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(Tables and Figures).
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and Figures).

Letters to the Editor, not exceeding
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literature cited and one ilustration, (Table
or Figure).

Review articles, requested by the Editor
from workers consedered experts in the
fields that are able to provide ideas or points
on current topics of relevance.

Avances en Diabetología will not
publish papers previously published or
under consideration for publication. An
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Departamento de Fisiología, Facultad de
Medicina, Universidad de Extremadura,
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sheets with a margin of 3 cm at the left.
Articles should be accompanied by a cover
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sent to the Editor. 
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THE ARTICLES

The firts page on the article should
specify the title of the work, the
authors’names (name and surname) and
the institucion where the work has been
carried out. A running title should also
appear at the top of all pages of the m.s.

The second page should include a
summary in Spanish and English of not
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describing the work carried out, the main
results and the conclusions inferred.
Following this should appear 5-10 key
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work.

The third page should start the text of
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Materials and Methods; Results; Discussion,
and Literature Cited. The introduction should
clearly describe the reasons for conducting
the research, avoiding details to concerning
the results and conclusions. Materials and
Methods should be described in such a way
that the can ben reproduced by other workers.
Results should not be repeated in tables and
figures and should be clearl enough to avoid
discussions or comments. If considered
appropriate, the Editor should be informed
as to whether the authors feel the figures
or tables should appear in the work in the
margin of the m.s.

The Discussion should offer an
interpretation of the results according to
knowledge related to the field of work, but
avoiding speculations or repetition of what
has appeared in the Results section. The
final conclusions should be summarized
in the last paragraph of the paper.

The sections on Results and Discussion
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LITERATURE CITED
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consecutively in the same order as they
appear in the text. When they are cited for
the first time in the tables or figures, they
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be respeted in subsequent references in the
text. The style and presentation of the
references should be in accordance with
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are examples:
1. Wolff JA, Yee JK, Skelly HF, Moores

JC, Respess JG, Friedmann T, Leffer
H. Expression of retrovirally transduced
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EDITORIALAV DIABETOL 2002; 18: 105

«Diabetes is a mysterious illness» (Aretaeus of Cappadocia, ca 81-138 AD).
Although it seems that the pancreas was already known to the Greek physicians
Herophilus and Erasistratus (3rd century BC), that statement made in the antiquity
is still valid today. In 1921, with the discovery of insulin, it was thought to be the
basis for all knowledge on the subject; however, through the information provided
by the three directions in which diabetes research was taken –clinical experience,
anatomy and pathology, and biochemistry–, it was soon realized that, although
insulin therapy made survival possible, it did not represent the end point of the
problem. 

No one can say today whether the widely divergent forms of modern diabetes
research will come together, a second time, through a fresh spectacular discovery;
but the one thing certain is that generations of diabetes specialists, pathologists,
statisticians and biochemists have greatly contributed with their effort to the
progress in the knowledge of the disease.

One of those relevant scientists is Isabel Valverde. She was born in Vigo,
Spain, some time ago, and after studying all those things children and teenagers
have to study, she entered the Medical School in Santiago de Compostela, getting
her Medical Degree in 1962. But she did not feel totally comfortable in diagnosis
and treatment, and the question «why?» took her across the Atlantic to Dallas in
1966, to the Metabolic Research Section at the Veterans’ Administration Hospital,
where she became initiated in the ins and outs of research work. From 1969 on,
back in Spain, she developed a pioneering independent scientific activity in the
Department of Metabolism, Nutrition & Hormones, FJD, which she has headed
for many years now. Her research interest has always been focused on the study
of mechanisms of action and secretion of hormones and peptides, pancreatic and
intestinal, with proven or possible participation in the glucose homeostasis. Her
efficient and dedicated work has originated a remarkable number of scientific
publications, that contain fundamental contributions to the knowledge of the
physiology of glucose metabolism in health and disease, and that have deserved
the recognition and respect, expressed in different ways, of the international
community of scientists related to her area of expertise.

But apart from her constant research activity, what is very important is the
way she carries it out, her unfailing dedication and honesty being an example
followed by so many generations now of doctors in various areas of Biomedical
Science, who are spreading both in Spain and abroad the masterful ways learned
under her caring supervision.

The workshop XXI Century: Metabolism and Cell Signalling is an attempt
to applaud Isabel Valverde, the person and the scientist, and a plea for her to
continue in the task of being a reference for those who feel attracted to and want
to take a look inside the world of research.

The Organizing Committee is in debt with the scientists and doctors –all friends
of Isabel, and either teachers, collaborators, or research fellows, at one time–, that
by generously accepting to participate, no matter how far they had to come, have
enlightened this encounter with their wisdom and presence.

Editorial

María L. Villanueva-Peñacarrillo

Dpt. Metabolismo,

Nutrición & Hormonas,

Fundación Jiménez Díaz,

Madrid, Spain
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INTRODUCTION

D-fructose is often considered as a

hexose displaying little, or even no,

insulinotropic action. For instance, in

1967, it was already reported not to

augment insulin output from pieces of

rat pancreatic tissue, when tested at a

concentration of 15.0 mM in the presence

of 1.7 mM D-glucose(1). The early

experimental work conducted either in

vitro or in vivo on the insulin-releasing

capacity of D-fructose was reviewed in

1972(2). When tested at a 16.7 mM

concentration, D-fructose also exerts

little effect upon the biosynthetic activity

of isolated rat pancreatic islets(3) and,

at variance with D-glucose, fails to

increase D-glucose-1,6-bisphosphate(4)

and sorbitol(5) production in such islets.

At the same concentration of 16.7

mM, the oxidation of D-[U-14C]fructose

by rat isolated islets only represents one

sixth of that recorded in the presence

of D-[U-14C]glucose(5). Nevertheless,

at this concentration, D-fructose causes

a shift to the left of the sigmoidal curve

relating, in rat islets, the output of insulin

to the extracellular concentration of D-

glucose(5). The magnitude of such a shift

indicates that the insulinotropic action

of D-fructose (16.7 mM) represents

about 16 percent of that of an equimolar

concentration of D-glucose, in fair

agreement with the oxidative data

mentioned above(5).

The data in figure 1 provide another

illustration of the secretory interaction

between D-glucose and D-fructose. In

these recent experiments, D-glucose,

up to a concentration of 4.0 mM failed

to augment significantly insulin output

above basal value, as expected from

prior observations. However, in the

presence of 80.0 mM D-fructose, which

itself also failed to stimulate insulin

secretion, as little as 1.0 mM D-glucose

augmented insulin release by 19.3 ± 2.8

µU/islet per 90 min (d.f. = 42; p<0.001).

The apparent threshold for stimulation

of insulin secretion by D-glucose was

lowered, in the presence of D-fructose,

to about 0.3 mM.

Further work aimed mainly at

characterizing the effect of D-fructose

upon selected metabolic variables in

isolated rat pancreatic islets. For instance,

it was observed that D-fructose (16.7

mM) rapidly equilibrates across the

plasma membrane of pancreatic islet

cells(6), but only augments modestly

lactate output from the islets(7). In islet

homogenates, the phosphorylation of

D-fructose yields an apparent Km close

to 6.0 mM, is virtually identical in the

absence or presence of K+, and is inhibited

in a concentration-related manner by

D-glucose 6-phosphate (0.07 to 0.67

mM) and D-glucose (0.25-10.0 mM)

or D-mannose(6). These findings were

interpreted as indicative of the

participation of a low-Km hexokinase

isoenzyme in the phosphorylation of

the ketohexose(6).

Nevertheless, it became then obvious

that, in intact islets, the interference of

D-glucose with the metabolic fate and

insulinotropic action of D-fructose could

not be accounted for solely by the effect

of the aldohexose upon the

phosphorylation of the ketohexose by

the low-Km hexokinase isoenzyme(8,9).

Thus, D-fructose augments insulin output

to a much lesser extent from islets

exposed to D-mannose rather than D-

glucose, even when the two aldohexoses

are tested at concentrations yielding

comparable secretory rates(8). Moreover,
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D-glucose (3.3 mM) exerts dissociated

effects upon the oxidation rate of D-

[U-14C]fructose and higher oxidation

rate of D-[1-14C]fructose(8).

Two novel modalities of interaction

between D-glucose and D-fructose upon

their respective catabolism in islet cells

were then identified. The major aim of

the present report is to discuss these

findings, with emphasis on most recent

observations.

EFFECT OF D-FRUCTOSE METABOLITES

ON D-GLUCOSE PHOSPHORYLATION

BY GLUCOKINASE

The first modality of interaction

between the metabolism of D-glucose

and D-fructose relates to the modulation

of glucokinase-catalyzed D-glucose

phosphorylation by D-fructose 1-

phosphate and D-fructose 6-phosphate

at the intervention of a glucokinase

regulatory protein.

In 1989, Van Schaftingen reported

that D-fructose 1-phosphate relieves

liver glucokinase from the inhibition

caused, at the intervention of a regulatory

protein, by D-fructose 6-phosphate(10).

In collaboration with Van Schaftingen

and his colleagues, we then documented

that a comparable situation prevails in

pancreatic islets.

Thus, it was first shown that

homogenates of rat pancreatic islets that

had been heated for 5 min at 70°C to

inactivate hexokinases catalyzed the

ATP-dependent phosphorylation of D-

fructose. This reaction was dependent

on the presence of K+ and was inhibited

by D-tagatose, although not by D-glucose

or D-glucose 6-phosphate. The

phosphorylation product was identified

as D-fructose 1-phosphate through its

conversion to a biphosphate ester by

Clostridium difficile fructose 1-phosphate

kinase. These findings documented the

presence of fructokinase in pancreatic

islets(11).

The presence in rat pancreatic islets

of a glucokinase regulatory protein was

then postulated on the basis of the

following observations(12). In the post-

microsomal supernatant of pancreatic

islets, D-fructose 1-phosphate increases

the activity of glucokinase as measured

in the presence of D-fructose 6-phosphate.

The islet cytosol inhibits purified liver

glucokinase, and this effect is antagonized

by D-fructose 1-phosphate. In the

presence of hexose 6-phosphates, partially

purified islet glucokinase is inhibited

by the hepatic glucokinase regulatory

protein in a D-fructose 1-phosphate

sensitive manner. In intact islets, D-

glyceraldehyde stimulates the generation

of 14C-labelled D-fructose 1-phosphate

from D-[U-14C]glucose and increases

the production of 3HOH from D-[5-
3H]glucose.

