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ABSTRACT
Objective The objective of the present study was to evaluate the effect of bleomycin sulfate on parameters related to the
functionality of pancreatic tissue, with emphasis on the glucose tolerance test, insulin tolerance test, insulinemia and static secretion
of insulin as well as the insulin receptor, and PKA, PKC and GLUT2 concentrations in the pancreatic islets. Design Twenty-four
male rats were divided into 2 groups: control and treated with bleomycin (2.5 mg/kg, intratracheal mode). After 7 days, the animals
were euthanized and the analyses were carried out. Statistics The normality and the homoscedasticity of the data distribution were
tested and ANOVA was applied. The Tukey post hoc test followed ANOVA for the comparison of the static insulin secretion test at
different glucose concentrations. Results In the glucose tolerance test, the bleomycin group showed a larger area (17,306±539
mg/dLx60min) than that of the control group (9,151±517 mg/dLx60min) and in the insulin tolerance test, there was a greater
percentage fall in glycemia (8.08±0.56%) in the bleomycin than in the control group (3.87±1.14%). The bleomycin group also
presented a reduction in insulin secretion and an increase in plasmatic insulin concentration in the static insulin secretion test. With
respect to the concentrations of the insulin receptor, GLUT2, PKC and PKA in the pancreatic islets of the bleomycin group, there
was an increase in GLUT2 (48.4%) and PKC (70.8%) and a reduction in PKA (38.5%). Conclusion During treatment with
bleomycin, innumerable chemical-metabolic alterations were unleashed in the tissues which were not primary targets of the chemical
therapy and which could compromise the homeostasis of the systems taking part in the glycemic adjustment, predisposing the
organism to the development of a pre-diabetic pattern whose degree of incidence or reversibility is still unknown to the scientific
community.

INTRODUCTION
Pulmonary fibrosis is a respiratory disease which can
be caused by the administration of bleomycin sulfate,
an antineoplastic agent which can cause this disease as
a side effect in the treatment of humans [1]. This toxic
effect has been used in experimental models in animals
[2], but the mechanism involved in the induction of the
disease is still not completely understood [3].
It is important to point out that the time of
administration of the bleomycin can influence the
respiratory disease induced. According to Borzone et
al. [4], the earlier stages of the pulmonary injury
induced by bleomycin are associated with biochemical
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and functional changes which are similar to those of
human pulmonary fibrosis whereas, in studies of more
chronic stages, the pulmonary function changes are not
compatible with a restrictive disease, but are more
similar to those described in studies on humans with
chronic obstructive pulmonary disease in which the
mural inflammation and fibrosis of the bronchioles are
associated with emphysematous changes.
There are various studies in the literature related to
treatment with bleomycin, dealing with analyses
related to the pulmonary tissue and the local and
systemic effects resulting from the pathological
condition of this tissue. However, presently, no study
has been found concerning the effect of bleomycin on
the pancreas, an organ of extreme importance to the
organism, which could be influenced by treatment with
this chemical therapeutic agent since it can cause
alterations in tissue DNA due to its antineoplastic
effect, and without tissue specificity, could cause
pancreatic injury.
Thus, in the knowledge that treatment with bleomycin
is widely used, and has already been described in
experimental models with animals focused on the
pulmonary fibrosis condition, the objective of the
present study was to evaluate the effect of bleomycin
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sulfate on parameters related to the functionality of
pancreatic tissue, with emphasis on the glucose
tolerance test, insulin tolerance test, insulinemia and
static secretion of insulin as well as the insulin
concentration and the concentrations of protein kinase
A (PKA), protein kinase C (PKC) and SLC2A2 [solute
carrier family 2 (facilitated glucose transporter),
member 2; also known as GLUT2] in the pancreatic
islets.
The importance of this work in the evaluation of
animal models should be emphasized, due to invasive
analyses and the need for tissue biopsies, respecting the
norms of the ethics committee on animal
experimentation.
MATERIALS AND METHODS
Animals
Twenty-four male Wistar rats (3 to 4 months old; 250300 g) were maintained under controlled vivarium
conditions, with free access to food and water. The
animals were divided into 2 groups (12 in each group):
control and treated with bleomycin.
Bleomycin Treatment
The treatment was carried out using a single dose of
bleomycin (Oncoprod, São Paulo, Brazil; 2.5 mg/kg
weight, intratracheal mode) [5] and, after a seven-day
period, the animals were euthanized and the analyses
were carried out.
Sampling
After the experimental period, the animals were
sacrificed. The blood was collected and centrifuged,
and the plasma was separated and dispatched for
analysis. The pancreatic tissue was isolated and
dispatched for evaluation. The animals of each group
were divided into two subgroups (6 eah): one subgroup
for the analysis of the static secretion of insulin and the
other subgroups for Western Blot analysis (Sigma
Chemical Co., St. Louis, MO, U.S.A.).
Glucose Tolerance Test
For the glucose tolerance test, the animals were
anaesthetized with sodium pentobarbital (40 mg/kg
weight, i.p.) and, after 40 minutes, an incision was
made close to the femoral vein from where the blood
sample was collected. After the first collection, glucose
was injected (1 g/kg weight), new samples were
collected after 5, 10, 15, 20, 30 and 60 minutes, and
glycemia evaluated using a glucosimeter (Accu
Check®, Roche, São Paulo, Brazil). The area under the
blood glucose curve was evaluated.
Insulin Tolerance Test
Since the beta cell response to an overload of glucose
was shown to be altered, an insulin tolerance test was
carried out to evaluate tissue sensitivity. For the insulin
tolerance test, the animals were anaesthetized with
sodium pentobarbital (40 mg/kg weight, i.p.) and, after
40 minutes, an incision was made close to the femoral

