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Gliclazide protects human islet beta-cells from
apoptosis induced by intermittent high glucose
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Abstract

Background Decreased beta-cell mass, mainly due to apoptosis, is crucial
for the development and progression of type 2 diabetes. Chronic exposure to
high glucose levels is a probable underlying mechanism, whereas the role of
oral anti-diabetic agents (sulphonylureas in particular) is still unsettled.

Methods To directly investigate more on such issues, we prepared
isolated human islets, which were then cultured for 5 days in continuous
normal glucose concentration (NG, 5.5 mmol/L) or normal and high (HG,
16.7 mmol/L) glucose levels (alternating every 24 h), with or without
the addition of therapeutical concentration (10 µmolL) of gliclazide or
glibenclamide.

Results Intermittent high glucose caused a significant decrease of glucose-
stimulated insulin secretion, which was not further affected by either
sulphonylurea. Apoptosis, as assessed by electron microscopy, was also
significantly increased by alternating high glucose exposure, which was
accompanied by altered mitochondria morphology and density volume,
and increased concentrations of nitrotyrosine, a marker of oxidative stress.
Gliclazide, but not glibenclamide, was able to significantly reduce high glucose
induced apoptosis, mitochondrial alterations, and nitrotyrosine concentration
increase.

Conclusion Therefore, gliclazide protected human beta-cells from apoptosis
induced by intermittent high glucose, and this effect was likely to be due,
at least in part, to the anti-oxidant properties of the molecule. Copyright 
2006 John Wiley & Sons, Ltd.
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Introduction

Diabetes mellitus is a chronic disease caused by insulin deficiency, combined
with varying degrees of ineffectiveness of the insulin produced [1,2]. The
worldwide figure of people with diabetes is set to rise from 150 million in
the year 2000 to 300 million in 2025 [3], and the disease is often associated
with long-term microvascular, neurological, and macrovascular complications
including retinopathy, nephropathy, neuropathy, and cardiovascular disease
[1–4]. There are two main forms of diabetes, type 1 and type 2: the former is
characterized by an absolute insulin insufficiency due to the immunological
destruction of pancreatic beta-cells, and accounts for approximately 10% of
all cases; the latter is associated with insulin deficiency and reduced insulin
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action, and it represents the most common form (around
90% of all cases) [1–4].

Intensive management of diabetes to optimize glycemic
control is associated with reduced development and/or
severity of degenerative complications in both type 1
and type 2 diabetes [4–6]. Diet, exercise and, when
needed, weight loss are at the centre of any therapeutical
programme for diabetes. Oral anti-diabetic agents are
required in type 2 diabetes when such an approach is
unable to attain targets of glycemic control [4,6,7]. In the
UKPDS [6], insulin, sulphonylureas (chlorpropamide and
glibenclamide) or metformin were used to demonstrate
that improved diabetes control was effective in positively
affecting the course of microvascular complications, with
no difference between the compounds. However, a decline
of pancreatic beta-cell function was observed with time,
whichever agent was used, which clearly contributed to
the progression of diabetes [6,8].

Gliclazide is a second-generation sulphonylurea, widely
used in the treatment of type 2 diabetes [9–12]. Similar to
the other compounds of the same pharmacological family,
the drug reduces blood glucose level by inducing insulin
release from pancreatic beta-cells through interaction
with the sulphonylurea receptor (SUR1) of the KATP-
channel [9,10,12,13]. The binding of gliclazide to
SUR1 receptor is very rapidly reversible in contrast
to glibenclamide, which shows prolonged binding
to the pancreatic beta-cell. Besides its hypoglycemic
effects, gliclazide has anti-oxidant properties, which are
independent of any effects on glucose levels [14–16].
Since pancreatic beta-cell damage due to environmental
factors such as high glucose (HG) or free fatty acid
levels [17,18], as well as the diabetic milieu [19–21] is
associated with increased oxidative stress, we decided to
investigate whether gliclazide may have direct protective
actions on isolated human pancreatic islets exposed to HG.
Morphological, functional, and molecular studies were
performed, and the results were compared with those
obtained with glibenclamide, a sulphonylurea which is
also largely employed in the therapy of type 2 diabetic
patients [9].