In further work, the phosphorylation

of α-D-glucose by liver glucokinase

appeared somewhat more resistant than

that of ß-D-glucose to the inhibitory

action of D-fructose 6-phosphate, as

mediated by the glucokinase regulatory

protein(13). It was proposed that this

situation should be taken into account

when considering the respective

contributions of α- and ß-D-glucose to

the overall phosphorylation of equilibrated

D-glucose by glucokinase.

EFFECT OF D-GLUCOSE ON D-
FRUCTOSE PHOSPHORYLATION BY

GLUCOKINASE

Both the Km (0.16 M) and maximal

velocity (0.1 mmol.min–1.mg–1) of human

B-cell glucokinase are much higher in

the case of D-fructose, than in the case

of D-glucose or D-mannose (Km : 3.8-

4.6 mM, Vmax: 36-38 µ mol.min–1.

mg–1)(14). Thus, at a concentration of

80 mM, the phosphorylation rate of the

ketohexose and aldohexoses by

glucokinase should be closely similar.

Yet, both the oxidation of D-[U-
14C]fructose and secretory response to

the ketohexose in intact pancreatic islets

exposed to 80 mM D-fructose are much

lower than the oxidation of D-[U-
14C]glucose or D-[U-14C] mannose and

the insulin output evoked by the latter

aldohexoses in islets incubated in the

presence of 80 mM D-glucose or D-
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mannose(14). In our opinion, these findings

indicate that the intrinsic properties of

glucokinase cannot account for the

specificity of the metabolic and secretory

responses of intact islets to D-glucose

and other hexoses.

As a matter of fact, the insulinotropic

action of D-fructose apparently does

not entail the same metabolic

determinants as those operative in

glucose-stimulated islets, as suggested

by the following observations. First, at

variance with D-glucose (16.7 mM),

D-fructose, when tested in the range

of concentrations (80 to 240 mM) in

which the ketohexose increases insulin

output from islets deprives of any other

exogenous nutrient(14), fails to stimulate

islet biosynthetic activity(15). Second,

the oxidation of D-[U-14C]fructose (80

mM) by islets exposed to 6.0 mM D-

glucose is lower than the increment in

D-[U-14C]glucose oxidation observed

when the concentration of the aldohexose

is raised from 6.0 to 8.3 mM; yet, in

the concomitant presence of 6 mM D-

glucose and 80 mM D-fructose, the

release of insulin is much higher than

in the sole presence of 8.3 mM D-

glucose(16). These findings are not meant

to deny that the stimulation of insulin

release by high concentrations of D-

fructose corresponds to an active

secretory process modulated by the

metabolic fate of the hexose, the

availability of endogenous ATP, the

activity of ATP-sensitive K+ channels,

the extracellular concentration of Ca2+,

the cell content in cyclic AMP and the

motile events under the control of the

microfilamentous cell web(17). And,

indeed, the cationic determinants of

the insulinotropic action of D-fructose,

in high concentration (240 mM), appear

similar, if not identical, to those currently

incriminated in the stimulation of insulin

release by D-glucose(18).

In the course of our investigations

on the metabolic fate of D-fructose in

pancreatic islets, we unexpectedly

observed that D-glucose, D-mannose

and 2-deoxy-D-glucose confer to human

β-cell glucokinase positive cooperativity

towards D-fructose(19). This was later

confirmed by Moukil and Van

Schaftingen(20). Moreover, the

phosphorylation of D-fructose by

glucokinase, which is modestly affected

by D-mannoheptulose in the absence

of D-glucose, is much more severely

inhibited by the heptose in the presence

of D-glucose(20, 21). Incidentally, D-

glucose also enhances the phosphorylation

of D-mannoheptulose by human B-cell

glucokinase(22).

Several observations indicate that

a situation comparable to that

documented in experiments conducted

in the sole presence of glucokinase is

also operative in intact cells. For instance,

D-glucose (10 mM) apparently favours

the phosphorylation of D-fructose (also

10 mM) by glucokinase in rat isolated

hepatocytes, as judged from the effect

of the aldohexose to accentuate the

lesser deuteration of the C2 of D-glucose,

as compared to its C5, when the

generation of the C-enriched

isotopomers of D-glucose is measured

in hepatocytes exposed to D-[2-
13C]fructose in the presence of D2O(23,

24). This is illustrated in figure 2. Thus,

the stimulation by D-glucose of 13C-

enriched D-fructose phosphorylation

by glucokinase may well affect

unfavourably the relative extent of C2

deuteration, since the deuteration of

the C2 of D-glucose derived from D-

[2-13C ]fructose 6-phosphate takes

place in the reaction catalyzed by

phosphoglucoisomerase, which indeed

displays unfavourable catalytic properties

for such a deuteration.

Likewise, figure 3 documents that,

in rat pancreatic islets, D-mannoheptulose,

which severely inhibited D-[U-
14C]glucose oxidation (75 % inhibition),

failed to affect significantly the oxidation

of D-[U-14C]fructose, when each hexose

was tested separately from one another.

Yet, in their concomitant presence, the

relative extent of the inhibition of D-

[U-14C]glucose oxidation by D-

mannoheptulose remained unchanged,

whilst the heptose now decreased by

more than 60 % the oxidation of D-[U-
14C]fructose. Thus, in this respect, the

situation found in intact cells was again

comparable to that observed in

experiments conducted in the sole

presence of human liver glucokinase(21).

The anomeric specificity of the

stimulant action of D-glucose upon D-

fructose phosphorylation by glucokinase

provided a further example of such a

similarity between experiments

conducted in the sole presence of

glucokinase and experiments performed

in intact islets(25). Thus, on one hand,

α-D-glucose is much more potent than

ß-D-glucose in increasing the

phosphorylation of D-fructose by human

liver glucokinase. Such an anomeric

preference only fades out at high

concentrations of D-glucose anomers,

i.e. when the effect of the aldohexose

upon D-fructose phosphorylation

becomes progressively less marked.

On the other hand, in isolated rat islets

incubated for 60 min at 4°C, α -D-

glucose (5.6 mM), but not ß-D-glucose

(also 5.6 mM), augments significantly
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the conversion of D-[U-14C]fructose

(5.0 mM) to radioactive acidic

metabolites. Likewise, in islets

prelabelled with 45Ca and perifused at

37°C, D-fructose (20.0 mM) augments
45Ca efflux and provokes a biphasic

stimulation of insulin release from islets

exposed to α-D-glucose (5.6 mM),

whilst inhibiting 45Ca efflux and only

causing a sluggish and modest increase

in insulin output from islets exposed

to ß-D-glucose (also 5.6 mM).

D-GLUCOSE AND D-FRUCTOSE

METABOLISM IN INTACT ISLETS

The knowledge that islets are

equipped with fructokinase and a

glucokinase regulatory protein and that

D-glucose augments D-fructose

phosphorylation by glucokinase led us

to reevaluate the reciprocal effects of

D-glucose and D-fructose upon their

respective metabolism in isolated rat

pancreatic islets.

In this respect, our first work aimed

at investigating whether D-fructose may

increase D-glucose catabolism, as

expected from the effect of D-fructose

1-phosphate upon D-glucose

phosphorylation as mediated by the

glucokinase regulatory protein(16).

D-fructose (5.0 to 80.0 mM) failed,

as a rule, to increase D-[5-3H]glucose

conversion to 3HOH or D-[U-14C]glucose

conversion to 14CO2 and 14C-labelled

acidic metabolites and amino acids(16,

21, 26-28). It should be kept in mind,

however, that D-fructose, in high

concentrations, inhibits modestly, but

significantly, D-glucose phosphorylation

by glucokinase(19). Moreover, in intact

islets, the increase in the cell content

of D-fructose 1-phosphate provoked by

exogenous D-fructose could well be

quite modest relative to the concentration

of this ester required to activate

glucokinase(12).

Our second goal was to assess, from

metabolic data collected in intact islets,

the participation of fructokinase in the

phosphorylation of exogenous D-

fructose. This proved to be a difficult

task for several reasons. First, taking

into account the Km of fructokinase

for D-fructose, i.e. 0.8 mM in islet

homogenates(11) or close to 0.16 mM

for the ß-anomer of D-fructofuranose

(which is the specific substrate for

fructokinase), the concentration

dependency of D-[5-3H]fructose

conversion to 3HOH indicated the

prevalent participation of hexokinase

isoenzyme(s) to the phosphorylation

of the ketohexose in intact islets(26).

Second, differences in the generation

of 14CO2 from D-[1-14C]fructose or D-

[2-14C]fructose versus D-[6-14C]fructose

could conceivably be ascribed either
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to circulation in the pentose phosphate

pathway or to the inflow of unlabelled

4- or 5-carbon metabolites in the Krebs

cycle(26), rather than to differences in

the metabolic fate of D-glyceraldehyde

and dihydroxyacetone phosphate

generated at the phosphofructoaldose

level after phosphorylation of D-fructose

by fructokinase. Third, and in the same

perspective, the comparison between

the conversion of D-[3-3H]fructose and

D-[5-3H]fructose to 3HOH could

conceivably be ascribed to an escape

of dihydroxyacetone phosphate generated

from the C1-C2-C3 moiety of D-fructose

6-phosphate to L-glycerol 3-phosphate

and glycerides(21, 29).

Nevertheless, suggestive evidence

for the participation of fructokinase to

the phosphorylation of D-fructose in

intact islets emerged from the

observations illustrated in figure 4. In

islets prepared from either control or

diabetic rats (GK rats and STZ rats)

and exposed to both D-glucose and D-

fructose (10.0 mM each), the paired

ratio between D-[U-14C]fructose

oxidation and D-[5-3H]fructose utilization

is higher than that between D-[U-
14C]glucose oxidation and D-[5-
3H]glucose utilization, suggesting that

fructokinase accounts for at least 21.8

± 5.5% of the total rate of

phosphorylation of the ketohexose(27,

28). In the presence of D-mannoheptulose,

such a difference in the paired ratio

between 14CO2 output and 3HOH

production from labelled D-fructose

versus labelled D-glucose is even more

obvious(21). Our interpretation of these

findings is that part of the D-[2-
3H]glyceraldehyde generated from D-

[5-3H]fructose via the formation of D-

[5-3H]fructose 1-phosphate may escape

further metabolism, while the [U-
14C]dihydroxyacetone phosphate derived

from D-[U-14C]fructose 1-phosphate

would be further metabolised, in part

at least, to 14CO2
(21, 27, 28).

The third and last aim of our most

recent experiments was to document,

in intact islets, the metabolic consequences

of the enhancing action of D-glucose

upon D-fructose phosphorylation by

glucokinase. As already discussed in

this report (see above), both the influence

of D-glucose in anomeric equilibrium

upon the inhibition by D-mannoheptulose

of D-fructose metabolism(21) and the

anomeric specificity of D-glucose action

on the metabolism, cationic effect and

insulinotropic capacity of D-fructose(25)

in intact islets duly provided such a

documentation.