vein from where the blood sample was collected. After
the first collection, 1 U/kg weight (1 U/mL) of regular
insulin (Biobrás®, Montes Claros, Brazil) was injected;
new samples were collected after 0, 2.5, 5, 10 and 20
minutes, and the glycemia was evaluated using a
glucosimeter (Accu Check®, Roche, São Paulo, Brazil).
Insulin tolerance test was represented by a percentage
fall in glycemia (KiTT) in the presence of insulin.
Plasmatic Insulin
Plasma samples obtained by centrifuging the blood
were sent for an analysis of insulinemia (ng/mL),
carried out using a radioimmune assay (Du Pont New
Research Products, Boston, MA, U.S.A.).
Static Secretion of Insulin
Islets of Langerhans were isolated using the technique
described by Moskalewski [6] as applied to the murine
pancreas by Lacy and Kostianovsky [7], with the
modifications of Boschero et al. [8] and Sutton et al.
[9]. After laparotomy and localization of the common
bile duct, this was occluded at the extreme distal end
close to the duodenum, and dissected close to the
hepatic pedicle, where a polyethylene cannula was
introduced in the discharge direction. About 8 mL of
Hanks solution containing 8 mg of collagenase was
injected via the cannula, causing rupture of the acinous
tissue by retrograde flow. The pancreas was then
ablated and transferred to a glass test tube (12x12 cm)
and incubated for 18 minutes at 37ºC.
The contents, still at 37ºC, were then shaken vigorously
for one minute and poured into a beaker. After mixing
with Hanks solution, the contents were stirred slowly,
ejected with a syringe and decanted for 3 minutes. The
supernatant was discarded and the sediment resuspended in Hanks solution. After repeating this
procedure 4 times, the final product was transferred to
a Petri dish, from which, under a magnifying glass, the
islets were collected by aspiration using a glass pipette
with a long tapered tip. The isolated rat islets were
collected in a polyethylene plate containing 24 wells,
each containing 0.5 mL of Krebs-Ringer buffersolution supplemented with bovine albumin, to which
glucose (5.6 mM) was added. All isolated pancreatic
islets were collected and formed one pull of islets and
each well contained 5 pancreatic islets. After
incubating for 45 minutes (pre-incubation) at 37ºC in a
carbogenic atmosphere (pH 7.4), the Krebs solution
was substituted by 1.0 mL of the same buffer
containing different glucose concentrations: 2.8, 5.6,
8.3, and 16.7 mmol/L. The plate was then incubated for
an additional 90 minutes under the same conditions as
above. After this period, the plates were placed in a
freezer (-20ºC) for 10 minutes, and the supernatant in
each well, separated from the cell, was transferred to
polyethylene tubes and maintained at -20ºC until the
secreted insulin was dosed one hour after the islets
were collected. The normalization of the method was
related to the use of the same number of pancreatic
islets/well. During freezing, no evidence of cell
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breakage was found. The insulin secreted by the islets
after incubation or plasmatic insulin was evaluated
using the method described by Herbet [10], as modified
by Scott et al. [11].
Dosage of the Insulin Receptor, PKA, PKC and
GLUT2 in the Pancreatic Islets
Western Blot methodology was used to detect the cell
expression levels of the insulin receptor, the extruded
proteins, and the movement of the PKC and PKA
insulin granules and of the GLUT2. Groups of 500
recently-isolated islets, incubated for 2.5 hours in
Krebs solution containing 8.3 mM glucose, were
centrifuged quickly and the supernatant discarded.
Two-hundred μL of buffer specific for immunoprecipitation was then added and the islets were then
polytenized in this solution for approximately 10
seconds, after which thhe homogenate was centrifuged
at 3000 g for 10 min.
The precipitate was discarded and the protein dosed in
the supernatant obtained, using the BioRad Protein
Assay-Dye Reagent Concentrate (Melville, NY,
U.S.A.). An albumin standard curve was used as the
reference.
The samples were then incubated at 37ºC for 1 h in
20% by volume of Laemmli 5X buffer (0.1%
bromphenol blue, 1 M sodium phosphate, 50% glycerol
and 10% sodium dodecyl sulfate (SDS)).
The following biphasic gel was used in the
electrophoretic run: stacking gel (4 mM EDTA, 2%
SDS, 750 mM trizma base, pH 6.7) and running gel (94
mM EDTA, 2% SDS, 50 mM trizma base, pH 6.7).
The run was carried out at 200 V for approximately 30
min with running buffer (200 mM trizma base, 1.52 M
glycine, 7.18 mM EDTA and 0.4% SDS), diluted 1:4.
The samples were transferred to a nitrocellulose
membrane (BioRad, Melville, NY, U.S.A.). The
transfer was carried out for 60 min at 30 V on ice,
bathed by transfer buffer (25 mM trizma base, 192 M
glycine).
After transfer, the membrane was blocked with 5%
skimmed milk in tris saline solution (TBS) (1 M trizma
base, 5 M NaCl, 0.5% tween 20) overnight at 4ºC. The
proteins related to the study were detected on the
nitrocellulose membrane by incubating at room
temperature for 2 h, with the following specific
monoclonal antibodies: anti-insulin receptor, anti-PKA,
anti-PKC,
and
anti-GLUT2
(Santa
Cruz
Biotechnology, Inc., Santa Cruz, CA, U.S.A.; 1:500
dilution in TBS with 3% skimmed milk). The
membrane was then incubated with the antibody
conjugated with peroxidase HPB (1:5,000 dilution or 2
μg/mL in TBS buffer). The reaction with peroxidase
was detected by autoradiography, soon after the
reaction with Pierce’s Super Signal kit (Thermo Fisher
Scientific, Rockford, IL, U.S.A.).
RT-PCR
PCR was carried out on 12.5 μL of a mixture
containing the following components: Taq polymerase

