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ATP production by reducing the H" gradient across the
mitochondrial membrane.

High glucose increased NAD(P)H fluorescence during the
initial 5 min, which suggests that increased NADH produc-
tion overwhelms NADH utilization. After 5 min of high-
glucose exposure, it reaches a plateau, suggesting that in-
creased NADH production balances increased NADH
utilization, which eventually increases ATP production. Dur-
ing the plateau period, DPH did not affect NADH fluores-
cence. Thus, DPH might decrease NADH production and
utilization simultaneously, resulting in unchanged NADH
fluorescence and decreased ATP production. To rule out this
possibility, glucose oxidation was measured. Glucose oxi-
dation reflects the velocity of glucose-derived metabolite
metabolism in the Krebs cycle that constitutes the major
source of NADH production. NH,™ (3 mm) did not affect
glucose oxidation, which is compatible with a previous result
using 10 mm NH,* (27). Because DPH also did not affect
glucose oxidation, both NADH production and utilization
were unaffected by cellular alkalization, suggesting that cel-
lular alkalization reduces the efficacy of NADH utilization in
producing ATP. This may result from the reduction of H*-
gradient generated by NADH utilization due to diffusion of
H* near the cytoplasmic side of the mitochondrial inner-
membrane to a cytoplasmic milieu in which the H" concen-
tration is reduced.

The effects of intracellular pH on insulin release in the
presence of a basal level of glucose were also reported (28).
In the presence of a basal level of glucose, insulin release was
not changed by alteration of intracellular pH when the in-
tracellular pH was less than 7.5. In the presence of 2.8 mm
glucose, 20 um DPH also elevated cytoplasmic pH. Consis-
tent with these results, in the present study, insulin release
in the presence of a basal level (2.8 mm) of glucose was
unaltered by 20 um DPH, which increased intracellular pH
to approximately 7.2.

The effects of increasing cytoplasmic pH on insulin release
from islets and pancreatic B-cells have been examined. Glu-
cose-induced, time-dependent potentiation of insulin release
is inhibited by increasing intracellular pH (29). The addition
of more than 10 mm NH,* to the extracellular medium de-
creases glucose-induced insulin release (30, 31, 32), increases
cytoplasmic pH (30, 31, 33), hyperpolarizes the plasma mem-
brane (31, 34), and decreases [Ca**]; (31). Hyperpolarization
due to cytoplasmic alkalization has been shown to be derived
from augmentation of K,rp channel activity in experiments
using intact B-cells (31, 35). However, in experiments using
excised patch, alkalization decreases K ,p channel activity at
clamped ATP levels (35, 36). This discrepancy might be ex-
plained by our present results: cytoplasmic alkalization sup-
presses mitochondrial ATP production by reducing the H*
gradient across the inner membrane, and the subsequent
decrease in intracellular ATP concentration augments K, pp
channel activity. Consistently, in the present study DPH
suppressed high glucose-induced Ca®* elevation, but did not
suppress K" -induced Ca®" elevation in the presence of basal
glucose.

Ca?* and ATP directly affect the exocytotic system and
enhance insulin release synergistically in experiments using
single B-cells (37, 38) and permeabilized islets (39). To quan-
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tify Ca*" efficacy at clamped concentrations of ATP in the
exocytotic process of insulin secretory granules directly, is-
lets were electrically permeabilized to manipulate the intra-
cellular Ca®" and ATP concentration according to the extra-
cellular medium, and insulin release was examined. DPH
had no effect on Ca®" efficacy at a clamped concentration of
ATP in the exocytotic system. In addition, decreased intra-
cellular ATP reduces Ca®" efficacy in the exocytotic system
(37-39). Accordingly, the lower ATP level due to reduced
ATP production by cytoplasmic alkalization plays a role in
the attenuation of insulin secretion from DPH-treated islets
in response to high glucose. Biphasic glucose-induced insu-
lin secretion can be described as the release of distinct pools
of granules. The first phase of insulin secretion represents the
release of readily releasable (primed/docked) granules lo-
cated immediately below the plasma membrane. The second
slower phase results from the time- and ATP-dependent
mobilization of granules situated farther away from the
plasma membrane (37). Because both phases are Ca®* de-
pendent, the precise site at which ATP and H* modulate
Ca?* efficacy in these processes cannot be determined in the
present study.

In the presence of 2.8 mm glucose, 20 um DPH suppressed
K*-induced monophasic insulin release without affecting
Ca®* and ATP levels, which is compatible with the finding
that increased pH decreased insulin release from permeabil-
ized islets at clamped concentrations of ATP and Ca**. Con-
sistent with our findings, important roles of secretory gran-
ule pH in exocytosis of insulin granules have been proposed
recently. Blocking V-type H'-ATPase by bafilomycin in-
creases secretory granule pH (40) and decreases exocytosis of
insulin granules measured by cell capacitance (41) and by
insulin release from permeabilized B-cells (42). However, the
fact that protein kinase A activation, which potentiates in-
sulin release, increases secretory granule pH (40) indicates
that granular pH is not the sole regulatory factor in the
exocyotsis of insulin granules.

Our results demonstrate that DPH decreases Ca*" efficacy
in the exocytotic system by reducing both the cytoplasmic
ATP level and the cytoplasmic H" level, and clearly show
that the inhibitory effect on insulin release of the agent does
not necessarily require reduced [Ca**].

In pancreatic fB-cells, Na* /H" exchange and Na"-depen-
dent C1” /HCO;~ exchange may play an important role in
the regulation of cytoplasmic pH (17, 43). In the present
study, DPH did not affect intracellular pH in Na*-deprived
and HCO, -deprived conditions, in which application of a
permeable weak base, NH, ", raised cytoplasmic pH. These
results suggest that Na® and HCO; ™ transport across the
plasma membrane is involved in the increase in cytoplasmic
pH by DPH. Additional study is necessary to elucidate pre-
cise mechanism of cytoplasmic alkalization by DPH.
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Abstract

We investigated glycemic stability and insulin requirement | month after a single transplantation of the islets from non-heart-
beating donors or a living donor. Overall blood glucose levels decreased immediately after transplantation. The M-value and mean
amplitude of glycemic excursions (MAGE) decreased significantly from 53.0 (range, 8.9-91.0) to 4.2 (0.6-8.8, P < 0.05) and from
8.5 mM (4.8-11.7)t0 3.3 mM (2.0-4.5, P < 0.05), respectively. The values after transplantation were lower than the first quartile of
102 type 2 diabetic control patients. The estimated HbA . level decreased significantly from 7.9% (5.7-10.9) to 5.4% (4.7-5.9,
P < 0.05). The supplement of basal insulin decreased 43% from 0.31 units/kg/day (0.16~0.37) to 0.18 units/kg/day (0-0.22,
P < 0.05), while that of stimulated insulin did not decrease significantly, from 0.28 units/kg/day (0.13-0.51) to 0.21 units/kg/day
(0-0.41). Thus, only one islet transplantation can be sufficient to attain metabolic stability, probably by effective supply of basal
insulin secretion, sufficient to avoid life-threatening severe hypoglycemia and prevent or delay the progress of secondary
complications of diabetes by decreasing the HbA,. level.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: A single transplantation of the islets; Non-heart-beating donor; Living donor; Metabolic stability

1. Introduction

Diabetes mellitus (DM) is a clinically and geneti-

cally heterogeneous group of disorders classified

* Corresponding author. Tel.: +81 75 751 3561, mamly into type 1 and type. 2 diabetes. Type ! d_labete_s
fax: 481 75 751 3677. is caused by [B-cell destruction that often resulis in their
E-mail address: yamada@metab.kuhp.kyoto-u.ac.jp (Y. Yamada). complete loss and insulin-dependent diabetes mellitus
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(insulin-dependency). As both basal and stimulated
insulin secretion from pancreatic B-cells is completely
abolished in the majority of patients with type 1
diabetes, the blood glucose level remains unstable
despite all effort to use optimal exogenous insulin.

