F380) were detected every 20 5. Results ure expressed as the ratios
(F340/F380).

Measurement of isulin release from electrically permeabilized islets,
Cultured islets were preincubated with KRBB with 2.8 mM glucose und
0.2% BSA for 30 min. The islets were washed twice in cold potassium
aspartate buffer (KA buffer) contwining 140 mM KA, 7mM MgSO,,
2.5 mM EGTA, 30 mM Hepes (pH 7.0}, and 0.5% BSA, with CaCl added
1o a Ca’" concentration of 30 nM. The islets were then permeabilized by
high voltage discharge (four exposures, each of 450 ps duration, to un
electrical field of 4.0 kV/em) in KA buffer and washed once with the same
buffer. Groups of electrically permeabilized islets were then batch-incu-
bated for 30 min at 37 °C in 0.4 ml KA buffer with various concentrations
of Ca*" und ATP. At the end of the incubation period, permeabilized islets
were pelleted by centrifugation (15000g, 180 s), und aliquots of the buffer
were sampled. The amount of immunoreactive insulin was determined by
RIA as described above,

Statistical analvsis. Results are expressed as means = SE. Staustical
significance was evaluated by unpaired Student’s r-test. P < 0.05 was
considered significant.

Results and discussion

One intact allele in the pax6 gene is sufficient for
maintenance of adult pancreatic islet architecture

In fetal pancreas in the homozygous state (rSey”/rSey”),
insulin-positive cells are remarkably reduced and the align-
ment of the endocrine cells is not preserved (Fig. 2A). Espe-
cially, few or no glucagon-positive cells were found in the
puncreas, and glucagon content could not be detected in

B,

rSey/rSey’

Wt

RIA study of pancreas extract (data not shown). Recently,
it has been reported that PAXG6 is important especially for
the endocrine cells to obtain final differentiation, rather
than to proliferate [13]. Pax6 knockout mice have been
shown to completely lack glucagon-producing cells in fetal
pancreas [6]. In contrast, in the homozygous (Sey™™" /SeyNFY)
mice, in which the PAX6 protein has a paired domain
and homeodomain but lacks the transactivation domain
(Fig. 1), the number of a-cells is reduced but is still present
in the late fetal stage [9]. In the homozygous Sey mice [19]
and rSey” rats (this study). in which the PAX6 protein has
a paired domain but lacks a homeodomain and transacti-
vation domain (Fig. 1), few or no glucagon-positive cells
were detected in the later fetal stage in the homozygous
state. These findings suggest that homeodomain is especial-
ly important in the formation of the pancreatic a-cells. In
contrast to the homozygous fetal pancreatic islets,
immunohistochemical evaluation of pancreata from adult
heterozygote rats (rSey’/+) revealed normal islet morphol-
ogy with insulin-positive B-cells located in the center of the
islet (Fig. 2B and C), and glucagon-positive 2-cells (Fig. 2B
and C), somatostatin-positive d-cells (data not shown), and
pancreatic polypeptide-positive PP-cells (data not shown)
located in the periphery of the islets. Pancreatic insulin
and glucagon contents in rSey’/+ were the same as in
wild-type (data not shown). Because of a recent report
showing that expression of the glucose transporter GLUT2
was down-regulated in the pancreas of conditional inacti-
vation of pax6 model mice [13], we examined GLUT2
expression in rSey’/+ pancreatic islets. Adult rSey’/+

Insulin/Glucagon

GLUT2

PAX6

rSey’+

Fig. 2. One intact allele in the pax6 gene is sufficient for maintenance of adult pancreatic islet architecture. Immunohistochemical staining for islet protein
was performed on paraffin-embedded sections of the pancreas. The sections were double-labeled for insulin (red) and glucagon (black) in the fetal {20.5E)
homozygous state (rSey~/rSey”) (A) and adult wild-type (B), rScy“f* {C) rat pancreas or labeled for GLUT2 (D.Ej and PAX6 (F.G)in the adult wild-type

(D.F} and rSey?/+ (E.G) rat pancreas. Bar 100 pm
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showed normal GLUT2 expression in the pancreatic endo-
crine cells (Fig. 2D and E). Thus, one allele of the wild-type
pax6 gene is essential and sufficient to maintain morpho-
logically normal pancreatic islets in adult. Anti-PAX6 anti-
body, which recognizes the C-terminus of PAX6 protein,
was used to identify wild-type PAX6 protein derived from
the wild-type pax6 allele, and rSey”/+ was found to have
similar PAX6 protein expression pattern in the nuclei of
pancreatic islets (Fig. 2F and G).

Glucose-induced insulin secretion is preserved in
heterozygous small eye rat strain (rSey /+)

Both male and female rSey?/+ had similar body weight as
wild-type rats (Fig. SI(A)). Pancreatic weight measured in
males was similar in rSey”/+ and wild-type (data not shown).
Male rSey’/+ showed normal fasting blood glucose levels,
but had significantly higher fasting plasma insulin levels
(Table 1). In the fed state, rSey”/+ showed significantly lower
blood glucose levels, and the plasma insulin level was similar
in the two groups (Table 1). As these findings indicate
relative hyperinsulinemia in rSey’/+, we assessed the
glucose-lowering effect of insulin by insulin tolerance test
(ITT). rSey’/+ and wild-type showed similar insulin sensitiv-
ity (Fig. S1(B)). indicating that the hyperinsulinemia is not
derived from insulin resistance. In intraperitoneal glucose
tolerance test (IPGTT), plasma glucose elevation elicited
by glucose load in rSey’/+ was similar to that of wild-type
rats (Fig. S1(C)). Insulin secretion during IPGTT was also
similar (Fig. SI(D)). Thus, it is possible that insulin secretion
in response to secretagogues other than glucose is enhanced,
resulting in hyperinsulinemia in rSey’/+ rats. Glucagon is
not a candidate as plasma glucagon levels were similar in
the fasted and fed state (Table 1),