buffer, 50 mM MgCl2, 10 mM of each
deoxynucleoside triphosphate, 2.5 U/μL Taq DNA
polymerase, 10 pmol of the primer sense, 10 pmol of
the primer anti-sense and cDNA. Five μL aliquots of
the PCR product were analyzed by gel electrophoresis
in 1.0% agarose prepared in TBE buffer. After staining
with ethidium bromide (0.5 μg/mL), the gel was
photographed under UV light and quantified in an
Eagle Eye II apparatus.
ETHICS
The animals were treated in accordance with the
recommendations of the animal ethics committee
which approved the project (protocol nº 754-2).
STATISTICS
Data are reported as mean±SD. The data were initially
tested for normality (Kolmogorov-Smirnov test) and
homoscedasticity (Barlett criterion). Since the data
presented normal distribution and homoscedasticity,
analysis of variance (ANOVA) was used. The Tukey
post hoc test followed ANOVA for comparison of the
static insulin secretion test at glucose concentrations of
2.8 mM, 8.3 mM, and 22.2 mM, respectively. A twotailed significant level of 5% (P<0.05) was fixed. The
software used was Origin 6.0® (Microcal Software,
Inc., Northampton, MA, U.S.A.) and Prism® 3.0
(GraphPad Software, Inc., San Diego, CA, U.S.A.).
RESULTS
The bleomycin-treated group showed a statistically
larger glucose tolerance test area (17,306±1,205
mg/dLx60min, P<0.001) than that of the control group
(9,151±1,463 mg/dLx60min), as shown in Figure 1.
The insulin tolerance test is shown in Figure 2. The
treated group presented a greater percentage fall in
glycemia (-8.08±1.36% P<0.001) as compared to the
control group (-3.87±0.92%). This shows that
bleomycin altered the insulin sensitivity since the speed
of reduction of the glycemia was greater.