Materials and methods

Pancreatic islet isolation and culture

Pancreata were obtained from 9 non-diabetic, non-obese
multiorgan donors (age: 59 ± 17 years, gender: six males
and three females, body mass index: 24.4 ± 3.3 kg/m2).
Isolated islets were prepared by collagenase digestion
and density gradient purification as previously reported
[18,19,21], with the approval of our local Ethics
Committee. Cells were maintained free floating in M199
culture medium, at 5.5 mmol/L glucose concentration,
for 2–3 days; then, aliquots of approximately 100
islets were incubated for 5 days under the following
conditions: (1) control M199 medium containing normal
(5.5 mmol/L) glucose (NG); (2) NG or 16.7 mmol/L

HG, alternating every 24 h; (3) as (2) with the addition
of 10 µmol/L gliclazide; (4) as (2), with the addition
of 10 µmol/L glibenclamide. Insulin concentration in
the incubation medium was measured every 24 h.
The concentrations of sulphonylureas we used were
in the therapeutical range [22,23]. Functional and
morphological studies were performed at the end of the
5-day incubations.

Insulin secretion studies

Insulin secretion studies were performed as reported
elsewhere [18,19,21]. Briefly, following a 45-min pre-
incubation period at 3.3 mmol/L glucose, groups of 30
islets of comparable size were kept at 37 ◦C for 45 min in
Krebs-Ringer bicarbonate solution, 0.5% albumin, pH 7.4,
containing 3.3 mmol/L glucose. At the end of this period,
the medium was completely removed and replaced with
Ringer bicarbonate solution containing either 3.3 or
16.7 mmol/L glucose. After additional 45 min incubation,
the medium was removed. The samples (500 µL) from
the different media were stored at −20 ◦C until insulin
concentrations were measured by IRMA (Pantec Forniture
Biomediche, Turin, Italy).

Electron microscopy evaluation

Electron microscopy studies were performed as previously
described [18,19,21,24]. Samples were fixed with 2.5%
glutaraldehyde in 0.1 mol/L cacodylate buffer, pH 7.4
for 1 h at 4 ◦C. After rinsing in cacodylate buffer, the
tissue was post-fixed in 1% cacodylate buffered osmium
tetroxide for 2 h at room temperature, then dehydrated in
a graded series of ethanol, briefly transferred to propylene
oxide and embedded in Epon–Araldite. Ultrathin sections
(60–80 nm thick) were cut with a diamond knife, placed
on formvar-carbon coated copper grids (200 mesh), and
stained with uranyl acetate and lead citrate. The amount
of apoptotic cells, mitochondria morphology and density
volume were then examined on these preparations.

Determination of nitrotyrosine
concentration

Nitrotyrosine concentration was determined by an ELISA
method as previously described [19]. White 96-well plates
(Iwaki, Japan) were coated with 200 µL of standard curve
samples (15–0.166 nmol/L) or 1 µg/µL of islet cell lysates
(65 µL/well) in 0.1 mol/L carbonate–bicarbonate buffer
(135 µL), pH 9.6, kept overnight at 4 ◦C. Non-specific
binding was blocked by 1% BSA in PBS -T (PBS plus
0.05% Tween 20), for 1 h at 37 ◦C and the wells were
incubated with purified monoclonal anti-nitrotyrosine
mouse IgG (UPSTATE, NY) for 1 h at 37 ◦C. Then, the
plates were washed and incubated with a peroxidase-
coniugated goat anti-mouse IgG secondary antibody
for 45 min at 37 ◦C. The peroxidase reaction product

Copyright  2006 John Wiley & Sons, Ltd. Diabetes Metab Res Rev 2007; 23: 234–238.
DOI: 10.1002/dmrr



236 S. Del Guerra et al.

was generated using tetramethyl-benzidine microwell
peroxidase substrate (Sigma–Aldrich) (150 µL/well). The
plates were incubated 5–10 min at room temperature and
optical density was read at 492 nm in a microplate reader.

Statistical analysis

The results are expressed as mean ± SD. Data were
compared by analysis of variance (ANOVA), followed by
the Bonferroni correction.

Results

Insulin release in the incubation medium (average
values during the 5-day incubation) differed significantly
(p < 0.01 by ANOVA) between the experimental groups.
The secretion of the hormone (µU/mL) was 155 ± 81 at
5.5 mmol/L glucose (NG) and 289 ± 62 at intermittent
high (16.7 mmol/L, HG) glucose (p < 0.05 by the
Bonferroni test). The presence of gliclazide (338 ± 39,
p < 0.05 vs NG) or glibenclamide (346 ± 54, p < 0.05 vs
NG) caused a further, although non-significant, increase
of insulin secretion, with no difference between the two
molecules.