In diabetic patients, blood glucose levels are
considerably high or low in comparison with optimal
levels, and the amplitude of glycemic excursions are
large. The former is assessed by the M-value [1] and the
latter by the mean amplitude of glycemic excursions
(MAGE) {2]. In diabetic patients with metabolic
instability, the M-value and MAGE are significantly
high {1-3]. Such patients are at increased risk of
progression of diabetic complications [4], life-threaten-
ing hypoglycemia unawareness and even ‘‘dead-in-bed
syndrome” [5].

Since the success of islet transplantation with the
corticosteroid-free protocol from Edmonton [6], islet
transplantation has become more common radical
therapy for type 1 diabetes mellitus [7]. The Edmonton
protocol, in addition to optimizing islet isolation and
modifying the immunosuppressive regimen, includes
multiple infusions of islets from different donors. This
therapy generally aims at insulin independence as well
as the avoidance of severe hypoglycemia. Under present
conditions, when cadeveric donors are used, multiple
injections are required to attain insulin independence
except in one report [8]. However, in many countries,
the donor pool is extremely small, making it impractical
to aim at insulin independence. Accordingly, we have
investigated the effect of a single transplantation of the
islets on glycemic lability.

Using even a non-heart-beating donor, a single
transplantation of the islets can achieve metabolic
stability probably by effective supply of basal insulin
secretion regardless of the achievement of insulin
independence, suggesting the therapeutic value of a
single transplantation of the islets for patients with
insulin-dependency in cases of donor shortage.

2. Methods
2.1. Subjects

Five patients (three women, two men) (Patients 1-5)
(median age, 44 years; range, 36-58) who had had type 1
diabetes mellitus for a median of 21 years (range, 14-29) and a
27-year-old woman (Patient 6) who had had pancreatic dia-
betes for 12 years underwent islet transplantation in Kyoto
University Hospital between April 7, 2004 and January 19,
2005. Diagnostic basis for type 1 diabetes in five of the six
. recipients was completely depleted insulin secretion (negative
C-peptide [<0.1 ng/ml] prestimulation and post glucagon
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stimulation) and clinical course. The donors of five patients
(Patients 1-5) with type 1 diabetes mellitus were non-heart-
beating donors, and a donor of a patient (Patient 6) with
pancreatic diabetes was a living donor who was a mother of
the patient. Each patient received islet transplantation from
one or two pancreases {9,10].

The study was approved by the ethics committee of Kyoto
University Graduate School and Faculty of Medicine.

2.2. Assessment of glycemic control

The M-value {1} and the mean amplitude of glycemic
excursions (MAGE) |2}, the indexes of glycemic lability, of
the six patients were measured before and 1 month after a first
islet transplantation.

There is a predictable relationship between plasma glucose
and HbA .. Thus, the estimated HbA levels were calculated
by the corresponding seven-point plasma glucose profiles
(premeal, postmeal and bedtime) before and 1 month after
the first transplantation: estimated HbA,. = mean plasma
glucose (mg/dD/35.6 + 1.87 [11,12].

The M-value, MAGE and HbA;. levels of 52 type 1
diabetic patients (31 women and 21 men) (median age, 43
years; range, 16-79) and 102 type 2 diabetic patients (43
women and 59 men) (median age, 65 years; range, 28-79)
admitted to Kyoto University Hospital from January 2002 to
June 2005 were also examined.

2.3. Exogenous insulin requirement

We defined the total amount of premeal regular insulin or
rapid-acting insulin analogue as the supplemental dose of
stimulated insulin and that of neutral protamine Hagedorn
(NPH) insulin, long-acting insulin analogue, or basal dose of
continuous subcutaneous insulin infusion (CSII) as the sup-
plement of basal insulin. The supplemental dose of basal and
stimulated insulin were compared before and 1 month after the
first islet transplantation.

2.4. Statistical analyses

Results are expressed as medians and ranges. Wilcoxon
signed-rank test was used to compare the M-value, MAGE, the
estimated HbA . levels and the amount of exogenous insulin
before and 1 month after islet transplantation. Mann-Whitney
U test was used to compare the M-value, MAGE, and the
HbA,. levels of type 1 and type 2 diabetic control patients.
Significance was taken at a P value of <0.05.

3. Results

3.1. Glycemic lability is higher in type 1 diabetic
patients

The median HbA;. level of 102 type 2 diabetic
patients who had been admitted to Kyoto University
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Hospital was 8.6% (range, 5.3-14.5%). Their M-value
and MAGE at discharge was 12.2 (range, 1.2-66.2) and
52 mM (range, 0.8-12.7 mM), respectively (Fig. 1A
and B). The median HbA . level of 52 type 1 diabetic
patients admitted to Kyoto University Hospital was
8.3% (range, 5.0-16.3%), not significantly different
from that of type 2 diabetic patients. The M-value and
MAGE of 52 type 1 diabetic patients at discharge was
22.0 (range, 1.3-127.6, P < 0.05) and 6.7 mM (range,
2.8-16.6 mM, P < 0.05), respectively, significantly
higher than those of type 2 patients (Fig. 1A and B).
Glycemic lability was improved after the first islet
transplantation. The M-value (Fig. 2A) and MAGE

P<0.05

150 |

M-value

50 §=

(A) Type ! Dm Type 2 Dm

P <0.05
20F I 1

MAGE (mM)

(B) Type | Dm Type 2 Dm

Fig. 1. (A) M-value of 52 type 1 diabetic patients and 102 type 2
diabetic patients at discharge who were admitted to Kyoto University
Hospital. Horizontal lines represent medians. (B) MAGE of 52 type |
diabetic patients and 102 type 2 diabetic patients at discharge who
were admitted to Kyoto University Hospital. Horizontal lines repre-
sent medians.

(Fig. 2B) before islet transplantation was 53.0 (range,
8.9-91.0) and 8.5 mM (range, 4.8-11.7 mM), respec-
tively. These medians were higher than the third
quartiles of the 52 type 1 diabetic control patients. The
M-value (Fig. 2A) decreased significantly to 4.2 (range,
0.6-8.8, P < 0.05), and MAGE (Fig. 2B) also
significantly decreased to 3.3 mM (range, 2.0-
4.5 mM, P < 0.05) 1 month after islet transplantation.
These values were lower than the first quartile of the 102
type 2 diabetic control patients.