Figure 1. Glucose tolerance test (GTT) applied to the control and
bleomycin-treated groups. The mean blood glucose analyzed 0, 5,
10, 15, 20, 30 and 60 minutes after a glucose overload is shown. The
treated group (n=6) presented a significant difference (P<0.001)
from the control group (n=6).
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Table 1. Insulin receptor, GLUT2, PKC and PKA concentration and immunoblotting in islets isolated from the control and bleomycin-treated groups.
Control
Bleomycin
P value
Immunoblotting
(Left: control; right: bleomycin)
Insulin receptor

2.22±0.16

2.26±0.16

0.618

GLUT2

2.27±0.19

3.37±0.48

<0.001

PKC

1.27±0.30

2.17±0.61

0.009

PKA

4.24±0.47

2.59±0.67

<0.001

Data are reported as mean±SD values of arbitrary units (n=6).

Insulin is undoubtedly an extremely important
hormone in the regulation of glycemia homeostasis,
and, thus, any physiological alteration of the endocrine

pancreas reflects directly on the equilibrium of the
synthesis/degradation ratio in the principal energy
reserves [12].
Innumerable evaluation methods have been developed
with the aim of determining the responsiveness of beta
pancreatic cells, amongst which the glucose tolerance
test stands out [13]. The action mechanisms of
antineoplastic agents have long been a target of study
and a guiding pivot of research studies [14]. In this
context, the antineoplastic agent bleomycin deserves
special attention since, even at low concentrations, this
substance can induce oxidative stress and DNA
alterations, particularly those related to the
nitrogenized base thymine, expressively altering the
cell cycles, a condition which stabilizes and/or inhibits
the growth of neoplastic cells [15, 16].
In the present study, the glucose tolerance test showed
that treatment with bleomycin induced supraunevenness of the area, indicating that the sensitivity of
the beta pancreatic cells had been compromised. In an
attempt to explain this, it is important to reflect on the
changes in the secreting behavior of the insulin. In this
context, the study was initially focused on the fact that
the bleomycin expressed its action on the DNA,
indicating that it was a highly fat soluble substance,

Figure 2. Insulin tolerance test (ITT) applied to the control and
bleomycin-treated groups. The mean blood glucose analyzed 0, 2.5,
5, 10, 15 and 20 minutes after applying the insulin is shown. The
treated group (n=6) presented a significant difference (P<0.001)
from the control group (n=6).

Figure 3. Insulin concentrations (ng.ilh.h) found in the control and
bleomycin-treated groups when undergoing the static insulin
secretion test at glucose concentrations of 2.8 mM, 8.3 mM, and 22.2
mM. The values correspond to the mean±SD (n=6).

Since there was an alteration in pancreatic functionality
as shown by the glucose tolerance test, the study
moved in the direction of a specific evaluation of the
pancreatic islets, carrying out a static insulin secretion
test where a significant reduction in insulin secretion at
the three glucose concentrations (2.8 mM, 8.3 mM, and
22.2 mM) was observed (representing -40.0%, -35.5%
and -55.5%, respectively) when compared with the
control group (P=0.036, P=0.017, P<0.001,
respectively) (Figure 3).
With the focus still on the pancreatic islets of the group
treated with bleomycin, the concentrations of the
insulin receptor, GLUT2, PKC and PKA were
determined, observing significant increases in GLUT2
(48.4%) and PKC (70.8%) and a significant reduction
in PKA (38.5%), as shown in Table 1.
The plasmatic insulin concentration was also evaluated,
showing a significant increase (P<0.001) in the treated
group (7.81±1.71 ng/mL) as compared to the control
group (0.83±0.19 ng/mL).
DISCUSSION