Insulin secretion induced by arginine is augmented in
rSey I+ perfused pancreas

To determine which secretagogues contribute to the
enhanced insulin release of rSey”/+ in vivo, pancreatic per-
fusion was performed. rSey’/+ rats showed the same
biphasic insulin release from isolated perfused pancreas in
response 1o stepwise increases in glucose concentration from
5.5 to 16.7 mM. However, insulin release in response to
10 mM arginine at the basal glucose level was significantly
increased in rSey’/+ rats (Fig. 3A). The integrated response

to 10 mM arginine in the presence of 5.5 mM glucose was
1062 + 285 ng of insulin in wild-type (n=25) versus
2068 + 131 ng of insulin in rSe}'JH rats (n = 5) (P < 0.05)
(Fig. 3B). On the other hand, rSey’/+ rats showed similar
glucagon release from the perfused pancreas in response
to 10 mM arginine in the presence of 5.5 mM glucose (data
not shown). This finding demonstrates that increased insulin
response to 10 mM arginine in rSey’/+ is not due to simul-
taneous enhancement of glucagon release.

Insulin secretory response 1o membrane-depolarizing stimuli
r ) » .
in rSey’ I+ pancreatic islets

As one of the mechanisms by which arginine potentiates
insulin release is direct depolarization of the pancreatic p-
cell membrane, we examined insulin secretion evoked by
membrane-depolanzing insulin secretagogues other than
arginine. In batch incubation experiments, insulin release
from isolated pancreatic islets in response to glucose stim-
ulation was similar in rSey’/+ (16.7 mM glucose: rSey*/+
0.82 + 0.065 ng/islet/30 min (n=4)) and wild-type rats
(0.97 + 0.087 ng/islet/30 min (n = 4)) (P = 0.22). However,
insulin secretory responses to 10 mM arginine, 30 mM K,
or 100 uM tolbutamide were significantly increased in
rSey’/+ pancreatic islets (10 mM arginine in the presence
of 5.5mM glucose: rSey’/+ 0.55 £ 0.028 ng/islet/30 min
(n=75) vs. wild-type 0.21 £ 0.017 ng/islet/30 min (n=4).
P <0.,001; 30mM K" in the presence of 2.8 mM glucose:
rSey?/+ 0.58 + 0.035 ng/islet/30 min (1= 5) vs. wild-type
0.39 + 0.040 ng/islet/30 min (n = 4), P < 0.01; 100 pM tol-
ubutamide in the presence of 2.8 mM glucose: rSey’/+
0.45 + 0.034 ng/islet/30 min ~ (n=6) vs.  wild-type
0.31 + 0.022 ng/islet/30 min (n = 6), P < 0.01) (Fig. 3C).

[Ca™" ], elevation in pancreatic islets induced by
30 mM K’ -induced membrane depolarization in rSey” I+ rats

To determine if the increase in K'-induced insulin
release in rSey®/+ isolated islets is associated with increased
intracellular Ca®*, fura-PE3 was used to measure changes
in [Ca®"}. Five minutes before and 15 min after exposure
to 30 mM K" in the presence of 2.8 mM glucose, [Ca*'}
of rSey?/+ islets was somewhat lower than that of wild-type
islets (Fig. 4A and B). However, there was no difference
between the depolarization-stimulated increment ratio in

Table 1
Blood glucose and plasma pancreatic hormone levels
Blood glucose (mg/dl) Plasma insulin (ng/ml) Plasma glucagon (ng/ml)
Fed Fasted Fed Fasted Fed Fasted
Wi 91 =21(n=14) T6£10(n=17) 24036 (n=12) 0.30 = 0,09 {n = §) 080003 (n=9) 1204 (n=09)
1Sey*/+ 80= 18" (n=11) T2+ 13 (n=15) 192023 (n=11) 0912015 (n=6) 0.73£005(n=9) 112022 (n=9)
Vilues indicated as means = SE
TP=0M

" P<0.001 for rSey /~ vs. WL
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Fig. 3. (A,B) Insulin secretory responses from isolated perfused pancreas, Insulin release in response to glucose and arginine from the pancreas of rSey’/+
(H) and wild type littermates (0). Values are expressed as mean = SE. (B) AUC of insulin release at 5.5 mM glucose (basal level, 1-6 min), first (6-13 min)
and second (13-26 min) phase insulin release at 16,7 mM glucose, and insulin release in response 1o 5.5 mM glucose and 10 mM arginine (70-96 min) from
the perfused pancreas of wild type (open bars, n = 5) and rSey”/+ (filled bars, n = 5). Values are expressed as mean + SE. * P < 0.03. for rSey’/= vs. wild
type. G: glucose, Arg.: arginine. (C) Depelarization-induced insulin release from isolated islets. Insulin release from batch-incubated islets of wild type
(open bars) and rSey”/+ (filled bars) was cxamined in response to the indicated concentrations of glucose with or without membrane depolarizing insulin
secretagogues, Values are expressed as mean + SE of 4-7 determinations from several experiments. * P < 0.01, ** P = 0,001 for rSev’/~ vs. wild type. G

glucose, Tolb.: tolbutamide, Arg.: arginine.

rSey’/+ islets and wild-type islets (rSey’/+ 1.076 + 0.0033
vs. wild-type 1.073 + 0.0044, P = 0.54) (Fig. 4B).