The estimated HbA . level before islet transplanta-
tion was 7.9% (range, 5.7-10.9%). The estimated
HbA,. level 1 month after islet transplantation
decreased significantly to 54% (range, 4.7-5.9%,
P < 0.05). There was no worsening of the secondary
complications of diabetes due to the decrease of HbA ;.
levels in all six patients.
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Fig. 2. (A) M-value before and | month after islet transplantation.
Median values in parentheses. (B) MAGE before and 1 month after
islet transplantation. Median values in parentheses.
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3.2. Daily exogenous insulin use before and after
islet transplantation

The total amount of exogenous insulin decreased
gradually in all cases, stabilizing 1 month after
transplantation. The supplemental dose of stimulated
insulin (Fig. 3A) did not change significantly from
0.28 units/kg/day (range, 0.13-0.51 units/kg/day) to
0.21 units/kg/day (range, 0-0.41 units/kg/day); the
supplement of basal insulin (Fig. 3B) decreased
significantly by a median of 43% from 0.31 units/kg/
day (range, 0.16-0.37 units/kg/day) to 0.18 units/kg/
day (range, 0-0.22 units/kg/day, P < 0.05).

NS

06 p 0.28)

\ (0.21)

02 |

[nsulin Injection (units/kg/day)

(A) Pre Post

P <0.05

06

030

Insulin Injection (units’kg/day)

(B) Pre Post

Fig. 3. (A) Daily supplement of stimulated insulin (units/kg/day)
before and 1 month after islet transplantation. Median values in
parentheses. (B) Daily supplement of basal insulin (units/kg/day)
before and 1 month after islet transplantation. Median values in
parentheses.
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4. Discussion

Intensive insulin therapy can decrease HbA,. and
thereby delay the onset and slow progression of
secondary complications of diabetes in both type I
and type 2 diabetic patients [13,14]. However, our
results showed that, in many patients with type 1
diabetes, blood glucose levels remained unstable
despite optimal insulin therapy in hospital. The levels
remained considerably high or low in comparison with
the optimal levels, assessed by the M-value, and the
amplitude of glycemic excursions remained large,
assessed by MAGE, even though the HbA,, levels of
type 1 and type 2 diabetic patients on admission were
nearly the same. In addition, before islet transplanta-
tion, all six patients exhibited hypoglycemia unaware-
ness and life-threatening hypoglycemia despite all
effort to optimize insulin therapy. Like this, in type 1
diabetic patients, it is quite difficult to achieve good
glycemic control with exogenous insulin even if it is
optimized.

Islet transplantation has become an alternative
therapy for type 1 diabetes, the Edmonton protocol
of multiple transplantations from different donors
aiming at insulin independence as well as the avoidance
of severe hypoglycemia. However, in some countries,
the donor pool is extremely small, and many patients are
on waiting lists. We evaluated the effects on glycemic
lability in patients with insulin-dependency 1 month
after a single transplantation of the islets, when the total
amount of exogenous insulin became stable.

Glycemic lability in all six patients was improved
significantly 1 month after the first islet transplantation.
The M-value and MAGE became better than in most of
the type 2 diabetic control patients. This indicates that a
gain of endogenous insulin secretion resulted in non-
insulin-dependent status. Furthermore, episodes of
severe hypoglycemia have not occurred for at least 6
months after islet transplantation [ 10], even though the
overall blood glucose level continues to be considerably
lower than that before transplantation.

Only 5 years have passed since the Edmonton
protocol was started, and the loss of insulin indepen-
dence in many patients several years after transplanta-
tion has been reported [15]. Thus, the duration of
insulin-independent status established by transplania-
tion is uncertain. However, maintaining the blood
glucose level close to the normal range for a certain
period by transplantation can be beneficial: the
Epidemiology of Diabetes Interventions and Complica-
tions (EDIC) study [16-20] indicates a reduced risk of
onset and progression of diabetic complications for



M. Sassa et al./ Diabetes Research and Clinical Practice 73 (2006) 235-240 239

several years, even after glycemic control becomes fair
or poor due to graft failure.

As glycemic lability in type 1 diabetes is due to a
complete loss of both basal and stimulated insulin
secretion from B-cells, the supplemental dose of basal
and stimulated insulin required before and after islet
transplantation was compared. The supplement of basal
insulin of all six patients decreased significantly I
month after transplantation, indicating that a single
transplantation of the islets is an effective therapy to
supply basal insulin secretion.

The Treat-to-Target Trial and related trials have
shown that the uniform supplementation of basal insulin
throughout the day significantly reduces risk of
hypoglycemia and achieves good glycemic control in
type 2 diabetic patients [21-23]. Our findings appar-
ently support this. The supplemental dose of stimulated
insulin was not changed significantly, partly due to the
toxic effects on the islets of the immunosuppressive
drugs. Indeed, we have shown that tacrolimus sup-
presses glucose-induced insulin release from pancreatic
islets by reducing glucokinase activity [24]. In addition,
sirolimus significantly impairs glucose-induced insulin
secretion in islets [25,26]. Accordingly, the develop-
ment of a new immunosuppressive regimen less toxic to
B-cells may be required.

These results demonstrate that only a single
transplantation of the islets using even a non-heart-
beating donor can be sufficient to achieve metabolic
stability, avoid life-threatening severe hypoglycemia,
and improve the quality of life in patients with insulin-
dependency regardless of the achievement of insulin
independence. Thus, a single transplantation of the
islets using one donor may enable a greater number of
diabetic patients to benefit from islet transplantation
therapy where donor shortage is a serious problem.
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Abstract

Evaluation of a patient’s pancreatic 8-cell function is important in both diagnosis and treatment of diabetes. We sought to
determine B-cell function with a single sampling of blood. Examination of fasting blood glucose (F-BG, mM) and C-peptide (F-
CPR, nM) levels in seven post-islet-transplanted states of four patients revealed a linear relationship between F-BG and F-CPR.
Assuming that normal subjects aged <40 years have 100% pancreatic 3-cell function, we developed the secretory units of islets in
transplantation (SUIT) as an index of B-cell function by the formula: 250 x F-CPR/(F-BG — 3.43). The SUIT index was correlated
with the stimulated C-peptide levels not only in islet-transplanted patients (R*=0.68, P < 0.05) but also in type 2 patients
(R*=0.34, P < 0.001). Since the SUIT index can be calculated from data obtained at a single fasting blood sampling and predict the
pancreatic B-cell function, the formula may be a useful tool in clinical management of diabetes.

{© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Islet transplantation; Insulin; Diabetes

1. Introduction

Diabetes is a heterogeneous group of metabolic
disorders characterized by chronic hyperglycemia. As
diabetes results from pancreatic B-cell deficiency and/

* Corresponding author. Tel.: +81 75 751 3561;
fax: +81 75 751 3677.
E-mail address: yamada@metab.kuhp.kyoto-u.ac jp (Y. Yamada).

or insulin resistance, a convenient clinical measure of
pancreatic B-cell function and insulin sensitivity should
be helpful to achieve the tight control of glycemic levels
in diabetes.