At the end of the 5-day incubation with 5.5 mmol/L
glucose the islets were acutely challenged. Insulin
release at 3.3 mmol/L glucose was 19.7 ± 6.1 µU/mL and
increased to 45.3 ± 13.1 µU/mL at 16.7 mmol/L glucose
(p < 0.01), corresponding to a stimulation index (i.e. the
ratio of insulin release at 16.7 mmol/L glucose over
insulin release at 3.3 mmol/L glucose) of 2.3 ± 0.8. As
shown in Figure 1, culturing the islets at alternating
normal and HG determined a significant decrease of
stimulation index, which was not further affected by
either gliclazide or glibenclamide.

The amount of apoptotic beta-cells was assessed by
electron microscopy, based on typical ultrastructure
changes, and in particular on nuclear alterations
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Figure 1. Insulin release (expressed as stimulation index,
i.e. the ratio of insulin release at 16.7 mmol/L glucose over
insulin release at 3.3 mmol/L glucose) from islets pre-exposed
for 5 days to 5.5 mmol/L glucose (NG), alternating 5.5 and
16.7 mmol/L glucose (HG), HG with gliclazide or HG with
glibenclamide. Groups differed significantly (p < 0.01) by
ANOVA; ∗p < 0.05 vs NG after the Bonferroni correction

normal apoptotic(a) (b)

Figure 2. Normal beta-cell (a) and apoptotic beta-cell (b); the
latter shows marked chromatin condensation (arrows) in the
nucleus

(Figure 2). Count showed that apoptotic beta-cells
(Figure 3) were 0.8 ± 0.2% in NG maintained islets
and 10.6 ± 4.8% following HG incubation (p < 0.05
by the Bonferroni test); the combination of HG and
glibenclamide (18.3 ± 8.2%) tended to increase the
amount of apoptosis, as compared with HG alone, and the
presence of gliclazide determined a significant reduction
of apoptosis (5.3 ± 3.4%, NS vs NG, p < 0.05 vs HG and
HG + glibenclamide).

Beta-cell mitochondria morphology and density volume
were also assessed by electron microscopy. Mitochondria
of beta-cells cultured in normal glucose (NG) had an
oval shape, with well defined membranes and cristae
(Figure 4); however, after culture in alternating normal
and high glucose, these organelles appeared rounded
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Figure 3. Beta-cell apoptosis (as assessed by electron micros-
copy) in islets pre-exposed for 5 days to 5.5 mmol/L glucose
(NG), alternating 5.5 and 16.7 mmol/L glucose (HG), HG
with gliclazide or HG with glibenclamide. Groups differed
significantly (p < 0.01) by ANOVA; ∗p < 0.05 vs NG; and
∗∗p < 0.05 vs HG and HG + glibenclamide after the Bonferroni
correction
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Figure 4. Normal beta-cell (a) and intermittent high glucose
exposed beta-cell (b), showing mitochondria (arrows) with
rounded shape and ill-defined cristae

Copyright  2006 John Wiley & Sons, Ltd. Diabetes Metab Res Rev 2007; 23: 234–238.
DOI: 10.1002/dmrr



The Protective Effects of Gliclazide on Beta-cells 237

0

2

4

6

8

10

NG
HG
HG+gliclazide
HG+glibenclamide

*

**

*

Mitochondria density volume (%)

Figure 5. Mitochondria density volume in islets pre-exposed
for 5 days to 5.5 mmol/L glucose (NG), alternating 5.5 and
16.7 mmol/L glucose (HG), HG with gliclazide or HG with
glibenclamide. Groups differed significantly (p < 0.01) by
ANOVA; ∗p < 0.05 vs NG; and ∗∗p < 0.05 vs HG and HG +
glibenclamide after the Bonferroni correction

(leading to increased density volume) and with ill-defined
cristae (Figure 4). The presence of gliclazide, but not of
glibenclamide, prevented these changes (Figure 5).