Cua ™ efficacy in insulin release under low ATP condition
in rSey I+ pancreatic islets

To determine if intracellular Ca*" efficacy is altered in
rSey>/+ islets, we measured insulin release from pancreatic
-cell at [Ca™"], clamped by extracellular medium. As
shown in Fig. 4C and D. raising the Ca’' concentration
from 30 nM to 10 uM elicited an increase in insulin release
from electrically permeabilized islets. In the presence of 5
mM ATP, insulin release in rSey?/+ was similar to wild-
type at all Ca®" concentrations (Fig. 4C). This result is
commensurate with the findings that rSey’/+ has a similar
insulin secretory response to glucose as wild-type. Howev-
er, in the presence of | mM ATP, insulin release in rSey?/+
islets at Ca® concentrations from 30 to 1000 nM was

greater than in wild-type islets (at 30 nM Ca™: rSey’/+
0.44 +0.031 vs. wild-type 0.30 + 0.032 (n=8), P <0.01;
at 100nM  Ca*': rSey’/+ 044 £0.039 vs. wild-type
0.32+0.035 (n=8), P<0.05; at 300 nM Ca’": rSey’/+
0.66 £+ 0.040 vs, wild-type 0.45 £0.052 (n=17), P<0.01;
at 1000nM Ca®*: rSey’/+ 0.85+£0.033 vs. wild-type
0.54 £ 0.074 ng/islet/30 min (n = 8), P<0.01) (Fig. 4D).
This might well underlie the increased insulin secretion seen
in 1Sey*/+ B-cells in response to membrane depolarizing
stimuli at the basal glucose level.

Thus, our findings show that pax6 gene mutation mod-
ifies the insulin secretory profile of adult pancreatic islets
and that the disturbance in the insulin secretory mechanism
in rSey’/+ pancreatic islets is in the triggering of insulin
granule exocytosis by the rise in [Ca’'}, although the
molecular mechanism remains to be determined.

In this study, rSey’/+ islets showed increased insulin
response to membrane-depolarizing stimuli  such as
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basal value. *P < 0.05, **P < 0.01 for rSey*/+ vs. wild-type. G, glucose. (C,1) Ca®" dose-response of insulin release from electrically permeabilized islets,
After preincubation with 2.8 mM glucose for 50 min, islets were electrically permeabilized and incubated with medium containing Ca®” and ATP ut the
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1Sey/+ vs. wild-type.

arginine. This findings may underlie the relative hyperinsu-
linemia of rSey*/+ rats in vivo. In contrast to rSey’/+. it
recently has been reported that rSey/+, another small eye
rat strain (Fig. 1), in which the pax6 mutation is located
in the transactivation domain [20], has impaired insulin
response to glucose but show normal nsulin secretory
response to arginine [21]. These differences in pancreatic
islet function suggest that pax6é plays a key role in regulat-
ing the insulin secretory response to various nutrients in
pancreatic islets.

Morphological and functional analyses of rSey’/+ pan-
creatic islets have important implications regarding gene
dosage on pancreatic islet architecture and function. The
maintenance of islet morphology in adult pancreas showed
low sensitivity to quantity of pax6é gene. In contrast. islet
function is necessarily more sensitive to alterations in
pax6 gene. While the pax6 gene mutation in rSey’/+
altered the insulin secretory profile, glucagon secretion
was unaflected by the same mutation. These findings indi-
cate that for displaying normal function, insulin-secreting
B-cells among the pancreatic islet hormone-secreting cells

—= |41

require higher quantity of pax6 gene than glucagon-secret-
ing ax-cells. Outside of the pancreas, it is well known that
paxé is a key regulator of eye formation and that heterozy-
gous pax6 mutations result in eye size reduction due to sen-
sitivity to pax6 gene dosage for eye formation [22.23]
rSey’/+ eye size also is reduced [14], indicating that the
pancreas and the eye of same individual has differing sensi-
tivity to the quantity of paxé gene. Thus, there are differen-
tial dosage requirements for the pax6 gene between organs
as well as between morphological and functional
characteristics.
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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 uM. 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 M) 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 25uM curcumin, phosphorylation of AMP kinase o-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/BL6J 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,, 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 S 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%C0,, resulting in pH 7.4. The isolated hepatocytes were
filtered with nylon mesh (0.7 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 Cina 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 = 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

centrifugationat4 Cfor60sat600 « 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 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 WM 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-HCl, 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 « 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, 5mM 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 glucose but
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containing 1 mM pyruvate and 0.24 mM 3-isobutyl-1-methyl-
xanthine 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 60s at 600 x g. The
supernatant was removed, and the cells were homogenized in
ice-cold lysis buffer (50 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-
sulfonylfluoride, 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 105 and centrifuged at
13,000 x g for Smin. 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 2 h 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 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 Orental Yeast (Osaka,

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

28. 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.

2.8.  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 uM 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%.

(A 8)
400 700
600 |
.E:mn 500 b
'§ .
400 ¢
Egzoo
- -
I -
g
a~ 200 +
100
100 F
u J o A A A A J

150 0 30 60 90 120 150
Time (min)

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 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 = 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 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
glycogenolysis was further inhibited by approximately 20%
compared to that in the absence of 25 uM 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 25 uM 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 AMPkinase o, whichis essential for AMP kinase activity. After
120 min exposure to 25 pM curcumin, phosphorylation of AMP
kinase o-Thr'’”? was significantly increased by 70% when
normalized by total content of AMP kinase o, 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. 4 - The effect of curcumin on DNA synthesis in isolated
hepatocytes, After 24-h pre-incubation of isolated mice
hepatocytes with 25 uM 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 presence and absence of
25 pM 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 Gé6Pase 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 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 (7)), 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
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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 a-Thr'’? (pAMPK) was
significantly increased by 70% when normalized by total
content of AMP kinase o (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. ‘F < 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 10 nM. 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 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 isolated from dried roots of Saluvia
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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ARTICLE INFO ABSTRACT

Article history: Aims: In type 1 diabetic patients, some have glycemic instability while others glycemic
Received 30 October 2007 stability. We have developed criteria for evaluating glycemic instability and investigated the
Accepted 26 March 2008 factors responsible.