Glucose is the most important secretagogue of
insulin from pancreatic B-cells. Several tools presently
available for measurement of pancreatic 3-cell function
include the hyperglycemic clamp [1], minimal model
method [2], and graded glucose infusion [3], either of
which determines secretory response of insulin to

0168-8227/$% — see front matter € 2006 Elsevier Ireland Ltd. All rights reserved.
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different glycemic levels and is complicated and time-
consuming. In contrast, measurement of pancreatic 3-
cell mass in human is only possible after autopsy [4] and
pancreatic f-cell mass is estimated from in vivo
functional tests of pancreatic B-celis.

It has been recently shown that islet transplantation
offers a prospect of good glycemic control in labile type
1 diabetes [3], and is used worldwide as a treatment of
brittle forms of type 1 diabetes [6]. Islet transplantation
in such patients involves extraction of islets from donors
with normal glucose tolerance followed by implantation
into patients with few islets. Thus, as the patients are
under intensive care of blood glucose levels in the
postoperative period to avoid gluco-toxicity on islets,
each islet transplanted into patients potentially has
normal function, and pancreatic $-cell function should
be closely related with pancreatic 3-cell mass in these
patients.

2. Materials and methods
2.1. The proposed SUIT index

Islet isolation was performed using a modification of the
Edmonton protocol [5,7,8] from pancreata of non-heart-beat-
ing donors [9] or a living donor [10]. Islets were infused into
the liver after percutaneous transhepatic cannulation of the
main portal vein. The study was approved by the ethics
committee of the Kyoto University Graduate School and
Faculty of Medicine, Japan.
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We examined fasting blood glucose (F-BG) and C-pep-
tide (F-CPR) levels in seven post-transplantation states of
four patients and found a linear relationship between F-BG
and F-CPR in each state. Since the estimation of the
summary blood glucose intercept was the ratio estimation,
a simple mean of —a;/b; was not a good estimator, where a;
was the individual CPR-intercept and b; was the individual
regression coefficient of the lines in Fig. 1. Instead we
estimated the summary F-BG intercept by — Y, a;// Y., br
The associated 95% confidence interval was calculated
based on the log transformation and the approximate var-
iance using the delta method. We found the point estimate of
the summary F-BG intercept to be 3.43 mM and the 95%
confidence interval 3.41-3.45 mM.

Assuming normoglycemic subjects aged <40 years have
normal pancreatic 3-cell mass, a SUIT index, the secretory
units of islets in transplantation, was assessed from F-BG
(mM) and F-CPR (nM).

2.2. Application of a SUIT index to type 2 diabetic patients

Type 2 diabetic patients hospitalized in Kyoto University
Hospital without renal failure (total 304, male/female 172/
132, BMI=240-+4.3 (mean+ S.D.), age=61.0+% 132
years (mean =+ S.D.)) were recruited. Serum C-peptide levels
were measured 6 min after intravenous injection of 1 mg of
glucagon {11].

2.3. Suatistical analyses
Statistical evaluation of results was performed using linear

regression. P values <0.05 were considered significant.
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Fig. 1. Linear relationship of fasting blood glucose and C-peptide levels. Seven cases of islet transplantation of four patients (A-D) were plotted.
Data from the first transplantation were shown in filled circles and solid lines and data from the second transplantation (A, B and C) were shown in
open circles and broken lines. Coefficient of determination (Rz) and P-value (P) are shown.
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3. Results
3.1. Correlation of F-BG and F-CPR

Steady state blood glucose and insulin levels are
determined by their interaction in a feed-back loop. We
examined fasting blood glucose (F-BG) and serum C-
peptide (F-CPR) levels in seven post-transplantation
states of four patients, and found a linear relationship
between F-BG and F-CPR in each state (Fig. 1).

While regression coefficients differ among the states,
the slope becomes steeper after sequential islet trans-
plantation (Fig. 1, broken lines compared with solid lines
in A, B and C). The most interesting feature is that the F-
BG intercept is similar in each case. We found the point
estimate of the summary F-BG intercept to be 3.43 mM
and the 95% confidence interval 3.41-3.45 mM.

3.2. Formula of the SUIT index

Assuming normoglycemic subjects aged <40 years
have normal pancreatic 3-cell mass, SUIT, the secretory
units of islets in transplantation, can be assessed {from F-
BG (mM) and F-CPR (nM) by the formula: 250 x F-
CPR/(F-BG — 3.43), where SUIT index of normal
subjects is 100.0 £ 11.7 (mean = S.E.).

3.3. The SUIT index in patients receiving
exogenous insulin therapy

Measurement of immunoreactive insulin is the
standard method for evaluating the pancreatic B-cell
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Fig. 2. The SUIT index in a patient receiving exogenous insulin
therapy. The clinical course of the SUIT index in a patient after islet
transplantation was shown. Amount of exogenous insulin injection
and the SUIT index were plotted against post-operative day.

function. However, insulin assays cannot differentiate
endogenous insulin from exogenous insulin and the
measurement of peripheral concentrations of C-peptide
is the most common approach in patients receiving
exogenous insulin therapy. We then calculated the SUIT
index in a case of living donor islet allo-transplantation
[10] requiring 0—17 units of exogenous insulin daily
after islet transplantation. The SUIT index of 37.1 & 1.3
(mean + S.E.) was independent of the amount of
exogenous insulin in this case (Fig. 2) as well as in
other cases (data not shown).

3.4. The SUIT index to evaluate the efficacy of islet
transplantation

The efficacy of islet transplantation has been
evaluated by measuring the stimulated C-peptide levels
[12]. We then compared the SUIT index with the results
of a glucagon stimulation test of islet secretory capacity
in patients after islet transplantation (Fig. 3A). The
acute insulin response to glucagon (1 mg) is clearly
correlated with the SUIT index (R2 =0.68, P < 0.05).
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Fig. 3. Validation of the SUIT index as pancreatic $-cell function.
Correlation of the SUIT index and the acute insulin response to
glucagon were shown in islet-transplanted patients (A) and type 2
diabetic patients (B). Serum C-peptide levels were measured 6 min
after intravenous injection of glucagon (1 mg). Coefficient of deter-
mination (Rz) and P-value (P) are shown.
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Fig. 4. The SUIT index as early predictor of islet transplantation
efficacy. The SUIT indexes were plotted against post-operative day.
Data from the first transplantation were shown in filled circle and data
from the second transplantation were shown in open circles.

We next compared the SUIT index against the post-
operative days (Figs. 2 and 4) and found that the index is
similar around the course. These results indicated that
the SUIT index was able to predict the efficacy of islet
transplantation just after post-operative day 7.

3.5. Application of the SUIT index into type 2
diabetes

The SUIT index was then compared with the results
of glucagon stimulation test in type 2 diabetic patients
(Fig. 3B). The acute insulin response to glucagon was
similarly correlated with the SUIT index (R* =0.34,
P < 0.001).