JOP. Journal of the Pancreas - http://www.joplink.net - Vol. 10, No. 3 - May 2009. [ISSN 1590-8577]

295

JOP. J Pancreas (Online) 2009 May 18; 10(3):292-298.

with access to the nuclei of different cells and which
possibly presented a greater intensity of action in cells
with high metabolic activity, such as tumour cells.
However, one should not ignore the possibility of its
action in non-cancer cells whose homeostasis could
also be affected by bleomycin.
In the context of this discussion, it is well known that
amongst the mechanisms related to the action of the
antineoplastic substance bleomycin, great relevance
has been attributed to its capacity of promoting the
formation of free radicals [17]
It is known that beta pancreatic cells possess high
metabolic activity, regulated in a multi-factorial way
especially when faced with an increase in extra-cellular
glucose concentration, adenyl cyclase activators or
phospholipase C activators (acetyl choline and
cholecystokinin) [18, 19].
With respect to the action of bleomycin on the insulin
secretion process, it was observed that islets isolated
from rats treated with bleomycin presented an increase
in the concentration of GLUT2, a transporter which
expresses itself with high intensity in beta cells,
indicating that, when faced with an overload of
glucose, it would rapidly reach the Km of GLUT2,
making the capture of large amounts of glucose
possible, a fact which predisposes the organism to an
increase in glucolytic flow, change in the ATP/ADP
ratio, change in the cytosolic calcium concentration
and consequent increase in insulin secretion, associated
events which could induce an increase in the
generation of reactive oxygen species [20]. In this way,
concomitant with the increase in the cytosolic glucose
content in the beta cells, there is also an increase in free
radical formation and changes in the responsiveness of
the insulin secretion process represented by the larger
area under the curve after a glucose overload in
agreement with various studies which suggest these
changes [21, 22]. In this way, bleomycin can reduce
the efficiency of the secretion process by the beta cells
and possibly unleash a pre-diabetic status.
The oxidative stress generated by treatment with
bleomycin is also one of the factors contributing to
injury of the beta cells of the pancreatic islets which,
on presenting increased activity of the AMP-activated
protein kinase (AMPK) system, start producing a large
amount of reactive oxygen species which, on activating
the caspase enzyme and the B-cell CLL/lymphoma 2
(BCL2) gene segment, become predisposed to cell
apoptosis, compromising the responsiveness of the
insulin secretion cells, reinforcing the supraunevenness of the glucose tolerance test curve
described above even more [23, 24, 25, 26].
Of the insulin secretion-inducing mechanisms, the
importance of the mitochondria as integrating agents in
generating energy should be emphasized since this
determines the efficiency of the secretion process, and
the mutations and alterations in mitochondrial function
inducing a considerable production of reactive oxygen
species which could take part in injuring the beta cells
as has already been identified in diabetes [27, 28].