Published on line 2 June 2008 Methods: Glycemic instability in 52 type 1 diabetic patients was assessed by the mean
— amplitude of glycemic excursions (MAGE) and M-value, and clinical characteristics of good,
Keywords: fair and poor control groups were compared.

Ketosis Results: The median MAGE and M-value was 6.6 mmol/L and 18.7, respectively. Then MAGE
Glycemic instability =66 mmol/L and M-value >18.7 was defined as poor control. In the 32 patients without
C-peptide detectable C-peptide levels, 18 patients (56%) showed poor control. The frequency of ketosis
Type 1 diabetes or ketoacidosis at onset of diabetes was dramatically higher in the poor control group not

only in the patients as a whole but also in those without detectable C-peptide levels.
Conclusions: A decreased level of C-peptide is a significant factor in glycemic instability.
However, some patients have glycemic stability though B-cell function is completely
depleted. The presence of ketosis or ketoacidosis at onset of diabetes may be a factor in
later glycemic instability, suggesting the importance of examining patients in detail at onset
of diabetes for careful follow-up to prevent progression of acute and chronic complications
of diabetes.

1" 2008 Elsevier Ireland Ltd. All nghts reserved.

1. Introduction Japan, for example [4], B-cell destruction usually results in

their complete loss and insulin-dependent diabetes mellitus
Type 1 diabetes mellitus is characterized by various forms of (insulin-dependency) [5]. In patients with insulin-dependency,
p-cell destruction, exhibiting various modes of onset [1]: not only does the HbA;. level increase, which represents the
acute-onset ('classical’), slow-onset [2] and fulminant [3]. mean blood glucose level [6], but, as we previously reported [7],
While the incidence rate and mode of onset may differamong the blood glucose level remains unstable despite all efforts to
various populations, being 20-fold greater in Finland than in optimize the use of exogenous insulin. Patients with glycemic
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instability are at increased risk of chronic macroangiopathic
complications [8,9] as well as acute complications such as
recurrent ketoacidosis [10], life-threatening hypoglycemia
unawareness, and even “dead-in-bed syndrome” [11}.

To quantify glycemic instability, the mean amplitude of
glycemic excursions (MAGE) [12] and M-value [13] are
commonly used [14,15). However, glycemic instability has
not been assessed by these indexes in a large population
recently though the development of various new drugs has
considerably facilitated glycemic control, and there are no
established criteria for glycemic instability suitable for clinical
use.

The blood glucose levels of some type 1 diabetic patients
are as stable as those of type 2 diabetic patients [7]. To examine
the distribution of glycemic instability and clarify the factors
responsible for glycemic instability is of clinical importance
for careful follow-up to prevent onset and progression of both
acute and chronic secondary complications of diabetes.

In the present study, we assessed glycemic instability just
before discharge after hospital treatment of at least a week
period to exclude the influence of poor adherence to diet and
exercise therapy, inappropriate use of exogenous insulin, and
stressful circumstances of home or work place. We then
compared the clinical characteristics and laboratory data of
the patients with poor control and those with good or fair
control to clarify the factors responsible.

Z Subjects and methods

21, Subjects

We examined all of the type 1 and type 2 diabetic patients
admitted to Kyoto University Hospital from January, 2003 to
July, 2007, except those meeting the exclusion criteria. A total
of 52 type 1 diabetic patients (27 women and 25 men) (median
age, 49 years; range, 16-80: median duration of diabetes, 6
years; range, 0-37) and 160 type 2 diabetic patients (64 women
and 96 men) (median age, 65 years; range, 16-83: median
duration of diabetes, 11 years; range, 0-53) were involved.
American Diabetes Association Criteria was used as the
criteria of type 1 diabetes [S]. Patients with renal insufficiency
(Cre > 1.5 mg/dl) were excluded, as were those with liver
failure, acute illness such as infection, psychological comor-
bidities such as eating disorders, depression, needle phobia.
those taking steroid medication, or inadequately monitoring
blood glucose, and those on short-term admission (<7 days).
No patients have learning disorders and apparent manipula-
tive behaviour.

2.2, Assessment of glycemic instability

Seven capillary glucose measurements (before meals, 120 min
after meals, and at bedtime) for two successive days just
before discharge were analyzed to calculate the mean
amplitude of glycemic excursions (MAGE) [12] and M-value,
the indexes of glycemic instability. For calculating M-value,
the modification [16] of the method of Schlichtkrull et al.
[13,17] is commonly used: the average of ME: values;
MES (10 = log B[, which is the logarithmic transformation

of the deviation of glycemia from the arbitrarily selected
standard (120 mg/dl). Recently, 90 mg/dl is often used as the
selected standard [18], and we used 100 mg/dl to give greater
emphasis to hypoglycemia. Thus, in the present study, M-
value is defined as the mean of M of each successive day:
MES — |10 x log#§|’. The MAGE and M-value of the type 1
diabetic patients suggested a criterion for glycemic instability:
MAGE > the median and M-value > the median representing
poor control, MAGE < the first quartile and M-value < the first
quartile indicating good control, and fair control comprising
the middle ranges.