4. Discussion

The measurement of the pancreatic $-cell function is
critical in the management of diabetic patients. In type 1

— 298 —

patients, intensive insulin therapies aimed at preserving
or improving endogenous insulin secretion are asso-
ciated with better metabolic control and lower risk for
hypoglycemia and chronic complication [13,14]. In
type 2 patients, the United Kingdom Prospective
Diabetes Study revealed that the glycemic deterioration
is associated with progressive loss of the pancreatic -
cell function [15].

The pancreatic B-cell function is determined by two
factors: quantity of pancreatic B-cells and quality of
each B-cell. Characterization of maturity-onset diabetes
of the young (MODY) shows that each of the factors
plays an important role on glucose-induced insulin
secretion. Glucokinase, a rate-limiting enzyme of the
glycolytic pathway, plays a key role in glucose sensing
by the insulin-secreting pancreatic B-cells. In subjects
with glucokinase mutations (MODY2), the dose-
response curve relating glucose and insulin secretion
rate during graded intravenous glucose infusions was
shifted to the right, indicating that quality of pancreatic
B-cells can determine insulin-secretory capacity in vivo
[16]. In contrast, inactivating mutation of the IPF] gene
leads to MODY4 [17] and partial deficiency of the IPF1,
known as PDX-1 in mice, showed that pancreatic B-cell
mass was decreased but single B-cells had normal
glucose sensing and insulin secretion, indicating that
quantity of pancreatic B-cells can also determine
insulin-secretory capacity [18]. Therefore, measure-
ment of pancreatic 3-cell mass in human is necessary
but is only possible after autopsy [4].

In this study, we have shown that in islet-transplanted
patients, fasting blood glucose and fasting serum C-
peptide levels have a linear relationship and pancreatic
B-cell mass can be estimated from the formula by a
single sampling of blood after over-night fast. This
formula resembles that in the computer-solved mode] of
pancreatic B-cell function, HOMA-B, which is
20 x insulin  (MU/LY(F-BG — 3.5) [19]. However,
HOMA-B cannot be used to assess B-cell function in
those taking exogenous insulin [20), due to the inability
of insulin assays to differentiate endogenous insulin
from exogenous insulin. We have not yet determined the
range of the linear regression of F-BG and F-CPR.
However, the SUIT index is independent of the amount
of exogenous insulin. Therefore, it would be possible to
know the B-cell function after injection of long-acting
insulin.

After islet transplantation, not all of the grafted islets
survived in the recipients but some islets were damaged
and insulin were released from the eliminated islets
especially in the early stage of islet transplantation,
resulting in dysregulated elevation of serum C-peptide
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levels during a few days of post-transplantation. Our
study showed that the SUIT index could predict the
efficacy of islet transplantation just after post-operative
day 7.

Calculation of the SUIT index by a single sampling
of blood after over-night fast can predict pancreatic 3-
cell function not only in islet-transplanted patients but
also in type 2 diabetic patients, and should be a useful
tool in the clinical management of diabetes.
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Abstract

Gatifloxacin can cause both hypoglycemia and hyperglycemia in both diabetic and non-diabetic patients. Gatifloxacin recently has been reported
to stimulate insulin secretion by inhibition of ATP-sensitive K (Karp) channels in pancreatic f-cells. Gatifloxacin-induced hypoglycemia is
associated with concomitant use of sulfonylureas, and usually occurs immediately afier administration of the drug. We find that gatifloxacin acutely
stimulates insulin secretion from mouse pancreatic islets and that glibenclamide has additive effects on gatifloxacin-induced insulin secretion. On
the other hand, gatifloxacin-induced hyperglycemia often takes several days to develop. We also demonstrate that chronic gatifloxacin treatment
decreases islet insulin content by inhibiting insulin biosynthesis, which process may be associated with gatifloxacin-induced hyperglycemia.
Moreover, discontinuation of gatifloxacin results in improved insulin secretory response. These data clarify the differing mechanisms of
gatifloxacin-induced hyper- and hypoglycemia, and suggest that blood glucose levels should be carefully monitored during gatifloxacin
administration, especially in elderly patients with renal insufficiency, unrecognized diabetes, or other metabolic disorders. Because the risk of
potentially life-threatening dysglycemia is increased during gatifloxacin therapy, these findings have important implications for clinical practice.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Gatifloxacin; Hypoglycemia; Hyperglycemia; Insulin secretion; Islet insulin content; Karp (ATP-sensitive K*) channel

1. Introduction

Gatifloxacin is a fourth-generation fluoroquinolone that is
active against a broad spectrum of pathogens. Since its intro-
duction in clinical practice in 2000, gatifloxacin use has in-
creased steadily in hospital and community settings. However,
gatifloxacin and certain other quinolones have been reported to
induce both hypo- and hyperglycemia in diabetic and non-
diabetic patients (Baker and Hangii, 2002; Menzies et al., 2002;
Biggs. 2003; Donaldson et al., 2004). Most of the hypoglycemic
patients were elderly and/or had renal insufficiency, which
might increase the serum concentration of gatifloxacin, and they
were often diabetic and received concomitant oral hypoglyce-
mic agents such as sulfonylureas (Menzies et al., 2002; Biggs,

* Corresponding author. Tel.: +81 75 751 3560; fax: +81 75 751 4244.
E-mail address: nagasima(@metab.kuhp.kyoto-u.ac jp (K. Nagashima).

0014-2999/§ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/.ejphar.2006.09.043

2003). The mechanism of such hypoglycemia is thought to
involve increased insulin release from pancreatic islets (Maeda
et al., 1996), and it has been shown recently that some quino-
lones such as temafloxacin and gatifloxacin directly stimulate
insulin secretion by inhibiting Karp channel activities in pan-
creatic B-cells when used at high concentrations (Saraya et al.,
2004). Hypoglycemia induced by quinolones usually occurs
immediately after the first administration of the drug. In this
study, we examined the acute effects of gatifloxacin and the
interaction of therapeutically relevant concentrations of gati-
floxacin and glibenclamide, one of the most widely used oral
hypoglycemic agents, using mouse pancreatic islets.

In contrast to hypoglycemia, gatifloxacin-induced hypergly-
cemia often takes several days to develop high glucose levels of
around 30 mM, and discontinuation of gatifloxacin treatment
promptly improves glucose homeostasis in most cases (Arce
et al., 2004; Bhatia et al., 2004; Biggs, 2003; Donaldson et al.,
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2004). However, little is known of the mechanism of hyper-
glycemia induced by fluoroquinolones. In this study, we
cultured mouse pancreatic islets and mouse insulinoma MING6
cells with or without various concentrations of gatifloxacin to
clarify the chronic effects of gatifloxacin, including changes in
islet insulin content and insulin mRNA expression levels. We
also determined whether gatifloxacin withdrawal restores
insulin secretory response and islet insulin content in gatiflox-
acin pre-treated islets. In addition to clarifying gatifloxacin-
induced glucose abnormalities, these data indicate that blood

glucose should be carefully monitored during gatifloxacin
* administration, especially in patients with impaired glucose
tolerance.