Due to the alteration of the responsiveness of the beta
cells as indicated by the glucose tolerance test, the next
objective was to evaluate insulin secretion by islets
isolated from control animals, and compare them with
islets isolated from bleomycin-treated rats. A reduction
in the secretory response was found even in the
presence of secretagogue concentrations of glucose,
such as 8.3 mM and 22.2 mM, and, thus, the results
presented here are of extreme importance since they
show that treatment with bleomycin compromises the
insulin secretory process induced by glucose and could
be a reflex of possible oxidative stress resulting from
the toxicity of the substance in the beta cells or could
even strengthen the glucotoxicity produced by an
elevated hexose capture [29, 30].
Thus, a more judicious evaluation of the insulin
secretory process was carried out, evaluating the
concentrations of the C (PKC) and A (PKA) protein
kinases. The data showed a lack of functional
equilibrium due to a significant increase in the PKC
concentration accompanied by a reduction in PKA
enzymes which, in an integrated and synergic way,
regulate the steps of the insulin secretory process [31].
It is worth pointing out that an increase in the GLUT2
population was observed in the pancreatic beta cells
isolated from the bleomycin-treated rats, offering ideal
conditions for an increase in the rate of glucose capture
in this micro-environment, concomitant with an
increase in the cytosol glucose concentration. In this
context, it has been described that an increase in
glucose concentration is a strong PKC activating
stimulus and, thus, the present study accompanies and
corroborates the suggestion of Ha et al. [32].
One important point to be made is that the action of
bleomycin is possibly related to alterations in the
efficiency of metabolic pathways since PKA acts on
the speed of movement of the vesicles containing
insulin granules, and PKC acts in the co-localization of
the enzymes involved in the secretory process and of
the insulin granules, aiding in the movement of the
vesicles to the cell periphery [33]. Thus, transporting
these observations to the target cells, that is, to the
tumour cells, this suggests that bleomycin causes
disorder in the synergism between the kinases and, due
to this, causes a lack of equilibrium in the efficiency of
the energy-generating processes which is essential in
keeping the cell alive. It is interesting to point out that
Lee et al. [34] showed that reactive oxygen species
amplified the expression and action of PKC when one
considers the behavior of PKC in the functionality of
the pancreatic beta cell. The action of bleomycin as an
agent which increases the formation of free radicals
can indirectly compromise the secretory process and
implant a pre-diabetic status, a result which was
recently confirmed in the study of Pi et al. [35].
On the other hand, on examining plasmatic
insulinemia, an increase was shown in the bleomycin
treated group, a fact which led to the hypothesis that
bleomycin could induce apoptosis in the pancreatic
beta cells promoting hyperinsulinemia since, when an
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islet dies, it transfers its insulin content to the plasma,
as has already beenreported in the initial phases of the
development of diabetes mellitus. In this sense, one can
expect to find the implantation of a diabetogenic status
connected to the treatment.
Another evaluation carried out was the insulin
tolerance test with the objective of evaluating the
behavior of the peripheral tissues, using the proposal of
Cobelli et al. [13]. The analysis of the index of the fall
in glycemia showed that there was a significant
increase in the rate of glucose capture by the peripheral
tissues, indicating changes in tissue responsiveness.
This data suggest that insulin resistance could develop
with a constant stimulus and, in this sense, some
considerations are important. Two hypotheses were
initially raised, that is, faced with a reduction in insulin
secretion induced by the bleomycin, there is an upregulation of the insulin receptor population in the
peripheral tissues, causing hypersensitivity of the
glucoregulatory system so as to compensate and
provoke an increase in the hexose capture speed,
justifying the results found in the insulin tolerance test.
On the other hand, one cannot discard the hypothesis
that the free radicals generated by treatment with
bleomycin injured the energy-generating systems, and
could, in a second phase, compromise the insulin
sensitivity of the peripheral tissues. In this way, recent
studies have demonstrated that, in the insulin resistance
condition, a reduction in mitochondrial activity and
deficiency in oxidative phosphorylation were observed
as well as the induction of morphological modifications
of the mitochondria [36, 37, 38, 39].
Thus, during treatment with bleomycin, innumerable
chemical-metabolic alterations are unleashed in the
tissues, which are not the primary targets of the
chemical therapy, and which could compromise the
homeostasis of the systems taking part in the glycemia
adjustment, and predispose the organism to the
development of a pre-diabetic pattern whose degree of
incidence or reversibility are still unknown to the
scientific community.
It is important to point out the limitations of this study,
one of which being the dosage used, which, although
according to the literature, is the sole limitation. On the
other hand, the period of treatment characterized the
induction phase of the restrictive pattern, and other
periods preceding the chronic phase, should also be
analyzed.
Acknowledgement Research supported by FAPESP
(Fundação de Amparo à Pesquisa do Estado de São
Paulo) (protocol 04/14798-5).
Conflict of interest The authors have no potential
conflicts of interest
References
1. Sleijfer S. Bleomycin-induced pneumonitis. Chest 2001;
120:617-24. [PMID 11502668]