2.3.  Factors responsible for glycemic instability

To clarify the factors responsible for glycemic instability, we
compared the clinical characteristics and laboratory data of
the good or fair groups and the poor control group of the 51
type 1 diabetic patients receiving intensive insulin therapy
based on the guidelines by Japan Diabetes Society [19]. Ketosis
was established by ketonuria, elevated serum ketones, or
both. Serum and urinary C-peptide levels were measured
using a commercially available EIA kit (ST AIA-PACK C-
peptide, TOSOH corporation, Tokyo, Japan) with a detection
limit of 0.1 ng/ml (intra-assay coefficient of variation [CV] 1.3~
2.2%, interassay CV 1.7-2.0%) for serum C-peptide and 0.1 ng/
dl (intra-assay CV 3.1-3.8%, inter-assay CV 1.9-2.1%) for
urinary C-peptide. This kit has good reproductivity even when
the level of C-peptide is lower than 1.0 ng/ml [20]. Diabetic
sensorimotor distal symmetric polyneuropathy was assessed
by pinprick, vibration perception threshold, and ankle
reflexes. Autonomic function was evaluated by the coefficient
of variation of the R-R interval (CVR-R) during deep breathing
monitored on an electrocardiogram, and values below the
reference values of healthy subjects [21] were counted
abnormal. The presence of diabetic neuropathy was estab-
lished by at least one abnormal result in the tests described
above.

2.4.  Statistical analysis

Qualitative variables were compared using Fisher's exact test.
The Mann-Whitney U test was used to compare quantitative
variables, which were expressed as medians and ranges. Two-
sided P values <0.05 were considered statistically significant.
Data were analyzed using StatView 5.0 (SAS Institute, Cary,
NC).

3. Results
3.1.  Criteria for glycemic instability

The median MAGE of type 1 diabetic patients was 6.6 mmol/L,
significantly higher than that of type 2 diabetic patients
(P < 0.001) (Fig. 1A). The first quartile MAGE of type 1 diabetic
patients was 4.3 mmol/L and the third quartile was 7.5 mmol/
L. The median M-value of type 1 diabetic patients was 18.7,
significantly higher than that of type 2 diabetic patients
(P < 0.05) (Fig. 1B). The first quartile M-value of type 1 diabetic
patients was 9.2 and the third quartile was 30.2. MAGE was
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Fig. 1 - (A) MAGE of 52 type 1 diabetic patients and 160 type
2 diabetic patients at discharge who were admitted 1o
Kyoto University Hospital. Horizontal lines represent
medians. (B) M-value of 52 type 1 diabetic patients and 160
type 2 diabetic patients at discharge who were admitted to
Kyoto University Hospital. Horizontal lines represent
medians.

significantly correlated with M-value (r=0.71, P < 0.0001).
Then MAGE>6.6 mmol/L and M-value >18.7 was defined as
poor control, MAGE <4.3 mmol/L. and M-value <9.2 good
control, and the middle ranges fair control. By these criteria,
57.7% of the type 1 diabetic patients exhibited good or fair
control (good: 15.4%, fair: 42.3%, respectively), while 90.0% of
the type 2 diabetic patients exhibited good or fair control
(good: 20.6%, fair: 69.4%, respectively). Thus, type 1 diabetic
patients exhibited significantly greater glycemic instability
than type 2 diabetic patients (P < 0.001).

3.2, Clinical characteristics and laboratory data in 51 type
1 diabetic patients

Clinical characteristics and laboratory data of the good or fair
groups vs. the poor control group in 51 type 1 diabetic patients
are shown in Table 1. There were no significant differences
between the good or fair groups and the poor control group
regarding age, sex, BMI, duration of diabetes, 1A-2 antibodies,
insulin antibodies, HbA, level, the state of diabetic complica-
tions and thyroid function at present admission, age at onset,
and GAD antibodies at onset. Serum C-peptide at prestimula-
tion, post glucagon stimulation and urinary C-peptide at
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Fig. 2 - (A) MAGE of 32 type 1 diabetic patients without
detectable C-peptide levels at discharge who were
admitted to Kyoto University Hospital. Horizontal lines
represent medians. (B) M-value of 32 type 1 diabetic
patients without detectable C-peptide levels at discharge
who were admitted to Kyoto University Hospital.
Horizontal lines ent medians.
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present admission were significantly lower in the poor control
group than in the good or fair groups (P < 0.05). The frequency
of ketosis or ketoacidosis at onset of diabetes was significantly
higher in the poor control group compared to the good or fair
groups (P < 0.01; risk ratio [RR] 3.5 [95% CI 1.4-9.0]). In other
words, in those with ketasis or ketoacidosis at onset of
diabetes, glycemic instability was markedly higher than in
those without ketosis or ketoacidosis at onset of diabetes (14 of
23 vs. 4 of 23, P < 0.01; [RR] 3.5 [95% CI 1.4-9.0]). There were no
significant differences regarding the frequency of ketosis or
ketoacidosis at onset of diabetes between those with detect-
able C-peptide levels and those without (11 of 18 vs. 12 of 28;
P = 0.37). The frequency of positive GAD antibodies (>1.5 U/ml)
at present admission was significantly lower in the poor
control group than in the good or fair groups (P < 0.05; [RR] 2.3
[95% CI 1.1-4.8]).