Z. Materials and methods
2.1. Solutions and drugs

The medium for batch incubation experiments was a bicar-
bonate-buffered solution containing (in mM): NaCl 120, KCl
4.7, MgSQ,4 1.2, KH,PO, 1.2, CaCly 2.4, NaHCO; 20, and
HEPES 10, supplemented with 0.2% bovine serum albumin and
gassed with a mixture of O (95%) and CO; (5%) to maintain
pH 7.4. Gatifloxacin, norfloxacin, and fleroxacin were from
Kyorin Pharmaceutical Co., Ltd., Japan. Levofloxacin and
ofloxacin were from Daiichi Pharmaceutical Co., Ltd., Japan.
The drugs were dissolved in dimethy] sulphoxide (DMSO) to
obtain a stock solution of 200 mM, and further diluted to final
concentrations with the medium. Glibenclamide was obtained
from Research Biochemicals International, U.S.A., prepared as
a stock solution of 1 mM in DMSO, and diluted to the final
concentration before use.

2.2. Isolation of mouse pancreatic islets and islet culture

All animal procedures were approved by Kyoto University
Animal Care Committees. Pancreatic islets were isolated from
fed male C57Bl/6 mice aged 12-16 weeks by collagenase
digestion method. For short term exposure, fresh islets were
used. For long term exposure, islets were cultured with or
without gatifloxacin in RPMI medium containing 10% fetal
bovine serum and 11.1 mM glucose, and used after the indicated
culture periods for subsequent experiments. In some experi-
ments (Fig. 5), the islets were cultured in the presence of 20 or
100 uM gatifloxacin for one day, washed with gatifloxacin-free
RPMI medium three times to remove remaining gatifloxacin in
the culture medium, and then cultured for additional two days in
gatifloxacin-free medium.

2.3. Batch incubation experiment and islet insulin content
analysis

Ten size-matched fresh or cultured islets were collected in
each tube and preincubated at 37 °C for 30 min in 1 ml of the
medium containing 2.8 mM glucose mentioned above, and
incubated for another 30 min in 500 pl of medium containing
the indicated concentrations of glucose and test materials. At the

end of the incubation period, islets were pelleted by centri-
fugation (130 xg, 1.5 min) and aliquots of the buffer were
sampled. The amount of immunoreactive insulin was deter-
mined by radicimmunoassay (RTA), using mouse insulin as a
standard. To determine insulin content, islets were homogenized
in 400 pl acid-ethanol (37% HCI in 75% ethanol, 15:1000 vol/
vol) and extracted at 4 °C overnight. The acidic extracts were
dried by vacuum, reconstituted, and subjected to insulin mea-
surement. Insulin was measured by RIA.

2.4. Analysis of mouse insulin-2 mRNA from cultured islets and
MING cells

After groups of 50 islets were cultured with or without
gatifloxacin for 3 days, poly(A)"” RNAs were isolated using a
Poly(A)Pure kit (Ambion, U.S.A.) and first strand cDNAs were
synthesized by SuperScript™ II Reverse Transcriptase system
(Invitrogen, U.S.A.) according to the manufacturer’s instruc-
tions. TagMan™ quantitative polymerase chain reaction (PCR)
assay for mouse Insulin-2 (mlns-2) was performed using
forward and reverse mlns-2-specific primers and probes in an
ABI PRISM™ 7000 Sequence Detection System. The results
are expressed as the ratio of m/ns-2 mRNA to mouse Glycer-
aldehydes-3-phosphate dehydrogenase (GAPDH) mRNA.

MING cells were cultured in Dulbecco’s Minimal Essential
Medium supplemented with 25 mM glucose and 13% fetal
bovine serum with or without gatifloxacin for 3 days. Total
RNA (10 ng) prepared with TRIzol reagent (Invitrogen, U.S.A.)
was used for Northern blot analysis. Mouse B-actin mRNA was
used for standardization.

Insulin promoter activity was evaluated in MING cells trans-
fected with the human insulin promoter-luciferase reporter gene
and cultured for three days with or without 100 uM gatifloxa-
cin, using Dual-Luciferase Reporter Assay System (Promega,
U.S.A.) according to manufacture’s instructions. Mean values
of luciferase activity relative to the gatifloxacin-untreated
contro} were calculated from duplicate wells.

2.5. Statistical analysis

Results are expressed as mean+S.E.M. The overall differ-
ence between groups was determined by two-way factorial
analysis of variance (ANOVA) (Figs. 1, 3, and 5), repeated
measure ANOVA (Fig. 2), or one-way ANOVA (Fig. 4). If the
analysis was significant, differences between groups were
estimated using Tukey—Kramer multiple comparison post-hoc
test.

3. Results

3.1. Acute effect of gatifloxacin and additive effect with
glibenclamide on insulin secretion

The acute effect of gatifloxacin on insulin secretion from
fresh mouse pancreatic islets was examined at concentrations of
0, 20, 100, and 300 uM in the presence 2.8, 5.5, 11.1, 16.7, and
25 mM glucose (Fig. 1). Insulin secretion was significantly
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Fig. 1. Effect of various concentrations of gatifloxacin on insulin secretion from
pancreatic islets. (A) Batches of 10 islets were preincubated for 30 min in
medium containing 2.8 mM glucose, and incubated for 30 min in 2.8 mM,
5.5 mM, 167 mM, and 25 mM glucose with 0, 20, 100, and 300 uM
gatifloxacin. Values are meantS.EM. of eight observations. **P<0.01,
*P<0.05 vs corresponding control (0 pM Gatifloxacin). (B) Additive effect
of gatifloxacin on insulin secretion stimulated by glibenclamide. After
preincubation for 30 min without glibenclamide in 2.8 mM glucose, batches
of 10 islets were incubated for 30 min in medium containing 11.1 mM glucose
with 0, 20, and 100 pM gatifloxacin and 0, 10, and 100 nM glibenclamide.
Values are mean*S.E.M. of eight observations. *P<0.05 vs corresponding
control (0 pM Gatifloxacin).

increased by 100 uM and 300 pM gatifloxacin at 5.5 mM
glucose (Fig. 1A) and by 100 pM gatifloxacin at 11.1 mM
glucose (Fig. 1B). However, it was not significantly increased at
low (2.8 mM) or high (16.7 mM and 25 mM) glucose
concentrations (Fig. 1 A). Addition of 10 nM glibenclamide to
20 uM and 100 uM gatifloxacin augmented insulin release
about 1.3 fold and 1.7 fold, respectively, in the presence of
11.1 mM glucose (Fig. 1B). 100 nM glibenclamide had no
additional effect on gatifloxacin-induced insulin secretion.

3.2. Effect of gatifloxacin on insulin secretion and islet insulin
content during 3-day culture

Cumulative insulin secretion from mouse pancreatic islets
into culture medium in the presence of 11.1 mM glucose with or
without gatifloxacin was monitored every 24 h for 72 h. In
gatifloxacin-untreated (control) islets, the amount of insulin
released into culture medium steadily increased during the
culture period. On the other hand, insulin secretion from
gatifloxacin-treated islets (20 pM and 100 pM gatifloxacin
groups) was slightly higher than that of controls at Day 1,
possibly due to the stimulating effect of gatifloxacin, but did not
increase thereafter (Fig. 2A).