The comparison between the effects

of D-glucose and D-mannose upon D-

fructose phosphorylation by human B-

cell glucokinase (see Fig. 6 in ref. 19)

may also account, in part at least, for

the fact that D-fructose augments more

efficiently insulin release from islets

exposed to D-glucose rather than D-
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mannose, even when these two

aldohexoses are tested at concentrations

yielding equal rates of insulin secretion

in the absence of D-fructose(8).

CONCLUDING REMARKS

In our opinion, the wealth of data

reviewed in this report illustrates the

complexity of the metabolic interactions

between D-glucose and D-fructose in

isolated pancreatic islets. Nevertheless,

taken as a whole, our findings indicate

that such interactions are well suited,

through their effects upon insulin release,

to optimize glucidic homeostasis under

physiological conditions, e.g. after food

intake, when the changes of circulating

D-glucose concentration in the 4.0-6.0

mM range and D-fructose concentration

in the 0.1-1.0 mM range are comparable

to those encountered when comparing

overnight fasted to fed human subjects(19).

In this respect, the reciprocal interactions

between D-fructose and D-glucose upon

their respective metabolism in the liver

may also contribute to the optimization

of carbohydrate homeostasis(30).

It should be acknowledged, however,

that further work is required to fully

elucidate the metabolism of D-fructose

in isolated islets and purified B-cells,

especially the precise respective contribution

of hexokinase, glucokinase and fructokinase

to the phosphorylation of the ketose,

whether in the absence or presence of D-

glucose, and the further metabolic fate of

the fructose phosphate esters generated

by such a phosphorylation, e.g. the respective

metabolic destination of D-glyceraldehyde

and dihydroxyacetone phosphate produced

at the phosphofructoaldolase level after

phosphorylation of D-fructose by

fructokinase.

ACKNOWLEDGEMENTS

Our recent work on D-glucose and

D-fructose metabolism was supported

by grants from the Belgian Foundation

for Scientific Medical Research (3.4567.97

and 3.4517.02). We are grateful to C.

Demesmaeker for secretarial help.

115D-GLUCOSE AND D-FRUCTOSE INTERACTIONSVOL.  18   NUM. 3

0,8

0

0,6

0,4

0,2

0,8

0
G

0,6

0,4

0,2

F G F

0
G

0,6

0,4

0,2

F G F

G F

Control

Control GK

Control STZ

D
-[

U
-  

C
]h

ex
os

e 
ox

id
at

ui
n/

D
-[

5-
 H

]h
ex

os
e 

ut
ili

za
tio

n
14

3

Figure 4. Paired ratio between D-[U-14C]hexose oxidation and D-[5-3H]hexose utilization (absolute values)
in islets from control, GK or STZ rats incubated for 120 min in the sole presence of either D-glucose (G)
or D-fructose (F), both tested at a 10.0 mM concentration (open columns), or in the concomitant presence
of both hexoses (hatched columns). Mean values (± SEM) refer to the number of separate determinations
indicated at the bottom of each column. The horizontal dashed lines refer to the mean values found in the
sole presence of D-glucose(26-28).



REFERENCES

1. Malaisse WJ, Malaisse-Lagae F, Wright PH.

A new method for the measurement in vitro

of pancreatic insulin secretion. Endocrinology

1967;80:99-108.

2. Hager D, Pipeleers DG, Herchuelz A, Malaisse

WJ. EFfect of fructose and other sugars on

islet function in vitro. Acta Med Scand 1972;

suppl. 542:159-164.

3. Pipeleers DG, Marichal M, Malaisse WJ. The

stimulus-secretion coupling of glucose-induced

insulin release. XIV. Glucose regulation of

insular biosynthetic activity. Endocrinology

1973;93:1001-1011.

4. Sener A, Malaisse-Lagae F, Lebrun P, Herchuelz

A, Leclercq-Meyer V, Malaisse WJ. Anomeric

specificity of D-mannose metabolism in

pancreatic islets. Biochem Biophys Res Commun

1982;108:1567-1573.

5. Malaisse WJ, Sener A, Mahy M. The stimulus-

secretion coupling of glucose-induced insulin

release. XVIII. Sorbitol metabolism in isolated

islets. Eur J Biochem 1974;47:365-370.

6. Sener A, Giroix M-H, Malaisse WJ. Hexose

metabolism in pancreatic islets. The

phosphorylation of fructose. Eur J Biochem

1984;144:223-226.

7. Sener A, Levy J, Malaisse WJ. The stimulus-

secretion coupling of glucose-induced insulin

release. XXIII. Does glycolysis control calcium

transport in the B-cell? Biochem J 1976;156:521-

525.

8. Sener A, Malaisse WJ. Hexose metabolism in

pancreatic islets. Metabolic and secretory

responses to D-fructose. Arch Biochem Biophys

1988;261:16-26.

9. Sener A, Blachier F, Malaisse WJ. Hexose

metabolism in pancreatic islets: comparison

and interaction between D-glucose and D-

fructose. Turk J Med Biol Res 1990;1:5-12.

10. Van Schaftingen E. A protein from rat liver

confers to glucokinase the property of being

antagonistically regulated by fructose 6-phosphate

and fructose 1-phosphate. Eur J Biochem 1989;

179: 175-184.

11. Malaisse WJ, Malaisse-Lagae F, Davies DR,

Van Schaftingen E. Presence of fructokinase

in pancreatic islets. FEBS Lett 1989;255:175-

178.

12. Malaisse WJ, Malaisse-Lagae F, Davies DR,

Vandercammen A, Van Schaftingen E.

Regulation of glucokinase by a fructose-1-

phosphate-sensitive protein in pancreatic islets.

Eur J Biochem 1990;190:539-545.

13. Courtois P, Bource F, Sener A, Malaisse WJ.

Anomeric specificity of human liver and B-

cell glucokinase : modulation by the glucokinase

regulatory protein. Arch Biochem Biophys

2000;373:126-134.

14. Sener A, Malaisse WJ. Kinetics and specificity

of human B-cell glucokinase: relevance to

hexose-induced insulin release. Biochim Biophys

Acta 1996;1312:73-78.

15. Viñambres C, Villanueva-Peñacarrillo ML,

Valverde I, Malaisse WJ. Failure of D-fructose

to stimulate protein biosynthesis in pancreatic

islets. Biochem Mol Biol Int 1997;41:571-

574.

16. Sener A, Malaisse WJ. Hexose metabolism in

pancreatic islets: apparent dissociation between

the secretory and metabolic effects of D-fructose.

Biochem Mol Med 1996;59:182-186.

17. Sener A, Malaisse WJ. Environmental modulation

of D-fructose insulinotropic action. Acta Diabetol

1998;35:74-76.

18. Jijakli H, Malaisse WJ. Cationic determinants

of D-fructose insulinotropic action. Acta Diabetol

2000;37:27-32.

19. Scruel O, Sener A, Malaisse WJ. Glucose-

induced positive cooperativity of fructose

phosphorylation by human B-cell glucokinase.

Mol Cell Biochem 1997;175:263-269.

20. Moukil MA, Van Schaftingen E. Analysis of

the cooperativity of human ß-cell glucokinase

through the stimulatory effect of glucose on

fructose phosphorylation. J Biol Chem 2001;276:

3872-3878.

21. Giroix M-A, Scruel O, Courtois P, Sener A,

Portha B, Malaisse WJ. Comparison between

D-[3-3H]- and D-[5-3H]-glucose and fructose

utilization in pancreatic islets from control and

hereditarily diabetic rats. Arch Biochem Biophys

2002; in press.

22. Courtois P, Sener A, Malaisse WJ. D-

mannoheptulose phosphorylation by hexokinase

isoenzymes. Int J Mol Med 2001;7:359-363.

23. Malaisse WJ, Ladrière L, Verbruggen I, Willem

R. Metabolism of D-[1-13C]fructose, D-[2-

13C]fructose, and D-[6-13C]fructose in rat

hepatocytes incubated in the presence of H2O

or D2O. Mol Gen Metab 2002;75:162-167.

24. Malaisse WJ, Ladrière L, Verbruggen I, Willem

R. Effects of D-glucose upon D-fructose

metabolism in rat hepatocytes: a 13C-NMR

study. Mol Cell Biochem 2002; in press.

25. Jijakli H, Courtois P, Sener A, Malaisse WJ.

Anomeric specificity of the stimulatory effect

of D-glucose on D-fructose phosphorylation

by human liver glucokinase. J Biol Chem 2002;

in press.

26. Scruel O, Sener A, Malaisse WJ. Hexose

metabolism in pancreatic islets. Effect of D-

glucose upon D-fructose metabolism. Mol Cell

Biochem 1999;197:209-216.

27. Giroix M-H, Scruel O, Ladrière L, Sener A,

Portha B, Malaisse WJ. Metabolic and secretory

interactions between D-glucose and D-fructose

in islets from GK rats. Endocrinology 1999;

140:5556-5565.

28. Scruel O, Giroix M-H, Sener A, Portha B,

Malaisse WJ. Metabolic and secretory response

to D-fructose in islets from adult rats injected

with streptozotocin during the neonatal period.

Mol Gen Metab 1999;68:86-90.

29. Ener A, Giroix M-H, Malaisse WJ.

Underestimation of D-glucose utilization as

judged from the conversion of D-[3-3H]glucose

to 3HOH. Diabetologia 2002;45:1274-1280.

30. Malaisse WJ. Interactions métaboliques entre

le glucose et le fructose. Bull Mém Acad Roy

Méd Belgique 2002; in press.

116 W.J. MALAISSE ET AL. JULIO-SEPTIEMBRE 2002



Glucagon and
miniglucagon: the
«mother» and the
«enfant terrible» in
the metabolic
control

D. Bataille, S. Dalle, G. Fontés

Inserm U 376, CHU Arnaud-de-Villeneuve,

Montpellier, France

Correspondance: Dr. Dominique Bataille,

Inserm U 376, CHU Arnaud-de-Villeneuve,

34295 Montpellier Cedex 05, France. e-mail:

bataille@montp.inserm.fr

INTRODUCTION

Metabolic control, and particularly

that of circulating glucose, is largely

dependent upon the balance between

insulin and counter-regulatory hormones

that have overall effects opposite to that

of insulin(1). Glucagon, the «hyperglycemic

glycogenolytic factor» discovered by

Sutherland fifty-four years ago(2), is a

major counter-regulatory hormone, in

particular through its glycogenolytic

and gluconeogenetic actions (for reviews,

see different chapters in ref. 3). It is

widely accepted that, under normal

physiological conditions, an inverse

relationship exists in the nutritional

status-dependent changes in the circulating

concentrations of the two hormones.