2. Lazo JS, Hoyt DG, Sebti SM, Pitt BR. Bleomycin: a
pharmacologic tool in the study of the pathogenesis of interstitial
pulmonary fibrosis. Pharmacol Ther 1990; 47:347-58. [PMID
1705351]
3. Goto H, Senba T, Sato M, Minami T. Intratracheal
administration of bleomycin via a catheter in unanesthetized rats.
Exp Anim 2004; 53:113-19. [PMID 15153673]
4. Borzone G, Moreno R, Urrea R, Meneses M, Oyarzún M, Lisboa
C. Bleomycin-induced chronic lung damage does not resemble
human idiopathic pulmonary fibrosis. Am J Respir Crit Care Med
2001; 163:648-53. [PMID 11401889]
5. Beller TC, Friend DS, Maekawa A, Lam BK, Austen KF,
Kanaoka Y. Cysteinyl leukotriene 1 receptor controls the severity of
chronic pulmonary inflammation and fibrosis. Proc Natl Acad Sci U
S A 2004; 101:3047-52. [PMID 14970333]
6. Moskalewski S. Isolation and culture of the islets of Langerhans
of the guinea pig. Gen Comp Endocrinol 1965; 44:342-53. [PMID
14338040]
7. Lacy PE, Kostianovsky M. Method for the isolation of intact
islets of Langerhans from the rat pancreas. Diabetes 1967; 16:35-9.
[PMID 5333500]
8. Boschero AC, Delattre E, Santos ML. Inhibition of insulin
release by the aminoglycoside antibiotic sisomycin. Horm Metab Res
1981; 13:531-2. [PMID 7028597]
9. Sutton R, Peters M, McShane P, Gray DW, Morris PJ. Isolation
of rat pancreatic islets by ductal injection of collagenase.
Transplantation 1986; 42:689-91. [PMID 3024372]
10. Herbert V, Lau KS, Gottlieb CW, Bleicher SJ. Coated charcoal
immunoassay of insulin. J Clin Endocrinol Metab 1965; 25:1375-84.
[PMID 5320561]
11. Scott AM, Atwater I, Rojas E. A method for the simultaneous
measurement of insulin release and B cell membrane potential in
single mouse islets of Langerhans. Diabetologia 1981; 21:470-5.
[PMID 7028561]
12. Cheatham B, Kahn CR. Insulin action and the insulin signaling
network. Endocr Rev 1995; 16:117-42. [PMID 7781591]
13. Cobelli C, Pacini G, Toffolo G, Saccà L. Estimation of insulin
sensitivity and glucose clearance from minimal model: new insights
from labeled IVGTT. Am J Physiol 1986; 250:E591-98. [PMID
3518490]
14. Damiens E, Meijer L. Chemical inhibitors of cyclic-dependent
kinases: preclinical and clinical study. Pathol Biol (Paris) 2000;
48:340-51. [PMID 10858966]
15. Vig BK, Lewis R. Genetic toxicology of bleomycin. Mutat Res
1978; 55:121-45. [PMID 86155]
16. Chen J, Stubbe J. Bleomycins: new methods will allow
reinvestigation of old issues. Curr Opin Chem Biol 2004; 8:175-181.
[PMID 15062779]
17. Kaiserová H, den Hartog GJ, Simůnek T, Schröterová L,
Kvasnicková E, Bast A. Iron is not involved in oxidative stressmediated cytotoxicity of doxorubicin and bleomycin. Br J Pharmacol
2006; 149:920-30. [PMID 17031387]
18. Wollheim CB, Sharp GW. Regulation of insulin release by
calcium. Physiol Rev 1981; 61:914-73. [PMID 6117094]
19. Prentki M, Matschinsky FM. Ca2+, cAMP, and phospholipidderived messengers in coupling mechanisms of insulin secretion.
Physiol Rev 1987; 67:1185-248. [PMID 2825225]
20. Fridlyand LE, Philipson LH. Does the glucose-dependent insulin
secretion mechanism itself cause oxidative stress in pancreatic betacells? Diabetes 2004; 53:1942-48. [PMID 15277370]
21. Evans JL, Goldfine ID, Maddux BA, Grodsky GM. Oxidative
stress and stress-activated signaling pathways: a unifying hypothesis
of type 2 diabetes. Endocr Rev 2002; 23:599-622. [PMID 12372842]
22. Sakai K, Matsumoto K, Nishikawa T, Suefuji M, Nakamaru K,
Hirashima Y, et al. Mitochondrial reactive oxygen species reduce
insulin secretion by pancreatic beta-cells. Biochem Biophys Res
Commun 2003; 300:216-22. [PMID 12480546]

JOP. Journal of the Pancreas - http://www.joplink.net - Vol. 10, No. 3 - May 2009. [ISSN 1590-8577]

297

JOP. J Pancreas (Online) 2009 May 18; 10(3):292-298.