Islet insulin content was observed for 72 h in the same
culture conditions (Fig. 2B), and was markedly reduced by
20 uM and 100 uM gatifloxacin during the culture period. Islet
insulin content was significantly decreased by gatifloxacin to
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Fig. 2. Chronic effect of gatifloxacin on insulin secretion during a 3-day culture
with 0, 20 and 100 uM gatifloxacin in 11.1 mM glucose. (A) The amount of
insulin released into culture medium was measured at Day 1, Day 2, and Day 3.
Insulin secretion from gatifloxacin-treated islets did not increase after Day 2.
Values are mean*tS.EM. of eight observations. *P<0.05 vs corresponding
control (0 pM Gatifloxacin). (B) Islet insulin content was measured at Day 1,
Day 2, and Day 3. Islet insulin content was significantly decreased in
gatifloxacin-treated islets. Values are mean:S.E.M. of ten observations.
**P<0.01 vs corresponding control (0 uM Gatifloxacin).

60% of control islets already at Day 1, and continued to be
reduced to 50.1% and 44.7% at Day 3 by 20 uM and 100 uM
gatifloxacin, respectively.

3.3. Chronic effect of various new quinolones on islet insulin
content

We then compared the effect of gatifloxacin with that of
other new quinolones on islet insulin content after 3-day culture
in 11.1 mM glucose (Fig. 3). All of the new quinolones tested in
this study decreased insulin content at a high dosage (100 uM).
Only gatifloxacin decreased islet insulin content at 20 uM, with
a half-maximal inhibitory concentration (ICsq) of 17.7 uM,
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Fig. 3. Chronic effects of various new quinolones on islet insulin content during 3-
day culture in 1 1.1 mM glucose. Gatifloxacin, levofloxacin, ofloxacin, norfloxacin,
and fleroxacin were used at concentrations of 0, 20, and 100 uM, and only 20 pM
gatifloxacin decreased islet insulin content measured at Day 3 with a half-maximal
inhibitory concentration (ICso) of 17.7 uM. Values are meantS.E.M. of ten
observations. **P<0.01 vs corresponding control (0 uM Gatifloxacin).
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Fig. 4. Chronic effect of gatifloxacin treatment on insulin mRNA levels. (A)
mRNA was isolated from islets cultured for 3 days with 0, 20, and 100 uM
gatifloxacin in 11.1 mM glucose, and mouse /nsulin-2 expression levels were
evaluated by quantitative real-time polymerase chain reaction (PCR) analysis.
Values are meantS.E.M. of six observations. *P<0.05 vs cormresponding
control (0 uM Gatifloxacin). (B) To examine the effects of gatifloxacin on
insulin promoter activity, luciferase assay was carried out using MING cells
cultured for 3 days with or without 100 uM gatifloxacin (#=18 in control, n=22
in 100 uM gatifloxacin-treated MING cells).

indicating that among the new quinolones, gatifloxacin is most
likely to cause hyperglycemia.

3.4. Chronic effect of gatifloxacin treatment on insulin mRNA
level

To investigate the decrease in islet insulin content, we
examined insulin mRNA levels as a marker of insulin
biosynthesis. mRNA was isolated from islets cultured for
3 days with or without gatifloxacin. Relative mouse Insulin-2
(mns-2) mRNA expression levels were significantly decreased
to 27.1% in 20 uM gatifloxacin-treated group and to 18.6% in
100 pM group, respectively, compared with that of 0 pM
gatifloxacin group (Fig. 4A). We also performed Northern blot
analysis of m/ns-2 mRNA using mouse insulinoma MING6 cells
cultured for 3 days with 0 uM, 20 pM and 100 uM gatifloxacin.
We found that relative m/ns-2 mRNA expression levels were
significantly decreased by 20 uM and 100 uM gatifloxacin to
69.4% and 51.9%, respectively, compared with 0 uM gati-
floxacin group. In addition, insulin promoter activity in MIN6
cells cultured for three days with 100 uM gatifloxacin was
measured using luciferase assay, but was almost identical to that
in gatifloxacin-untreated cells with relative fold change of 1.01
(Fig. 4B).

3.5. Effect of gatifloxacin withdrawal on insulin secretion and
islet insulin content

Mouse pancreatic islets were cultured in the presence of 20
or 100 uM gatifloxacin for one day, washed thoroughly with

gatifloxacin-free RPMI medium, and cultured for an additional
two days in the gatifloxacin-free medium. Glucose-induced
insulin secretion was greatly decreased by gatifloxacin treat-
ment, but recovered after removal of gatifloxacin from the
culture medium (Fig. 5A). Islet insulin content was decreased
by gatifloxacin similarly, while frequently recovering by
withdrawal of gatifloxacin in the 20 pM gatifloxacin group
(to 77% of control (0 uM Gatifloxacin)) and not at all in the
100 uM gatifloxacin group (Fig. 5B). Since culture in the
presence of gatifloxacin lowers islet insulin content, insulin
secretion was expressed as % content, and insulin release from
islets cultured with both 20 uM gatifloxacin and 100 puM
gatifloxacin showed almost complete recovery upon discontin-
uation of the drug (Fig. 5C).
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Fig. 5. Effect of gatifloxacin withdrawal on insulin secretion and insulin content
from islets cultured in the presence of 20 or 100 pM gatifloxacin for one day,
followed by an additional two-day culture in gatifloxacin-free medium. (A)
Glucose-induced insulin secretion from each group was measured at Day3.
Values are meantS.E.M. of twelve observations. **P<0.01, *P<0.05 vs
corresponding control (0 pM Gatifloxacin). (B) Islet insulin content was
measured at Day 3. Values are meant S.E.M. of twelve observations. **P<0.01,
#p<0.05 vs corresponding control (0 pM Gatifloxacin). (C) When insulin
secretion is expressed as % insulin content, the insulin secretory response
impaired by gatifloxacin returned to normal level upon discontinuation of the
drug. Values are meant S.E.M. #¥P<0.01, #P<0.05 vs corresponding control
(0 pM Gatifloxacin).
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4. Discussion

The first report of symptomatic hypoglycemia related to
gatifloxacin use in patients with type 2 diabetes mellitus who
received oral hypoglycemic agents was published in 2002
(Menzies et al., 2002), and was soon followed by additional
studies (Baker and Hangii, 2002; Biggs, 2003; Khovidhunkit
and Sunthornyothin, 2004) as well as reports of symptomatic
severe hyperglycemia (Biggs, 2003; Arce et al., 2004; Bhatia
et al., 2004; Donaldson et al.,, 2004; Khovidhunkit and
Sunthornyothin, 2004). Gatifloxacin is usually administered at
400 mg per day orally, and the maximum serum concentration
(Cinax) for a single oral dose of 400 mg is 8.3 to 10.5 uM in
healthy volunteers (Brown, 2000; Grasela, 2000; Mignot et al.,
2002). The effective therapeutic concentration range of the
other quinolones is around 2-14 pM (Kang et al., 2001;
Redfern et al., 2003).