3.3.  Glycemic instability in type 1 diabetic patients without
detectable C-peptide levels

Thirty-two type 1 diabetic patients without detectable serum
C-peptide levels at post glucagon stimulation and without
detectable urinary C-peptide levels in 24-h urine collections
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Clinical characteristics of type 1 diabetic patients
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Glycemic instability Good or fair control Poor control P-value or RR (95% CI)
MAGE <6.6 or MAGE >6.6 and SPOHSRRiE 3, Pooe
M-value <18.7 M-value >18.7
Clinical characteristics at present admission
Age (years) 49 (16-80) 43 (18-79) 076
Sex (female/male) 16/13 111 0.78
BMI (kg/m?) 21.0 (17.8-26.9) 20.8 (16.1-25.3) 095
Duration of diabetes (years) 6 (0-37) 7.5 (0-31) 0.5
GAD antibodies (<1.5/>1.5 U/ml) 117 16/6 0.024
23(1.14.8)
1A-2 antibodies (<0.4/20.4 U/ml) 7/3 6/2 099
Insulin antibodies (%) 102 (3.7-77.6) 9.8 (6.6-89.6) 0.67
HbA,, (%) 8.1 (5.6-16.3) 8.3 (5.0-11.6) 073
Serum C-peptide at prestimulation (ng/ml) 0 (0-0.90) 0 (0-0.43) 0.023
Serum C-peptide at post glucagon stimulation (ng/ml) 0.15 (0-2.0) 0 (0-0.92) 0.010
Serum AC-peptide (ng/ml) 0,05 (0-1.63) 0 (0-0.49) 0.010
Urinary C-peptide (ug/day) 0(0-57.7) 0 (0-21.0) 0.019
Diabetic retinopathy (NDR/NPDR/PDR) 22/34 14/8/0 078
Diabetic nephropathy (normoalbuminuria/ 2531 17/5/0 0.59
microalbuminuria/proteinuria)
Diabetic neuropathy (negative/positive) 14/15 814 0.27
CVR-R (%) (normal/abnormal) 1110 e 0.99
Ankle brachial pressure index (ABI) 1,10 (0.88-1.24) 1.11 (0.72-1.23) 0.86
Carotid intima-media thickness (mm) 0.9 (0.6-1.5) 0.8 (0.7-1.6) 0.69
TSH (WU/ml) 1.80 (0.59-8.02) 1.31 (0-54.8) 0.62
Free T, (ng/dl) 1.22 (0.89-1.90) 1.14 (0.57-2.69) 0.42
Clinical characteristics at onset
Age at onset (years) 40 (7-78) 34 (10-74) 052
Ketosis or ketoacidosis (negative/positive) 19/9 4/14 0.0058
35 (1.4-9.0)
GAD antibodies (<1.5/>1.5 Wml) 318 6/8 011
2.2 (1.04.5)
Data are median (range) or of patients. Serum C-peptide, urinary C-peptide, GAD antibodies and 1A-2 antibodies below detection limits
are expressed as 0.

were then selected. Of these patients, 18 patients (56%)
showed poor control, and the other 14 patients (44%) showed
good or fair control (MAGE <6.6 mmoal/L in 12 patients, M-
value <18.7 in 12 patients) (Fig. 2A and B). In contrast, of the 19
patients with detectable C-peptide levels, 15 (79%) showed
good or fair control, and the other 4 (21%) showed poor control.

The good or fair and poor control groups in type 1 diabetic
patients without detectable C-peptide levels were then
compared. The frequency of ketosis or ketoacidosis at onset
was dramatically higher in the poor control group than in the
good or fair groups (11 [73%)] of 15 vs. 1 [8%)] of 13; P < 0.001; [RR]
3.7 [95% CI 1.5-8.7]). In other words, of the 13 patients without
detectable C-peptide levels but with glycemic stability, 12
patients did not have ketosis or ketoacidosis at onset. The
frequency of positive GAD antibodies at present admission
was significantly lower in the poor control group than in the
good ar fair groups (3 [17%] of 18 vs. 8 [62%] of 13; P < 0.05; [RR]
2.8 [95% C1 1.0-7.5)).

3.4.  Glycemic instability in acute-onset type 1 diabetic
patients

In the 51 type 1 diabetic patients, 38 patients had acute-onset
(‘classical’) type 1 diabetes, 6 patients fulminant type 1
diabetes (3], and 2 patients latent autoimmune diabetes of

adults [2], and 5 patients unknown. Thirty-eight acute-onset
type 1 diabetic patients were then examined to exclude the
influence of fulminant type 1 diabetes, because the presence
of ketosis or ketoacidosis at onset of diabetes, which has been
found to be involved in glycemic instability in the present
study, is a characteristic of fulminant type 1 diabetes [3], and
glycemic instability in fulminant type 1 diabetes was markedly
greater than in acute-onset type 1 diabetes (good: 0 of 6, fair: 1
of 6, poor: 5 of 6 vs. good: 6 of 38, fair: 18 of 38, poor: 14 of 38,
P < 0.05). In acute-onset type 1 diabetic patients, the frequency
of ketosis or ketoacidosis at onset was significantly higher in
the poor control group than in the good or fair groups (8 [73%]
of 11 vs. 7 [29%) of 24; P < 0.05; [RR] 3.6 [95% CI 1.1-11.2)),

4, Discussion

it has been reported that factors that influence glycemic
instability are deficiency of endogenous insulin secretion
[22,23], abnormal response of insulin-counteracting hormones
[22,24,25], poor compliance with diet and exercise therapy,
stressful life circumstances [26], and inappropriate use of
exogenous insulin [27,28].

In the present study, we assessed glycemic instability by
MAGE and M-value in 52 type 1 and 160 type 2 diabetic
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patients, and proposed criteria for glycemic instability suitable
for clinical use. MAGE and M-value of most of the type 2
diabetic patients showed good or fair glycemic stability.