After a meal, under the influence of both

glucose and signaling molecules from

the gut («incretins»), insulin secretion

is stimulated, while the major

physiological signal for glucagon secretion

is hypoglycemia, in direct relation with

the concept that glucagon is the «hormone

of glucopenia»(3). 

However, studies conducted during

the past twenty years led to the

conclusions that the relationship between

insulin and glucagon is far more complex

(see ref. 4,5 for reviews). Indeed, it is

now well established that exogenous

glucagon is able to trigger insulin

secretion, an observation which fits well

with the now unquestionable presence

of authentic glucagon receptors at the

surface of the insulin-secreting cells.

On the other hand, in view of the

anatomical juxtaposition of α- and β-

cells inside the islet of Langerhans (Fig.

1) and to the fact that they share a

common pericellular space, many

investigators have concluded to a most

probable paracrine relationship between

these two types of cells(6-9). In support

of this view, insulin is known to inhibit

glucagon secretion, while the capability

of locally released glucagon to enhance

secretagogue (such as glucose) - induced

insulin secretion has been the subject

of a long-lasting debate. In a recent

report(10), it was shown that, while an

insulinotropic action of exogenous

glucagon was clearly confirmed,

endogenously released glucagon failed

to do so. This apparent discrepancy

should now be analyzed in view of a

new physiological concept implicating

a glucagon fragment which controls

negatively glucagon action.

MINIGLUCAGON

This fragment, glucagon (19-29) or

«miniglucagon»(11-14), is a final product

of the proglucagon processing (Fig. 2).

This 160 amino-acid prohormone,

synthesized in the α-cells of the islet

of Langerhans, in intestinal L-cells and

in some neurons (located mostly in the

hypothlamus), undergoes tissue-specific

processing which produces different

types of peptide fragments, each

displaying their own biological specificity

(for a review, see ref. 14) in the intestinal

L-cells, the final products are

oxyntomodulin and glicentin from the

N-terminal moiety of proglucagon and

glucagon-like peptides 1 & 2 (GLP-1

and GLP-2) from its C-terminal moiety. 

In the α-cell, glucagon is the major

end-product, but it is now known(15)

that miniglucagon is present at a

concentration of about 3.5% of that of

glucagon. in the rat pancreas.

Furthermore, we have demonstrated(15)
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that i) miniglucagon is present, besides

glucagon, in the mature secretory granules

of the α -cells; ii) miniglucagon is

secreted, under hypoglycemic conditions,

together with glucagon, at a rate which

fits perfectly with the respective

concentrations of the two peptides in

pancreas; iii) using an immuno-

neutralization approach, a permanent

miniglucagonergic inhibitory tone on

insulin secretion exists, even under a

stimulatory glucose concentration. 

So as to go into physiological

issues concerning the role of

miniglucagon in the local control of

β-cell functions by α-cells and to

analyze the underlying molecular

mechanisms, we have analyzed, through

different approaches, the implication

of this peptide in the control of insulin

secretion (Table I). 

We have shown(16) that miniglucagon,

in a dose-dependent manner, strongly

inhibits, in a β-cell line (MIN6) insulin

release stimulated by the secretagogues

which act via a calcium entry through

the L-type voltage-dependent calcium

channel (glucose, sulfonylureas,

glucagon, GLP-1, a pharmacological

opener of this type of channel or a K+-

induced depolarization). This inhibitory

effect was constantly observed in the

picomolar / sub-picomolar range of the

peptide (ED50 between 10–12 and 10–13

M). Direct measurements of Ca2+ entries

into the β-cell indicated that the data

obtained on insulin secretion paralleled

that on calcium fluxes, clearly indicating

a direct link between the two phenomena.

Electrophysiological experiments

performed on the same cell system

(whole cell patch-clamp) evidenced

the mechanism underlying the observed

data: miniglucagon does not influence

directly the activity of the L-type calcium

channel (as evidenced by the voltage-

clamp technique), but triggers, via a

Gi/o pertussis toxin-sensitive GTP-

binding protein, opening of an ionic

channel (probably a potassium channel

the precise nature of which remains to

be established), leading to repolarization

of the β-cell membrane, closure of the

voltage-dependant calcium channel and

a consecutive block of insulin

secretion(16). 

According to the data available, a

likely scenario concerning the
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Figure 1. Cell architecture of the islet of Langerhans. From ref. 5-7. According to those schedules, 40-50%
of the β-cells have direct contacts with α and/or δ-cells.
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Figure 2. Proglucagon and its processing products. Glicentin, oxyntomodulin, GLP-1 and GLP-2 are end-
products in the intestinal L cells, glucagon and miniglucagon are end-products in pancreatic α-cells. From
ref. 14.



relationship between α- and β-cells

inside the islet is as follows: in the

inter-prandial state, when counter-

regulatory hormones, including glucagon,

are necessary for making available in

the active form the necessary fuels that

were stored during the post-prandial

time, glucagon and miniglucagon are

co-secreted. If we compare the secreted

glucagon to miniglucagon ratio (≈ 28)

and the miniglucagon to glucagon

potency ratio (>1 000), the small peptide

totally suppresses any possibility of

glucagon to stimulate insulin secretion

in any situation. This is fortunate, since

any secretion of insulin under conditions

of starvation would ruin the necessary

effects of the counter-regulatory

hormones. Also, since insulin is very

efficient in inhibiting glucagon

secretion(5), any local release of insulin

by glucagon would block its own

secretion. Miniglucagon is thus very

important as an insulin secretion

suppressor when secreted together with

the mother-hormone. It is also

noteworthy that, since miniglucagon

acts by preventing calcium entry in the

β cell and does not modify intracellular

cyclic AMP, miniglucagon leaves intact

the glucagon action(s) linked to this

pathway or any other that does not rely

on calcium entry. In particular, it is

known that glucagon(17), as does GLP-

1, another stimulator of the cyclic AMP

pathway in the β cell(18), is able to

maintain and even to restore «glucose

competence», that is the ability of the

β-cell to respond to glucose. Altogether,

the importance of the presence of

glucagon receptors (linked to adenylate

cyclase) in the β-cell and the presence,

beside glucagon, of miniglucagon in

α-cells may be summarized as follows:

when glucagon is secreted, it stimulates

the cell machinery of the β-cell, keeping

it in the proper phenotype for responding

to future needs (insulin secretion after

a meal), while miniglucagon «turns the

calcium tap off», avoiding any

«perverse» action of glucagon on insulin

secretion.

POSSIBLE IMPLICATIONS IN

PATHOLOGY

It is possible that this delicate

mechanism founds its limits under

certain circumstances. For instance it

was suggested(19) that primary

hyperglucagonism, such as that observed

in stress-induced increased sympatho-

nervous activity, may cause secondary

hyperinsulinism. Also, the hyper-

glucagonism observed in diabetes(20)

may be due to a decreased suppressory

effect of insulin on glucagon secretion(20).

Whatever the origin of the observed

hyperglucagonism in diabetes and if

we assume that miniglucagon secretion

always parallel that of glucagon, then

miniglucagon should correct the

tendency towards glucagon-dependent

hyperinsulinism. However, several

augments may be raised to imagine

situations in which an excess of glucagon

secretion induces hyperinsulinism. 1)

since miniglucagon is degraded very

quickly in the body and even in plasma,

it cannot act under normal circumstances

as a hormone. Accordingly, the effect

of secreted miniglucagon is limited to

its local inhibitory action on β-cells.

In contrast, glucagon is degraded much

more slowly, permitting its hormonal

status. A part of secreted glucagon may

reach β-cells after a full turn around

the body. This amount of glucagon is

not compensated by the corresponding

amount of miniglucagon, since the

latter is 100% degraded. It is possible

that at a certain level of excessive

glucagon secretion, a critical point is

reached in which co-secreted

miniglucagon cannot fully block the

action of circulating glucagon on the

β-cells. This abnormal chronic
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TABLE I ED50 OF MINIGLUCAGON ON INSULIN SECRETION AND CALCIUM INFLUX UNDER DIFFERENT

EXPERIMENTAL CONDITIONS. DATA FROM REF. 15 & 16

MIN6 cells Isolated perfused pancreas

Insulin secretion (glucose) 10–13 M 10–13 M

Insulin secretion (glucose + glucagon) 2x10–13 M n.d.

Insulin secretion (glucose + Glibenclamide) 2x10–13 M n.d.

Insulin secretion (glucose + GLP-1) 0.8x10–13 M n.d.

Calcium influx (glucose) 10–13 M n.d.

Calcium influx (glucose + glucagon) 10–13 M n.d.

Calcium influx (glucose + Bay-K 8644*) 0.2x10–13 M n.d.

Calcium influx (glucose + KCl) 10–12 M n.d.

*an opener of voltage-dependent calcium channels.



«pressure» of glucagon on the β-cells

would induce a chronic hyperinsulinism.

2) If, for some reasons, the amount, or

the activity of the enzyme which

produces miniglucagon from glucagon

decreases in the α -cells, less

miniglucagon is produced. Again, at a

certain level, the amount of miniglucagon

secreted may not be sufficient for

blocking glucagon action on the β-cell,

again inducing hyperinsulinism. 

Under all those circumstances, it is

important to recall that mostly basal

insulin secretion will be increased, and

not the sharp peak response to glucose

that occur in healthy situations. This

unhealthy insulin background may be

sufficient to induce desensitization to

insulin of peripheral tissues and the

occurrence of an insulinoresistance state,

adding another vicious circle and leading

to overt diabetes.
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INTRODUCTION

The term glucagon was used by

first time by Kimball and Murlin(1) to

name the hyperglycemic factor isola-

ted from pancreatic extracts, which they

suggested might be a hormone synthe-

sized by the islets of Langerhans with

an important role in the control of glyce-

mia. These pioneer findings were for-

gotten over the following 35 years, un-

til crystalline glucagon was obtained.

Advances in protein chemistry and

in cell signal transduction allowed wor-

kers to know its primary structure, as

well as its biological activities. Later

on, the development of a radioimmu-

noassay for glucagon determinations

offered a considerable advance for stu-

dies related to the synthesis and relea-

se of this hormone and its pathophy-

siological implications, whereas appli-

cation of recombinant DNA technology

has shown glucagon to be a member of

the family known as «glucagon and re-

lated peptides». In adittion, glucagon

and related peptides are members of the

glucagon/secretin/VIP family of pep-

tides (Table I).