Finally, the concentrations of nitrotyrosine, a marker
of oxidative stress, were measured, showing a beneficial
effect of gliclazide. In fact, nitrotyrosine levels (nmol/L)
were 5.6 ± 2.3 at NG, 14.5 ± 7.7 at HG (p < 0.05 vs NG),
6.1 ± 3.4 at HG plus gliclazide (p < 0.05 vs HG) and
8.8 ± 4.8 at HG plus glibenclamide.

Discussion

The results of the present study confirm that prolonged
exposure of isolated human islets to increased glucose
concentrations causes functional and survival defects
of beta-cells, which are probably due, at least in
part, to increased oxidative stress [17,25–28]. In fact,
we found increased production of nitrotyrosine, which
derives from the reaction of superoxide and nitric oxide,
and is considered a reliable marker of oxidative stress
[29]. In addition, following high glucose incubation
mitochondrial alterations occurred, which again are
associated with unbalanced redox reactions [17,25,30].
Notably these changes were demonstrated by experiments
in which high glucose was present intermittently, to
better mimic the situation of clinical diabetes [29],
and by using electron microscopy, which remains the
gold standard to assess cell survival. Altogether, these
findings further support the concept that in patients
with type 2 diabetes, elevated blood glucose levels
can contribute to the progressive loss of beta-cell
functional mass, leading to relentless deterioration of
diabetes control with years [6,8]. It was recently
proposed that sulphonylureas can rapidly induce beta-
cell apoptosis in human islets in vitro, an effect that
with glibenclamide was observed following exposure
to both 5.5 and 11.1 mmol/L glucose [31]. Although
other studies showed no major pro-apoptotic effect of
sulphonylureas on human islet cells kept in 5.5 mmol/L
glucose for 72 h [32], the fact that sulphonylureas could

precipitate the decrease in beta-cell mass in type 2
diabetes patients deserves careful examination. In this
regard, the most important finding of the present study
is that gliclazide, but not glibenclamide, is able to partly
protect beta-cells from high glucose induced apoptosis.
This result was obtained despite the fact that insulin
release in the incubation medium was similar with the
two sulphonylurea compound. Therefore, gliclazide might
have a direct protective effect on islet cells. The molecule
possesses anti-oxidant properties, as shown by inhibition
of LDL oxidation, reduction of platelet activity, and
decrease of free radical production [14–16]. It was also
recently shown that beta-cell death induced by hydrogen
peroxide was partially suppressed by the addition of
gliclazide, but not of glibenclamide, using MIN6 cells
[33]. Accordingly, in our study, gliclazide incubation
was associated with reduced nitrotyrosine formation and
improved mitochondria morphology. These findings are
in line with data from several groups, showing that
conditions responsible to improve the redox balance,
such as glutathione, metformin, ACE-inhibitors and others
exert protective action on beta-cells exposed to high
glucose or high free fatty acids, and can even reverse,
at least in part, the functional and molecular alterations
of islet cells in human type 2 diabetes [17,19,21,34,35].
Notably, however, the present results are the first to show
that a sulphonylurea compound can have such effects on
human beta-cells.

The possible clinical relevance of our findings remains
to be fully assessed, particularly concerning the evaluation
of the drug impact on possible prevention of progressive
beta-cell damage. Gliclazide shows specific insulin
secretion features, which might be explained by a
rapidly reversible binding to pancreatic KATP-channels
in contrast to glibenclamide [13]. Furthermore, the
comparison of their insulin secretory effects reveals
that gliclazide restores a physiological biphasic profile
of insulin secretion, which is lost during development
of type 2 diabetes, as opposed to the late monophasic
response to glibenclamide [36].

All this might contribute to the long-term maintenance
of glycemic control with gliclazide, as demonstrated
during a prospective 5-year study comparing the rates
of secondary failure with various sulphonylureas [37].
In addition, a retrospective study evaluating difference
in secondary failure showed that the period until the
start of insulin treatment is significantly longer in
patients receiving gliclazide than in those receiving
glibenclamide [38]. Finally, in a recent 52-week study,
gliclazide caused a more marked and sustained beta-cell
activity, as assessed by the surrogate marker HOMA-%B,
compared to other oral anti-diabetic agents [39], but this
does not necessarily imply improved beta-cell health or
pathology.

Together, the available evidence suggests that gliclazide
might play a role in slowing beta-cell functional mass
decline in type 2 diabetic patients. Prospective studies are
highly recommended to investigate this issue.
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