Analysis of the 51 type 1 diabetic patients showed that
serum C-peptide at post glucagon stimulation and urinary C-
peptide at present admission were significantly lower in the
poor control group than in the good or fair groups. In addition,
of the 32 patients without detectable C-peptide levels, 18 (56%)
showed poor control. These results indicate that decreased
endogenous insulin secretion is a significant factor in glycemic
instability. However, of the 32 patients without detectable C-
peptide levels, 14 (44%) exhibited good or fair control In
addition, of these patients, MAGE of 6 (19%) and the M-value of
10 (31%) were lower than the median values of the type 2
diabetic patients, These results demonstrate that some
patients with type 1 diabetic patients have glycemic stability
though B-cell function is completely depleted.

The present study suggests that the presence of ketosis or
ketoacidosis at onset of diabetes is a factor in later glycemic
instability. This is not simply due to the including of fulminant
type 1 diabetic patients, because analysis of acute-onset type 1
diabetic patients also showed that the frequency of ketosis or
ketoacidosis at onset was significantly higher in the poor
control group than in the good or fair groups. Moreover,
analysis of the type 1 diabetic patients without detectable C-
peptide levels also showed that the frequency of ketosis or
ketoacidosis at onset was dramatically higher in the poor
control group than in the good or fair groups. The same
tendency of the higher frequency of ketosis or ketoacidosis at
onset in the poor control group was shown in the patients with
detectable C-peptide levels. These results suggest that the
presence of ketosis or ketoacidosis at onset is a factor in later
glycemic instability, and other factors than C-peptide also
exist as the underlying mechanism besides decreased levels of
C-peptide.

Then, what is the mechanism whereby ketosis or ketoa-
cidosis at onset of diabetes leads to later glycemic instability?
One possibility is decreased p-cell functional reserve as
mentioned above. Other factors than C-peptide underlying
the mechanism may be the increased levels of counter-
regulatory hormones inducing insulin resistance, including
glucagon, epinephrine, cortisol and growth hormone [29,30].
Glucagon levels are markedly elevated in certain patients with
ketoacidosis including those having preserved endogenous
insulin secretion [30]. In addition, not only insulin-dependent
diabetic patients but also noninsulin-dependent diabetic
patients with hyperglycemia display paradoxical hypergluca-
gonemia, which contributes to postprandial hyperglycemia
and glycemic instability [24,31].

In addition, there have been no studies of type 1 diabetic
patients to clarify the association of GAD antibodies with
glycemic instability. The present study indicates that negative
GAD antibodies at onset may contribute to later glycemic
mnstability. This may be because there is an inverse relation
between the level of GAD antibodies and p-cell-destructive T-
cell responses [32] or partly because patients with fulminant
type 1 diabetes were included.

The present study has limitations in that this is a cross-
sectional study and we have little C-peptide data at onset of
diabetes. However, the frequency of ketosis or ketoacidosis at

onset was clearly higher in the poor control group than in the
good or fair groups not only in the patients as a whole but also
in those without detectable C-peptide levels at present
admission.

In summary, we confirmed that a decreased level of C-
peptide is a significant factor in glycemic instability. However,
the present study showed that some patients with type 1
diabetic patients have glycemic stability though g-cell func-
tion is completely depleted. The present study suggested that
ketosis or ketoacidosis at onset of diabetes is a factor in later
glycemic instability. In addition, GAD antibodies at onset may
also influence later glycemic instability, These results suggest
the importance of examining patients in detail at the onset of
diabetes, Patients with glycemic instability are at increased
risk of both acute and chronic complications of diabetes, so
patients exhibiting ketosis or ketoacidosis at onset of type 1
diabetes should be carefully monitored.
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The evaluation of engraftment is important to assess the success of islet transplantation, but it is complex
because islet transplantation usually requires two or more donors to achieve cuglycemia. Islet transplantation
from NHBDs was evaluated using new assessment forms for the secretory unit of islet in transplantation
(SUIT) and engrafted islet rate (EIR) indexes. Insulin independence was obtained when the SUIT index was
more than 28, which might indicate that 28% of the B-cell mass of a normal subject is required for insulin
independence. Because the average EIR for a single transplantation is about 30, the percentage of engrafted
islets following one transplantation is about 30%, assuming that a normal subject has | million islet equiva-
lents. Although few cultured islet transplants have been performed, the increase of the SUIT and EIR indexes
in patients who received cultured islets was significantly lower than in patients who received fresh islets,
suggesting that fresh islets may be more effective than cultured islets. The SUIT and EIR indexes are thus
considered to be useful values for evaluating islet transplantation, especially for single islet transplantation,

Key words: Islet transplantation; Non-heart-beating donors: Secretory unit of islet in transplantation;

Engrafted islet rate

INTRODUCTION

Islet transplantation is one of the options for treating
type |1 diabetes. It has been shown to improve the quality
of life in severe diabetic patients (32,39). The Edmonton
protocol has been replicated by advanced islet transplan-
tation centers (40), and islet transplantations have been
obtained from brain-dead donors, as well as from non-
heart-beating donors (NHBDs) (11,12,20) or living do-
nors (13). These observations are proof that the protocol
is viable and have intensified interest in treating diabetes
or other diseases not only by cell transplantations but
also by stem cells (19-22,24-28).