GLUCAGON AND RELATED PEPTIDES

The use of specific antisera against

pancreatic glucagon and of non-speci-

fic ones that recognise both glucagon

and a family of peptides of intestinal

origin with properties similar to those

of glucagon gave rise to the nomination

of glucagon-like immunoreactivity

(GLI). At present we know that GLI(2)

peptides are included in the molecule

of proglucagon, which is produced in

the pancreas, stomach, gut and central

nervous system (CNS). The elucidation

of the primary structure(3) of proglu-

cagon (Fig. 1) has permitted the inter-

pretation of the relationships among the

multiple forms of glucagon-containing

(glicentin and oxyntomodulin) and glu-
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ABSTRACT: Despite previous studies indicated that GLP-1(7-36)amide was an intestinal peptide with
a potent effect on glucose-dependent insulin secretion, later on it was found that several biological
effects of this peptide occur in the brain. Thus, proglucagon is expressed in pancreas, intestine and
brain, but post-translational processing of the precursor yields different products in these organs,
GLP-1 (7-36)amide being one of the forms produced in the brain. Also, GLP-1 receptor cDNA from
human and rat brains have been cloned and sequenced, and the deduced amino acid sequences are
the same as those found in pancreatic islets. Through these receptors, GLP-1(7-36)amide from gut or
brain sources induces its effects on the release of neurotransmitters from selective brain nuclei, the
inhibition of gastric secretion and motility, the regulation of food and drink intake, and the stimula-
tion of arterial blood pressure and pulmonary surfactant release. GLP-1(7-36)amide and GLP-2 ad-
ministration produced a marked reduction in food intake, and the coexpression of GLP-1 receptor,
GLUT-2 and glucokinase (GK) mRNAs in hypothalamic neurons involved in glucose sensing, sug-
gesting that these cells may be involved in the transduction of signals needed to produce a state of
fullness. Components of this sensor device are present in glucose responsive (GR) and in glucose sen-
sitive (GS) neurons. When GR neurons are exposed to high-glucose levels, GK activation produces
an increased ATP/ADP ratio and then KATP channel is inactivated, producing membrane depolari-
zation. Thus, Ca2+ influx increases in these cells, but it was reduced in GS neurons. Furthermore, the
interactions of GK and glucokinase regulatory protein may also facilitate the functioning of glucose-
sensing in the central nervous system, and as a consequence might modulate feeding behaviour.

KEY WORDS: GLP-1; GLP-2; Exendins.



cagon-like peptides (GLP-1 and GLP-

2). Proglucagon gene contains six exons

and five introns, and gives rise to an

mRNA transcript identical in sequen-

ce in the pancreas, intestine, and brain

(Fig. 1) although post-translational pro-

cessing yields different products in the-

se organs(4). In the a-cells of the pan-

creas, the products are glicentin-rela-

ted pancreatic peptide, glucagon and

a large peptide containing the sequen-

ces for GLP-1 and GLP-2. In the L-cells

of the gut, glucagon is predominantly

processed to glicentin, oxyntomodulin,

GLP-1 and GLP-2. Further processing

of GLP-1 in these cells produces the

truncated and amidated forms of the

peptide: GLP-1 (1-36)amide, GLP-1(7-

36)amide, and GLP-1(7-37). In the

brain, the processing of glucagon re-

sembles that seen in the intestine.

GLUCAGON-LIKE PEPTIDES (GLPS)

The C-terminal portion of mam-

malian proglucagon, which contains

the sequences of GLP-1 and GLP-2, is

processed and release to the blood cir-

culation as GLP-1(1-37), GLP-1(7-37),

GLP-1(7-36) amide, and GLP-2. The

secretion of these peptides increases in

response to the ingestion of meals or

oral glucose(5). The truncated forms of

GLP-1 are the most potent agents

known to produce, a glucose- depen-

dent stimulus for insulin release and,

within the entero-insular-axis(6), are

considered to be the molecules with the

greatest incretin effect. The activity of

glucokinase in both pancreatic ß-cells

and intestinal L-cells seems to play a

role in glucose sensing(7), facilitating

therefore the secretion of insulin and

GLP-1 respectively. In addition, GLP-

1(7-36)amide acting through its recep-

tors in ß-cells made these cells gluco-

se-competent(8) contributing in this way

to the glucose sense process.

GLPs are rapidly removed from the

blood circulation, mainly by the kid-

neys and to a minor extend by the ac-

tions of the enzyme dipeptidylpeptida-

se IV present in blood plasma.

Exendin-4 is a peptide isolated from

Helodermatidae venoms(9) that shows

53% structural homology with GLP-

1(7-36)amide. This peptide competes

with GLP-1(7-36)amide at the same

binding sites and produces the same

chemical mediator and biological ef-

fects. The properties of exendin-4 as an

agonist and of exendin (9-39) as a po-

tent antagonist for the GLP-1 receptor

have opened the possibility of using the-

se peptides as tool to define the GLP-

1s in different physiological effects.

MECHANISM OF ACTIONS AND

PHYSIOLOGICAL EFFECTS OF GLP-1

GLP-1 receptor encodes a 463 ami-

no acid protein that is identical in lung,

heart, pancreatic islets, stomach, kid-

ney, and brain(10). The receptor displays

90% homology in the rat and human.

It is a member of the seven-transmem-

brane family of G-protein-linked re-

ceptors, such as receptor for VIP, cal-

citonin, glucagon, pituitary adenylate

cyclase activating peptide (PACAP),

secretin, PTH, and GHRH. The GLP-

1 receptor is coupled to the adenylate

cyclase system and to the protein ki-

nase A. Specific high-affinity binding

sites for GLP-1(7-36)amide have seen

identified in rat insulinoma cells(11),

126 E. BLÁZQUEZ ET AL. JULIO-SEPTIEMBRE 2002

TABLE I MEMBERS OF THE GLUCAGON/ 

SECRETIN/VIP FAMILY OF PEPTIDES

Molecules

Exendin-3 Glucagon

Exendin-4 Oxyntomodulin

Exendin(9-39) Secretin

GIP Helodermin

Glicentin Helospectin I

GLP-1(1-37) Helospectin II

GLP-1(7-37) PACAP 27-38

GLP-1(1-36)amide PHI

GLP-1(7-36)amide PHM

GLP-2 VIP

IP-1 GLP-1 GLP-2IP-2

GRPP Glucagon IP-1 GLP-1 GLP-2IP-2Proglucagon

Glicentin
Oxyntomodulin

Pancreatic α-cells

GRPP

Glucagon

GLP-1 GLP-2

Intestinal L-cells

GRPP Glucagon IP-1

GRPP IP-1

Glicentin

Oxyntomodulin

GLP-1

GLP-2

GLP-1(7-36)amide
GLP-1(7-37)

Brain

GRPP Glucagon IP-1 Glicentin

Oxyntomodulin

GLP-1

GLP-2

GLP-1(7-36)amide
GLP-1(7-37)

Preproglucagon GRPP Glucagon

MPGF

Glucagon IP-1

Figure 1. Expression of the preproglucagon gene.



pancreatic ß-cells, gastric glands(12), and

lung(13), adipocyte(14) and brain mem-

branes(15).

GLP-2 binds to its receptors, which

is coupled to the adenylate cyclase and

protein G. GLP-2 receptor gene is lo-

cated in humans in the chromosome

17p 13,3(16), and expressed in different

tissues, such as enteric nerves, endo-

crine cells of the gut, and several re-

gions of the central nervous system, in-

cluding the thalamus, hypocampus,

hypothalamus and cerebral cortex.

The entire GLP-1 sequence or

GLP-1(1-37) has low biological acti-

vity, but truncated forms GLP-1(7-

36)amide and GLP-1(7-37) are very ac-

tive. Both are indistinguishable in their

ability to stimulate insulin secretion in

a glucose-dependent manner(17), as well

as increase the release of somatosta-

tin and reduce glucagon secretion(18).

GLP-1(7-36)amide also inhibits gas-

tric acid secretion, gastric emptying,

and meal-induced pancreatic exocri-

ne secretion(19). These effects seem to

be centrally mediated, because they are

not found in vagotomized subjects(20).

Also, this peptide increases arterial blo-

od pressure and heart rate through pe-

ripheral and central mechanisms(21-23).

It is also known that GLP-1(7-36)ami-

de binds to receptors(13) on the submu-

cosal glands of the trachea, the smooth

muscle of the pulmonary arteries and

pneumocytes type II, producing an in-

crease in mucous secretion, pulmonary

smooth relaxation and pulmonary sur-

factant secretion(24-26).

Central or subcutaneous adminis-

tration of GLP-1(7-36)amide reduces

food and water intake(27-30), whereas a

potent glycogenic effect has been des-

cribed in isolated hepatocytes and ske-

letal muscle(31, 32). Also, the truncated

forms of GLP-1 have shown to have an-

tidiabetogenic effects and have been

suggested to be useful in the treatment

of diabetes mellitus type 1 and 2(33).

The GLP-2 that is cosecreted with

GLP-1 from the intestinal L-cells, acts

mainly in the gastrointestinal tract. The

administration of this peptide reduces

gastric motility and secretion, and aug-

ments the intestinal transport of hexo-

ses and glycine. Also GLP-2 induces

the growth of the gut epithelium(34) with

increases in the length and width of the

mucosa; being the trophic effects mo-

re relevant in the jejunum. The augment

in the width of the mucosa may be ex-

plained because GLP-2 increases the

criptae proliferation, which is related

to decrease in the enterocytes apopto-

sis. Recently, we have reported that

GLP-2 stimulates the proliferation of

rat astrocytes in culture(35), which have

opened new views on the effects of this

peptide on the central nervous system.

Based in studies with experimental

models of gut diseases, it has been pro-

posed that GLP-2 plays a role in the re-

generation of intestinal mucosa. Thus,

this peptide reversed the parenteral nu-

trition-induced intestinal mucosa

atrophy, and reduced the severity of mu-

rine enteritis induced by indomethacin

or dextran sulfate treatments. Also GLP-

2 reduced intestinal mucosa damage and

cytokines expression in rats with in-

flammation induced by antigens(36).

GLUCAGON-LIKE PEPTIDES AS

NOVEL NEUROPEPTIDES

The development of RIAs in the

1970s revealed that several peptides

considered gastrointestinal hormones

were also found in the mammalian

brain. These so-called gut-brain or re-

gulatory peptides include CCK, ente-

rostatin, bombesin, glucagon, galanin,

growth hormone-releasing factor, neu-

ropeptide Y and others, are involved in

gastrointestinal secretion and motility,

and modulate appetite, energy balance,

and body weight. Recent findings in-

dicate that GLP-1 and GLP-2 might be

also considered as regulatory peptides.