23. Robertson RP, Harmon J, Tran PO, Tanaka Y, Takahashi H.
Glucose toxicity in beta-cells: type 2 diabetes, good radicals gone
bad, and the glutathione connection. Diabetes 2003, 52:581-7.
[PMID 12606496]
24. Mandrup-Poulsen T. Apoptotic signal transduction pathways in
diabetes. Biochem Pharmacol 2003, 66:1433-40. [PMID 14555218]

31. Dunlop ME, Larkins RG. Glucose-induced phospholipiddependent protein phosphorylation in neonatal rat islets. Arch
Biochem Biophys 1986; 248:562-9. [PMID 3527065]
32. Ha H, Yu MR, Lee HB. High glucose-induced PKC activation
mediates TGF-beta 1 and fibronectin synthesis by peritoneal
mesothelial cells. Kidney Int 2001; 59:463-70. [PMID 11168928]

25. Robertson RP. Chronic oxidative stress as a central mechanism
for glucose toxicity in pancreatic islet beta cells in diabetes. J Biol
Chem 2004; 279:42351- 54. [PMID 15258147]

33. Yu W, Niwa T, Fukasawa T, Hidaka H, Senda T, Sasaki Y, Niki
I. Synergism of protein kinase A, protein kinase C, and myosin lightchain kinase in the secretory cascade of the pancreatic beta-cell.
Diabetes 2000; 49:945-52. [PMID 10866046]

26. Cai Y, Martens GA, Hinke SA, Heimberg H, Pipeleers D, Van
de Casteele M. Increased oxygen radical formation and
mitochondrial dysfunction mediate beta cell apoptosis under
conditions of AMP-activated protein kinase stimulation. Free Radic
Biol Med 2007; 42:64-78. [PMID 17157194]

34. Lee HB, Yu MR, Song JS, Ha H. Reactive oxygen species
amplify protein kinase C signaling in high glucose-induced
fibronectin expression by human peritoneal mesothelial cells. Kidney
Int 2004; 65:1170-9. [PMID 15086456]

27. Krauss S, Zhang CY, Scorrano L, Dalgaard LT, St-Pierre J, Grey
ST, Lowell BB. Superoxide-mediated activation of uncoupling
protein 2 causes pancreatic beta cell dysfunction. J Clin Invest 2003;
112:1831-42. [PMID 14679178]
28. Maechler P, Carobbio S, Rubi B. In beta-cells, mitochondria
integrate and generate metabolic signals controlling insulin secretion.
Int J Biochem Cell Biol 2006; 38:696-709. [PMID 16443386]
29. Tanaka Y, Tran PO, Harmon J, Robertson RP. A role for
glutathione peroxidase in protecting pancreatic beta cells against
oxidative stress in a model of glucose toxicity. Proc Natl Acad Sci U
S A 2002; 99:12363-8. [PMID 12218186]
30. Maechler P, de Andrade PB. Mitochondrial damages and the
regulation of insulin secretion. Biochem Soc Trans 2006; 34:824-7.
[PMID 17052207]

35. Pi J, Bai Y, Zhang Q, Wong V, Floering LM, Daniel K, et al.
Reactive oxygen species as a signal in glucose-stimulated insulin
secretion. Diabetes 2007; 56:1783-91. [PMID 17400930]
36. Stump CS, Henriksen EJ, Wei Y, Sowers JR. The metabolic
syndrome: role of skeletal muscle metabolism. Ann Med 2006;
38:389-402. [PMID 17008303]
37. Rabøl R, Boushel R, Dela F. Mitochondrial oxidative function
and type 2 diabetes. Appl Physiol Nutr Metab 2006; 31: 675-83.
[PMID 17213881]
38. Petersen KF, Shulman GI. Etiology of insulin resistance. Am J
Med 2006; 119(Suppl 1):S10-16. [PMID 16563942]
39. Befroy DE, Petersen KF, Dufour S, Mason GF, de Graaf RA,
Rothman DL, Shulman GI. Impaired mitochondrial substrate
oxidation in muscle of insulin-resistant offspring of type 2 diabetic
patients. Diabetes 2007; 56:1376-81. [PMID 17287462]

JOP. Journal of the Pancreas - http://www.joplink.net - Vol. 10, No. 3 - May 2009. [ISSN 1590-8577]

298