The evaluation of engraftment is important to assess
the success of islet transplantation, but it is complex.
Clinically, there is a spectrum of outcomes after islet
transplantation, and some patients even achieve com-
plete insulin independence with absolutely normal glu-

cose profiles. Others have residual endogenous insulin
secretion but may require supplementary insulin to
maintain the appropriate glucose control, and some lose
endogenous insulin secretion. The simple measure of
success after islet transplantation is insulin indepen-
dence. However, after islet transplantation, a patient
may have a suboptimal outcome, where they no longer
require insulin but still have glucose values that are ele-
vated with a high HbA . Equally, a patient may be tak-
ing insulin but, by virtue of endogenous insulin secre-
tion, have perfectly stable glucose values and excellent
glucose control. C-peptide levels are useful for the docu-
mentation of islet graft survival, but interpretation of the
C-peptide values independent of glucose levels is of lim-
ited value to determine if the B-cell function is adequate.
Simple measures of glucose control, such as fasting glu-
cose and HbA ., are useful but difficult to interpret if
insulin is used. The Edmonton group reported a f} score
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that provides an integrated measurement of P-cell func-
tion after islet transplantation using these parameters
(36). Although the B score can show the general evalua-
tion of islet transplantation, it is difficult to evaluate the
engrafted B-cell mass simply. Recently, the secretory
unit of islet in transplantation (SUIT) (15.42) was devel-
oped for the simple evaluation of engraftment. The
SUIT index is based on the correlation of fasting blood
C-peptide and glucose levels in patients after islet trans-
plantations (15,42). Moreover, we newly developed the
engrafted islet rate (EIR), assessed by the SUIT index
and transplanted islet equivalents for transplantation.
EIR shows the percentage of engrafied islets for trans-
planted islets.

This study evaluated islet transplantation from
NHBDs by SUIT and EIR indexes. These indexes are
useful for evaluating single islet transplantation because
two or three islet transplantations are needed to achieve
insulin independence.

MATERIALS AND METHODS
Procurement of Human Pancreata

Nineteen human pancreata were obtained with in-
formed consent from the relatives of NHBDs and pro-
cured through the Central Japan Region (N = 17, Aichi
Prefecture, Japan) and the West Japan Region (N =2,
Osaka Prefecture, Japan) of the Japan Organ Transplan-
tation Network between January 17, 2004 and Novem-
ber 18, 2005. After brain death had been confirmed, a
cannula was inserted into the iliac vessels for rapid cool-
ing of the pancreas (18). Cold lactate ringers solution
was perfused via the cannula, after cessation of heart
beating, until removal of the pancreata. M-Kyoto solu-
tion (29) was infused into the main pancreatic duct for
ductal protection at the time of pancreas preservation
(30.38). The pancreata were preserved using the modi-
fied two-layer (M-Kyoto/PFC) method and transported
to the human islet isolation GMP facility (Center for
Cell and Molecular Therapy). This study was approved
by the Ethics Committee of the Kyoto University Gradu-
ate School and Faculty of Medicine,

Islet Isolation Protocols and Islet Evaluation

Upon arrival at the islet isolation GMP facility at Ky-
oto University, the pancreata were processed according
to the Edmonton protocol with some modifications (12—
14.39). Briefly, after the pancreas had been decontami-
nated, the ducts were perfused in a controlled fashion
with a cold enzyme solution, Liberase HI (Roche Molec-
ular Biochemicals, Indianapolis, IN). The distended pan-
creas was then cut into nine pieces and transferred to a
Ricordi chamber. The pancreas was digested by repeated
circulation of the enzyme solution through the Ricordi
chamber at 37°C. The phase | period was defined as the
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time between the placement of the pancreas in the Ri-
cordi chamber and the start of collection of the digested
pancreas. The phase Il period was defined as the time
between the start and end of collection.

Islets were purified using a continuous density gradi-
ent with iodixanol-M-Kyoto solution in an apheresis
system (COBE 2991 cell processor, Gambro Labora-
tories, Denver, CO). Because iodixanol has low viscos-
ity, it requires less force during centrifugation in com-
parison with Ficoll. For the solution, low-density (density
1.070) and high-density (density 1.085-1.110) iodixa-
nol-M-Kyoto solutions were produced by changing the
volumetric ratio of iodixanol and M-Kyoto solution,

Islet preparations were evaluated for yield and purity
by means of dithizone staining (2,14,33). Gross mor-
phology, islet viability following purification, and islet
function (stimulation index) were assessed according to
a procedure described by Shapiro et al. (39).

Islet Transplantations Into Diabetic Patients

Sixteen of the 19 islet preparations were used to per-
form islet transplantations into seven type | diabetic pa-
tients between April 7 and November 18, 2005. The three
remaining islet preparations were cryopreserved for fu-
ture transplantation. All procedures were islel trans-
plants alone. Three islet preparations were transplanted
after an overnight culture. Five patients received multi-
ple islet preparations and two patients received only one.
Patient #3 received two islet preparations simultane-
ously because two donors with the same blood type were
available. One patient was excluded from the analysis
because her creatinine clearance was less than 80 ml/
min.

Patients were sedated and a percutaneous transhepatic
approach was used 1o gain access to the portal vein for
all patients. Once access was confirmed, the Seldinger
technique was used to place the Kumpe catheter within
the main portal vein. Islets were infused by gravity using
the bag technique (1).

Immunosuppression consisted of maintenance with
tacrolimus (Prograf®, Fujisawa, Japan), at a target trough
level of 4-6 ng/ml and sirolimus (Rapamune®, Wyeth
Pharmaceuticals, Inc., Madison, NJ, USA), at a target
trough level of 12-15 ng/ml for 3 months, and 40 mg of
basiliximab (Simulect®, Novartis Pharma K.K., Tokyo,
Japan) on POD 0 and 4. Three months after transplanta-
tion. 2 g/day of mycophenolate mofetil (MMF, Cell-
Cept®, Chugai Pharmaceutical Co., Lid. Tokyo, Japan)
was started and the trough level of sirolimus was main-
tained at 3-5 ng/ml (23).

Those subjects who were insulin independent with an
HbA - within the normal range were considered to have
achieved complete reversal of diabetes. Graft dysfunc-
tion is defined as more than three fasting blood glucose
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