Current experimental evidence

shows that both GLP-1(7-36)amide and

its own receptors are synthesized in se-

lective areas of the brain, mainly in the

hypothalamus and brainstem. These lo-

cations suggest that GLP-1(7-36)ami-

de might acts as a neuropeptide invol-

ved in autocrine and neuroendocrine

activities by regulating several func-

tions, such as food intake, water ba-

lance, thermoregulation, arterial blood

pressure, heart rate, glucose-dependent

insulin secretion, and the selective re-

lease of neurotransmitters.

Perfusion of the rat basal ganglia

with GLP-1(7-36)amide produced an

immediate increase in extracellular le-

vels of glutamine and glutamine acid

but the peptide had no effect on the le-

vels of aspartic acid glycine or serine(37).

Also, microdialysis of the ventromedial

hypothalamus with GLP-1(7-36)amide

produced an immediate increase in the

extracellular concentrations of aspartic

acid and glutamine, but the concentra-

tions of glutamic acid, alanine, threo-

nine and tyrosine were unaffected(38).

Interestingly, two brain areas, i.e., the

ventromedial hypothalamus and the ba-

sal ganglia, display a distinctive pattern

of neurotransmitter release after perfu-

sion with GLP-1(7-36)amide. It is in-
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teresting too that another regulatory pep-

tide, such as CCK, also produced a re-

lease of aspartate by the ventromedial

hypothalamus(39). Since this brain area

is involved in the control of food inta-

ke and since both CCK and GLP-1(7-

36)amide reduce food ingestion, it could

be suggested that these peptides might

participate in the central control of fe-

eding-behaviour through release of as-

partate.

In addition, GLP-1(7-36)amide in-

creases arterial blood pressure and he-

art rate in the rat after peripheral ad-

ministration(21, 22), but also through a

central(23) mechanism that is transmit-

ted to the periphery through the vagus

nerve. In a similar way the action of

GLP-1(7-36)amide on gastric secretion

and gastric emptying seems to be a cen-

trally mediated effect(20), whereas the

reduction of body temperature by this

peptide was induced after peripheral

and central administration(40).

Although, there are not experi-

mental evidences proving that GLP-2

is synthesized in the CNS, specific

GLP-2 receptors have been found in

several brain locations and this pepti-

de stimulates the proliferative activity

of rat astrocytes(35). These findings sug-

gest that GLP-2 acts as a neuropepti-

de(41), which might play a role in seve-

ral physiological states.

FEEDING BEHAVIOUR AND

NEUROPEPTIDES

First suggestions that hypothalamus

play a major role on feeding behaviour

and energy homeostasis were obtained

sixty years ago after brain lesioning and

stimulation studies. Taking advantage

of these early observations, such as

electrical stimulation of ventromedial

hypothalamic nucleus (VMN) suppress

food intake and that bilateral lesions of

these structures induce hyperphagia and

obesity, VMN was named the «satiety

centre», while alterations of the lateral

hypothalamic area (LHA) induced the

opposite set of responses and thus was

called the «hunger centre». In these pro-

cesses is also implied the dorsomedial

medulla oblongata, including the nu-

cleus tractus solitarius (NTS) and the

motor nucleus of the vagus. These brain

areas use autonomic efferent nerves to

modulate glucose homeostasis in liver

and endocrine pancreas, producing in

the VMH and paraventricular (PVN)

nuclei inhibitory effects on vagal ner-

ve activity and excitatory effects on

splanchnic nerve activity, whereas the

LHA is excitatory to the vagal nerve.

In addition, these regions may be alte-

red by metabolic signals, as changing

the electrical activity of neurons by di-

rect application of glucose or by mo-

difications of blood glucose levels. In

this regard, glucose is mainly excita-

tory in the VMN and inhibitory in the

LHA and NTS, and both responses sug-

gest the presence of glucose sensors in

these brain areas.

At present we know the existence

of specific subpopulation of neurons

implied in energy homeostasis and lo-

cated on the so-called «satiety and hun-

ger centres», which constitute neuro-

nal pathways with orexigenic and ano-

rexigenic neuropeptides (Table II), that

generate integrated responses to affe-

rent stimuli related to modifications in

metabolites or in fuels storage.

A number of peptide hormones,

previously thought to be specific to

the gastroenteropancreatic system and

later found also in the mammalian

brain, have been shown to modulate

appetite, energy, and body weight.

They play these physiological effects

together with other neuropeptides such

as neuropeptide Y, opioid peptides,

galanin, vasopressin, and GHRH.

Thus, feeding behaviour is controlled

by the antagonist effects of anorexi-

genic and orexigenic peptides. The

complex mechanisms underlying the

abundance of such variety of feeding

behaviour-modulating peptides can be

understood on the basis of, the spe-

cific role for each molecule as a re-

gulatory mechanisms in energy ba-

lance states, the specificity of macro-

nutrient intake (carbohydrate, fat, or

proteins) and meal size control, and
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TABLE II PEPTIDES IMPLICATED IN THE CONTROL OF FOOD INTAKE

Orexigenic Anorexigenic

AGRP CART _-MSH

Galanin CCK Neurotensin

Hypocretin 1 and 2/Orexin A and B CRH Oxytocin

MCH GLP-1(7-36)amide TRH

Noradrenaline GLP-2 Serotonin

NPY IL -1ß Urocortin

Leptin



the shifts in feeding behaviour related

to hormonal status, gender, age, and

circadian rhythms.

It is accepted that cells of several

hypothalamic nuclei detect circulating

periphery satiety signals and transmit

this information to other brain areas.

Orexigenic and anorexigenic neuro-

peptides are located in these PVN,

VMN, LHA and arcuate nuclei inter-

acting one to others in a way that they

may induce a characteristic feeding be-

haviour. Thus, peptide Y(Y3-36) is rele-

ased from gastrointestinal tract pos-

tprandially, and acts on NPY Y2 re-

ceptor in the arcuate nucleus to inhibit

feeding with a «long-term» effect(42).

Conversely, other satiety signals indu-

ced by gut-brain peptides such as GLP-

1(27-29), GLP-2(41) and CCK produced a

«short-term» effect, while insulin and

leptin(43) inhibit the appetite by increa-

sing the formation of POMC and re-

ducing NPY action. In addition, ghre-

lin a peptide released by the stomach

is stimulated before the meals to faci-

litate NPY action.

Glucagon-like peptides 1 and 2 sig-

nificantly modify feeding behaviour.

Intracerebroventricular or subcutane-

ous administration of GLP-1(7-36)ami-

de produced a marked reduction of fo-

od intake and water ingestion(27-29).

Exendin-4 proved also to be a potent

agonist of GLP-1(7-36)amide in that it

decreased both food and water intake

in a dose-dependent manner (Fig. 2).

Pretreatment with exendin (9-39) re-

versed the inhibitory effects of GLP-

1(7-36)amide or exendin-4. These fin-

dings suggest, that GLP-1(7-36)amide

may modulate both food and drink in-

take either through a central or peri-

pheral mechanisms. Similar results ha-

ve been found in humans when the pep-

tide was administered peripherally(44).

GLP-1(7-36)amide after adminis-

tered subcutaneously could enter the

brain by binding to blood-brain barrier-

free organs such as the subfornical or-

gan and the area postrema(45). Alter-

natively, it could be transported into

the brain through the choroid plexus,

which has a high density of GLP-1 re-

ceptors(46).

Decreases in water intake could

simply be associated with the effects

of food intake. However, several ob-

servations suggest a possible action of

GLP-1(7-36)amide on thirst-regulatory

mechanisms, since GLP-1 receptor

mRNA has been located in brain areas

related to the control of thirst, such as

the preoptic area, glial cells lining the

third ventricle, and especially, the neu-

rons of the paraventricular nucleus,

which is a key station for water balan-

ce regulation, through the antidiuretic

effects of vasopressin released by its

projection to the neurohypophysis(47).

In addition, icv administration of GLP-

1(7-36)amide significantly increases

the circulating levels of vasopressin,

and colocalization of the mRNAs of the

GLP-1 receptor and vasopressin has be-

en found in the neurons of the para-

ventricular nucleus(48).

The potential utility of peripherical

versus central administration of GLP-

1 receptor agonists in the regulation of

feeding behaviour of Zucker obese rats

has been explored(29). Acute central icv

and sc administration of both GLP-1(7-

36)amide and exendin-4 resulted in a

reduction in food intake; exendin-4

being much more potent than GLP-1(7-

36)amide, especially after peripheral

administration. Long-term s.c. admi-

nistration of exendin-4 decreased daily

food intake and practically blocked

weight gain in obese rats. These ob-

servations highlight the potential use-

fulness of exendin-4 or its structural

analogs as a tool for treating obesity

and/or diabetes. Both GLP-1(7-36)ami-

de and exendin-4 regulates blood glu-

cose through stimulation of glucose-

dependent insulin secretion, inhibition

of glucagon secretion, and inhibition

of gastric emptying(17-19), which facili-
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Figure 2. Effects of acute icv administration of either GLP-1(7-36)amide (   ) or exendin-4 (   ) on cumulated
food intake in 24h food-deprived rats. Means ± SEM. Taken from Blázquez et al(30).



tate the decrease of blood glucose in

type 1 and type 2 diabetic patients(33).

Although diabetic patients treated with

GLP-1(7-36)amide require less exoge-

nous insulin and have reduced post-

prandial hyperglycemia, their pre-pran-

dial glycemia is increased, probably

due to the short duration of this pepti-

de. In light of these results, different N-

terminally substituted GLP-1(7-36)ami-

de analogs resistant to DPP-IV have re-

cently been developed. These analogs

have prolonged metabolic stability in

vivo and improved biological activity,

which may be of great interest in dia-

betes therapy. Likewise, exendin-4 is

resistant to DPP-IV cleavage, sugges-

ting a potential use of exendin-4 or

structural analogs in the treatment of

type 2 diabetes and/or obesity.

On the other hand, icv administra-

tion of GLP-2 to mice and rats produ-

ced a marked decrease of food intake

but not of water ingestion(41). Surpri-

singly, this effect was avoided by the

administration of exendin(9-39), an anta-

gonist of GLP-1.