We first examined whether gatifloxacin had an effect at
different glucose concentrations, and next the interaction of a
therapeutically relevant concentration of gatifloxacin and
glibenclamide, because gatifloxacin-induced hypoglycemia is
clinically associated with sulfonylureas. Saraya et al. (2004)
found that gatifloxacin stimulates insulin secretion at 5.5 mM
and 11.1 mM glucose, and we obtained the same results in the
present study but found that gatifloxacin had little effect at both
low (2.8 mM) and high (16.7 and 25 mM) concentrations of
glucose. The reason for the lack of the gatifloxacin-induced
insulin secretion at the low glucose concentration is not clear at
this stage, although glucose concentration of 2.8 mM is not
relevant as the plasma glucose level for the patients. On the
other hand, if the glucose or glibenclamide concentration is high
enough to fully suppress Karp channel activity, further sup-
pression by gatifloxacin is not possible. We previously found
that less than 10 nM glibenclamide of 11.1 mM glucose could
not fully suppress Karp channel activity (Inagaki et al., 1995;
Tsuura et al., 1993), and this may underlie the differing effects
of gatifloxacin in the conditions of 5.5 mM glucose, 11.1 mM
glucose, or 10 nM glibenclamide from in the conditions of high
(16.7 and 25 mM) glucose or high (100 nM) glibenclamide.
Thus, the combination of a therapeutically relevant concen-
tration of gatifloxacin and glibenclamide may independently
increase the risk of hypoglycemia in diabetic patients.

Hyperglycemia also has been linked to the use of gatifloxacin.
In contrast to gatifloxacin-induced hypoglycemia which often
occurs within three days of administration of the drug,
gatifloxacin-induced hyperglycemia usually takes from 4 to
10 days to develop the high glucose levels of around 30 mM, and
discontinuation of gatifloxacin treatment results in improved
glucose homeostasis in most cases (Arce et al., 2004; Bhatia et al.,
2004; Biggs, 2003; Donaldson et al., 2004; Khovidhunkit and
Sunthornyothin, 2004). We also examined the effects of long term
exposure of gatifloxacin on pancreatic islets in the present study.
The amount of insulin released into the medium from cultured
islets was measured, and insulin secretion from gatifloxacin-
treated islets was already somewhat greater than in controls at
Day1, possibly due to the stimulating effect of gatifloxacin, and
not increased thereafter. Under normal physiological conditions,

when glucose stimulates insulin release from pancreatic islets,
there is a rapid and corresponding glucose-induced increase in
insulin biosynthesis that efficiently replenishes the intracellular
mnsulin stores (Itoh and Okamoto, 1980; Leibowitz et al., 2002;
Wicksteed et al., 2003). However, gatifloxacin-treated islets
showed a significant decrease in insulin content throughout the
culture period. We also compared the chronic effects of several
other fluoroquinolones on islet insulin content. Although all of the
fluoroquinolones reduced islet insulin content when used ata high
dosage, gatifloxacin was shown to have the highest potential, with
a half-maximal inhibitory concentration (ICsg) of 17.7 uM, which
might readily be reached in a patient with renal insufficiency.
These results are consistent with clinical experience that
gatifloxacin among the fluoroquinolones is associated with the
highest risk of hyperglycemia. A recent large-scale study (Park-
Wyllie et al., 2006) found an adjusted odds ratio of 16.7 for the
association between hyperglycemia-related hospital visits and
recent antibiotic use. Accordingly, we examined insulin mRNA
levels as a marker of insulin biosynthesis, and found that mouse
Insulin-2 {mlns-2) mRNA expression levels were significantly
decreased both in islets and MIN6 cells, suggesting that
gatifloxacin directly inhibits insulin biosynthesis. However, this
was not associated with inhibition of transcriptional activity as
shown by luciferase assay. Thus, impaired mRNA stability rather
than suppression of transcriptional activity may be the main
contributor to the decreased islet insulin content.

Another important clinical feature of gatifloxacin-induced
hyperglycemia is that treatment including discontinuation of the
drug and blood glucose management readily improves glucose
homeostasis in most cases. Insulin secretion was significantly
decreased along with the reduction of insulin biosynthesis in
gatifloxacin-treated islets, but was improved by withdrawal of
the drug, in accordance with gatifloxacin-induced hyperglyce-
mia improving upon discontinuation of the drug.

In conclusion, the present study clearly shows that the
combination of a therapeutically relevant concentration of
gatifloxacin and glibenclamide increases the risk of hypogly-
cemia in diabetic patients, while gatifloxacin itself stimulates
insulin secretion from pancreatic [3-cells when used at high
concentrations. Moreover, chronic gatifloxacin treatment di-
rectly inhibits insulin biosynthesis, leading to reduced islet
insulin content and impaired insulin secretory response, both of
which may be associated with gatifloxacin-induced hypergly-
cemia. These findings have important implications for clinical
practice in that the risk of potentially life-threatening dysgly-
cemia may increase during gatifloxacin therapy, especially
in elderly patients with renal dysfunction and/or glucose
intolerance.
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Abstract

The spontaneously diabetic Torii (SDT) rat was recently recognized as a new animal model of non-obese type 2 diabetes. As the
severe diabetic ocular complications seen in SDT rats already have been investigated, we examined another common diabetic
complication, gastroenteropathy. Male SDT rats developed diabetes at 20 weeks and diarrhea at 28 weeks of age. Gastrointestinal
motility was evaluated at 28 wecks by measuring the distance of small intestinal transit by oral administration of the non-absorbed
marker, arabic gum. SDT rats exhibited greater intestinal transit distance than control SD rats (54.1 & 2.6% versus 43.0 £ 1.2%).
Insulin treatment of SDT rats begun at 20 weeks of age produced improved stool and reduced intestinal transit distance
(41.4 & 0.3%). Morphologically, the SDT rats exhibited longer villi and heavier weight of intestine compared to control SD
rats. These results suggest that the SDT rat may be a useful animal model for studies of diabetic gastroenteropathy.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Diabetic animal models can be made by chemical
treatment, pancreas resection, or careful crossbreeding to
exhibit spontaneous development, and are especially
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helpful for analysis of the pathogenesis of the complica-
tions of human type 2 diabetes. There are several
established lines of spontaneously diabetic animal models
of the disease, including the GK rat, the Wistar fatty rat,
and the OLETF rat [ 1-3], but recently the spontaneously
diabetic Torii (SDT) rat has been recognized as an inbred
animal model [4-6]. It was reported that SDT male rats
develop hyperglycemia and hypoinsulinemia without
obesity at about 20 weeks of age. SDT male rats develop
hyperglycemia and hypoinsulinemia at about 20 weeks of
age. Interestingly, they also exhibit severe diabetic ocular
complications such as cataracts, proliferative retinopathy,
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