BRAIN GLUCOSE SENSING

Glucose homeostasis requires hor-

mone and neural mechanisms in an at-

tempt to get a normal functioning of

the brain and of peripheral tissues. In

this way glucose is needed as an energy

substrate but also as a signalling mo-

lecule implicated in the control of glu-

cose-dependent insulin secretion, sti-

mulation of glucose uptake and mus-

cle glucose utilization, as well as mo-

dulates feeding behaviour and the re-

lease of counterregulatoy hormones that

defend against hypoglycemia. Accor-

dingly, glucoregulatory mechanisms

are of primary functional concern to

provide a continued glucose supply to

the central nervous system and to fa-

ce metabolic needs of peripheral tis-

sues. Blood glucose levels are main-

tained within a physiological range de-

pending of the feeding status of the pe-

ople, the antagonist effects of pancre-

atic hormones insulin and glucagon, the

activities of the hypothalamic-pituitary

adrenal axis and the components of the

autonomic nervous system. Alterations

of normoglycemic levels have delete-

rious consequences that increase the

morbidity and mortality rates of the po-

pulation. To avoid marked blood glu-

cose oscillations, glucose sensor are lo-

cated in gut, endocrine pancreatic cells,

portal vein, central nervous system and

rare neuroendocrine cells, which per-

mit to generate mechanisms need to

maintain glucose homeostasis. 

Glucose sensors are molecular de-

signs that accurately detects and mea-

sure glucose concentrations in the ex-

tracellular space. First indication of the

existence of a glucose sensor system

was reported in the pancreatic ß-cells(49),

constituted by the glucose transporter

isoform GLUT-2 and by glucokinase

(GK). These proteins are involved in

the high-Km glucose transport and in

the high-Km phosphorylation of glu-

cose, respectively, which permit then

to augment utilization of glucose as its

concentration rises. Pancreatic ß-cells

seem sense glucose concentration

through its catabolic products, in a way

that glucose catabolism rate must be

proportional to glucose levels in the ex-

tracellular space. GLUT-2 activity

plays a permissive role for glucose ca-

tabolism, but it is not determinant on

glucose sensing since glucose transport

in ß-cells is 100-fold higher than the

rates of glucose metabolism. By con-

trast, GK catalyzes the rate-limiting step

of glucose catabolism acting as a real

glucose sensor. GK controls glucose

oxidation and ATP formation, and the

resulting increase of the ATP/ADP ra-

tio favour the closure of ATP-sensiti-

ve potassium channels and the depola-

rization of ß-cells, that cause voltage-

sensitive calcium channels to open.

This then promotes an increase of in-

tracellular calcium concentrations that

produces insulin exocytosis.

Another glucose sensor system lo-

calized in the portal vein upstream of

the hepatic hilus has been reported, con-

nected through afferent hepatic bran-

ches of the vagus nerve to glucose sen-

sitive neurons in the lateral hypothala-

mus and in the nucleus of the solitary

tract(50). This hepatoportal glucose sen-

sor is constituted by the glucose trans-

porter GLUT-2 and the GLP-1 and so-

matostatin receptors, which requires

the presence of a positive porto-arterial

glucose gradient to be activated and

controls several functions as stimula-

tion of hepatic glucose uptake and the

vagus nerve firing rate, as well as the

activation of this sensor by glucose in-

creases muscle glucose utilization. 

In addition, GK is present in gut L-

cells and may plays a role as glucose

sensor in the glucose-dependent GLP-

1 secretion, which is a of the most po-

tent incretin molecules within the en-

tero-insular axis(7).

Our findings(28-30, 46) indicate that

GLUT-2, GK and GLP-1 receptors ge-

nes are coexpressed in neurons of hu-

man and rat hypothalamus, located in

areas implied in the regulation of
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energy homeostasis, feeding behaviour,

glucose metabolism and autonomic ner-

vous system. It is noteworthy that in

the brain, GLP-1(7-36)amide serves as

a signal to reduce food intake. The co-

localization of GLP-1 receptors,

GLUT-2 and GK in hypothalamic neu-

rons involved in feeding behaviour

might play a role in glucose sensing

prior to the onset of a state of fullness.

Thus, increased glycemia after meals

may be recognized by these hypotha-

lamic neurons because of the high-Km

glucose transporter activity of GLUT-

2 and the high-Km glucose phos-

phorylation of GK. Furthermore incre-

ased ATP production during glucose

oxidation in these neurons facilitates

the transduction of signals required to

produce a state of satiety.

Two kinds of glucose sensor neu-

rons have been identified. Glucose res-

ponsive (GR) neurons(51, 52) are present

mainly in the 40% of VMN of the

hypothalamus and in the enteric ner-

vous system, and they are excited by

increased glucose levels in the extra-

cellular space, with alterations on their

firing rates (Fig. 3). A similar elec-

trophysiological behaviour has been

found in pancreatic ß-cells in response

to elevations of ambient glucose. By

contrast in the 30% of glucose sensi-

tive (GS) neurons in the LHA, myen-

teric neurons or pancreatic a-cells are

excited by decreases of glucose in the

extracellular space. Similarities bet-

ween glucose-sensing neurons and en-

docrine cells of the pancreas are also

evident by the presence of KATP chan-

nels that contribute to the depolariza-

tion of these cells(53). Glucose activa-

tion of these cells is supported by the

facts that blockers of glucose transport

or glycolysis avoid glucose-induced

electrical activity, while other nutrients

like glycerol, glyceraldehyde and lac-

tate mimicked the effects of glucose.

When GR neurons are exposed to high-

glucose levels, GK activation produces

an increased ATP/ADP ratio and then

the KATP channel composed by the

Kir 6.2K+ pore-forming unit and a sul-

fonylurea receptor is inactivated, pro-

ducing membrane depolarization(55). As

a consequence a Ca2+ influx through a

voltage-activated Ca2+ channel happens.

Despite KATP channels distribution

is ubiquitous in the brain only selecti-

ve areas of this organ shows glucose-

sensing properties, which seems to be

conditioned by the activity of GK(56).

This enzyme is present in GR cells, in

where intracarotid glucose stimulates

c-fos expression, and also in GR neu-

rons where hypoglycemia induces c-

fos expression(57). In the same direction

when glucose levels decreases Ca2+i os-

cillations increase en GS cells but they

were reduced in GR neurons. The use

of GK inhibitors(56) suggest that GR

neurons might be inactivated by lowing

the ATP/ADP ratio and activation of

KATP channel, while GS may be acti-

vated at 2.5 mmol/l glucose in a pro-

cess mediated by a KATP channel, a Na+-

K+-ATP pump or a chloride channel.

Reinforcing these observations are the

facts related with increased GK ex-

pression in impaired glucose sensing

states such as obesity and post-hypogly-

cemia(56).

Using different technical approa-

ches we have found the expression of

GLUT-2 and, GK and GLP-1 receptor

mRNAs and proteins in human and rat

brain(28-30, 46, 58). Thus, in situ hybridiza-

tion histochemistry studies revealed

GLUT-2 and GK mRNAs in cells

throughout the brain, with the highest

number of positive cells found in the

hypothalamus. Also, RT-PCR analysis
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of total RNA from different brain are-

as and subsequent southern blot analy-

sis of the PCR products disclosed the

presence of GLUT-2 and GK mRNAs

in all the tissues studied. GLUT-2 and

GK genes expression in human and rat

brain gave rise to proteins of 62 and 52

kDa respectively as determined by Wes-

tern blots. Also, a high Km glucose

phosphorylating activity in the same

brain areas was determined. Accor-

dingly, the characterization includes not

only the study of the gene expression

but also that of the kinetic properties of

the enzyme because, as for example in

the rat pituitary the presence of GK

mRNA does not ensure glucose phos-

phorylating activity. Human and rat

brain GK showed kinetic properties si-

milar(59) to that previously reported for

the enzyme of liver and pancreatic is-

lets origin, with a high apparent Km for

glucose and displays no product inhi-

bition by glucose-6 phosphate. The con-

tribution of GK to the total glucose

phosphorylating activity was 40-10%

in different cerebral regions, as com-

pared with the 85% in rat liver or the 50

to 24% described in pancreatic islets.

Long-term regulation of GK takes

place at transcriptional and post-trans-

criptional level. GK is encoded by a

single gene, but the presence of alter-

native promoters allows the cell-spe-

cific expression of this protein. The

upstream promoter is functional in ß-

cells and in the brain, while the downs-

tream promoter is used only in the li-

ver. Hepatic and ß-cell GK mRNAs dif-

fer at their 5´ends owing to the use of

tissue-specific promoters. Thus, the he-

patic (L1) and the pancreatic islet (B1)

isoforms differ from each other in 15

amino acids at the N-terminus. We ha-

ve found(59) a similar RNA splicing pat-

tern of the GK gene product in rat

hypothalamus and pancreatic islets; the

mRNA that codes for B1 isoform was

the most abundant, with minor amounts

of those coding for the B2, P1, P2,

P1/B2 and P2/B2 isoforms. Distincti-

ve pattern of GK isoforms may modu-

late enzyme expression. In fact, liver

GK is regulated by insulin whereas the

enzyme of pancreatic or brain origin

seems to be controlled post-transcrip-

tionally by glucose levels. These fin-

dings reinforce the role of glucose as a

signal molecule in certain areas of the

brain. 

GK activity may also be regulated

by the presence(60) of glucokinase re-

gulatory protein (GKRP), which in the

presence of fructose-6-phosphate binds

to GK and inhibits its activity, where-

as fructose-1-phosphate prevents the

formation of the complex. In pancre-

atic islets, GK may also be regulated

by a protein, in a similar way to that

described in hepatocytes. In the liver

the subcellular translocation of GK re-

gulates the enzyme activity in accor-

dance with the metabolic needs of the

cells. Thus, GKRP is present mainly in

the nucleus. The locations of the both

proteins change as a function of the me-

tabolic status. In the basal state both

GK and GKRP are bound in the nu-

cleus, but in the post-prandial state

when glucose and fructose circulating

levels rise, GK is released from GKRP

and remains free in the cytoplasm re-

ady to phosphorylate glucose. These

findings indicate that GKRP functions

as an allosteric inhibitor of GK and as

a metabolic sensor, as well as a nucle-

ar chaperone that binds and transports

GK to the nucleus. Studies carried out

in GKRP-deficient mice suggest a re-

gulatory and stabilizing role for this

protein in maintaining adequate GK le-

vels in the liver.

We have developed an experimen-

tal design with which we found the ex-

pression of GKRP mRNA and protein

in human and rat brain(60). Thus, in situ

hybridization histochemisty studies re-

vealed GKRP mRNAs in cells through

out the brain, in the same locations whe-

re GK mRNAs were found. Also RT-

PCR analysis of total RNA from hypo-

thalamus, pancreatic islets and liver and

subsequent southern blot analysis of the

PCR products disclosed the presence of

GKRP mRNAs in all three tissues. Se-

quencing of the amplified GKRP cDNA

from rat hypothalamus and pancreatic

islets indicated that one of the mRNA

transcripts was identical to the cDNA

of GKRP cloned from liver. Also we

have identified two other variant spli-

cing isoforms(60). 

GKRP gene expression in human

and rat brain gave rise to a protein of

69 kDa, as determined by western blot-

ting, with a characteristic subcellular

distribution. Also, the presence of GK

and GKRP in similar subcellular frac-

tions from liver and brain suggests that

both proteins may have the same bio-

logical in these organs.

Further experimental approaches

were developed to elucidate the func-

tional interactions, between GK and

GKRP. For this purpose we used a glu-

tathione S-transferase protein fused ei-

ther to rat liver GK (GST-rGKl) or to

human pancreatic islet GK (GST-

hGKi). Both proteins were incubated

with or hypothalamic extracts, and then

the fused proteins-bound or not to

GKRP were isolated with glut-agaro-
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se(60). Both GST-rGKl and GST-hGKi

were able to precipitate GKRP from li-

ver and hypothalamus in the presence

of fructose 6-phosphate, but the amount

of GKRP coprecipitated was decreased

in the presence of fructose 1-phospha-

te, indicating that GK and GKRP also

interact in brain and may respond to

fructose esters.

Despite that physiological concen-

tration of blood glucose under basal

conditions is of 5mM, the interstitial

glucose levels found in the brain are lo-

wer than 2 mM, reflecting that when

circulating blood glucose levels move

from 2.5 to 15 mM, brain glucose con-

centrations only may from 0.15 to 4.5

MM. These facts make possible that

the most abundant glucose transpor-

ter isoform GLUT-3 and of the gluco-

se phosphorylating enzyme HK-1 in

the brain are sufficient enough to gua-

rantee ATP formation for maintaining

cell functions under basal conditions

although the low Km of hexokinase I

is saturated below 2 mM. On the other

hand, fluctuations of blood glucose con-

centrations to low or high levels need

systems of glucose sensing in order to

get a physiological response. Current

knowledge indicates a major role for

the CNS in hypoglycemia sensing,

through the contribution of hypothala-

mic glucoreceptors present in the

VMH. This is considered a sympathe-

tic center with regulatory activities on

food intake, that when stimulated pro-

moted the release of the counter regu-

latory hormones catecholamines and

glucagon that defend against glucope-

nia(61).

Furthermore, GK may recognize

elevations of plasma glucose levels, as

for example after food ingestion, and

its interactions with GKRP may facili-

tate the functioning of glucose-sensing

sites located in selective areas of the

brain. Thus, interactions between GK

and GKRP could regulate key mecha-

nisms in the brain. Also the coexpres-

sion of GK, GKRP, GLUT-2 and GLP-

1 receptors in the same hypothalamic

neurons, as previously reported by us

adds a further suggestion concerning

the cooperative actions of these mole-

cules in glucose sensing and metabo-

lic regulation in the CNS. Further ex-

periments designed to elucidate the

interactions between the molecules ci-

ted above may be of great interest. 
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INTRODUCTION

Blood glucose concentration is the

most important regulatory stimulus for

β cell insulin secretion. The process

of glucose-induced insulin secretion

is fully dependent on the metabolism

of the sugar in the β cell. The products

of glucose metabolism, especially ATP,

close the ATP potassium channel (KATP),

increasing the intracellular potassium

concentration that leads to a membrane

depolarization(1). This phenomenon

induces the opening of the voltage

sensitive calcium channels (VSCC)

provoking a rapid increase in calcium

influx and in the intracellular calcium

concentration [Ca]i that triggers granule

exocytosis(2, 3). On the other hand, the

metabolism of glucose in the β cell

also activates several enzymes,

particularly phospholipase C (PLC)

and adenylate cyclase (AC), which

induce an increase in protein kinase C

(PKC) and protein kinase A (PKA)

activities, respectively(4, 5). These kinases

have an important role in the mechanism

of glucose-induced insulin secretion,

including opening of the VSCC(6).

However, PKC in particular can also

stimulate other systems such as the

NAD(P)H oxidase complex(7).

NADPH OXIDASE OF PHAGOCYTES

NADPH oxidase catalyses the

production of the superoxide anion

(O2
–) by the one-electron reduction of

oxygen, using NADPH as the electron

donor (Fig. 1). The superoxide generated

by this enzyme serves as the starting

point for the production of a vast

assortment of reactive oxidants, including

oxidized halogens, free radicals and

singlet oxygen. These oxidants are used

by neutrophils to kill invading

microorganisms(8), but they also cause

a lot of 'damage' to nearby tissues, so

their production has to be tightly

regulated to ensure that they are only

generated when and where required.

NADPH oxidase comprises five

components. In the resting cell, three

of these five components, p40PHOX,

p47PHOX and p67PHOX, exist in the cytosol
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ABSTRACT: In the presence of high glucose concentration (16.7 mM), pancreatic islets show increased
activities of superoxide dismutase (SOD) and glutathione peroxidase (GSHPx). This activation may
be a result of reactive oxygen species (ROS) stimulation, which is generated during glucose metabolism.
NAD(P)H oxidase is mainly responsible for ROS production by phagocytic cells but its isoforms
have been found in various other tissues. We have recently shown that PMA -an activator of protein
kinase C (PKC)- increases the ROS formation by pancreatic β cells in the presence or absence of
glucose or palmitate. DPI (diphenylene iodonium), an inhibitor of NAD(P)H oxidase, decreases
glucose- and palmitate-induced ROS production by isolated pancreatic islets. Supporting these
observations, the expression of the p47PHOX and p67PHOX NAD(P)H oxidase subunits was demonstrated
by Western blotting and three NAD(P)H oxidase components were found in pancreatic islets by RT-
PCR analysis: gp91PHOX, p22PHOX and p47PHOX. Immunohistochemical experiments showed that p47PHOX

subunit is mainly found in insulin-producing cells. Glucose stimulation of ROS production by pancreatic
islets occurs through a PKC-dependent activation of NAD(P)H oxidase and this effect is potentiated
by palmitate. Therefore, activation of NAD(P)H oxidase in pancreatic islets may be involved in the
pathogenesis of type II diabetes.

KEY WORDS: NADP(H)oxidase; Reactive oxygen species; Insulin secretion; Pancreatic islets; β cells



as a complex. The other two components,

p22PHOX and gp91PHOX, are located in

the membranes, where they are present

as a heterodimeric flavohaemoprotein

known as cytochrome b558
(9). Separation

of these two groups of components,

because of their distribution in distinct

subcellular compartments, guarantees

that NADPH oxidase is inactive in the

resting cell(8). When the resting cell is

exposed to PMA, for example, activated

protein kinase C, translocated from the

plasma membrane, phosphorylates the

cytosolic components (Fig. 1).

Subsequently, p40PHOX, which is

responsible for maintaining the resting

state of NADPH oxidase, is separated

from other two cytosolic phox proteins

following attachment of the active form

of the small GTP-binding protein Rac

to p67PHOX. The cytosolic duo-phox

proteins (p47PHOX and p67PHOX) become

conjugated with the membrane

components of NADPH oxidase. This

chain of events triggers the production

of superoxide(10).

NAD(P)H OXIDASE IN

NON-PHAGOCYTIC CELLS

Recent studies have shown that

several tissues and cells present

NAD(P)H oxidase activity such as:

endothelial cells (ECs)(11, 12), vascular

smooth muscle cells (VSMCs)(13), thyroid

cells(14), fibroblasts(15), lymphocytes(16),

spermatozoa(17), and osteoclasts(18). In

phagocytic cells, NAD(P)H oxidase

produces large amounts of superoxide

that leads to generation of other reactive

oxygen species (ROS) devoted to kill

microorganisms (bacteria, viruses, and

fungi). In non-phagocytic cells, on the

other hand, the role of NAD(P)H oxidase

still remains to be defined. In the last

years, several studies have examined

the role of NAD(P)H oxidase in different

tissues, such as the smooth muscle of

vessels. Zalba et al.(19) demonstrated

an overexpression of p22PHOX subunit

of NADPH oxidase in smooth muscle

of vessels from spontaneously

hypertensive rats (SHR) and associate

this alteration with a NAD(P)H oxidase

overactivity in this tissue. There is

evidence that these oxidases have a

signaling role and the capacity of

superoxide production is lower than in

phagocytes(11). NAD(P)H oxidases found

in different tissues are isoforms that

usually have structural and functional

differences from that present on

phagocytic cells.

NAD(P)H OXIDASE ACTIVATION

Protein kinase C (PKC) is the main

regulator of NAD(P)H oxidase in

leukocytes, inducing the phosphorylation-

dependent activation of the cytosolic

subunits(20) (Fig. 1). Inoguchi et al.(21)

have also shown a PKC-dependent

pathway for NAD(P)H oxidase activation

in non-phagocytic cells (cultured aortic

smooth cells and endothelial cells). In

fact, inhibition of PKC in cultured smooth

muscle cells provokes a decrease of ROS

production as induced by palmitate. These

authors also demonstrated that NAD(P)H

oxidase of non-phagocytic cells is

stimulated by high levels of glucose and

free fatty acids (mainly palmitate).

REGULATION OF NAD(P)H
OXIDASE BY METABOLITES

Glucose is well known to be the

main fuel for neutrophils. This metabolite

is oxidized through glycolysis and pentose

phosphate pathway. NADPH generated

by glucose-6-phosphate dehydrogenase

and 6-phosphogluconate dehydrogenase

is the main substrate for NAD(P)H

oxidase in phagocytes. Recent study

indicates that glutamine is also actively
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used by neutrophils. This amino acid

metabolism provides ATP and NAD(P)H

for the functioning of NAD(P)H

oxidase(22). Also, glutamine up regulates

the expression of the NAD(P)H oxidase

components in neutrophils(23). Fatty acids

also activate NAD(P)H oxidase(21, 24, 25);

palmitic acid activates protein kinase

C leading to superoxide production(21).

Recent study has shown that fat-rich

diets modulate the production of

superoxide by neutrophils(26).

OXIDATIVE STRESS IN

PANCREATIC ISLETS

Oxidative stress is a rupture in the

balance between oxidant and antioxidant

agents resulting in an increase in cellular

free radicals, which can react with

biological molecules causing cell

injuries(27). 

There are several indications for the

occurrence of oxidative stress in pancreatic

β cells. Therefore, pancreatic islets

isolated from rats and incubated in the

presence of high glucose concentration

(16.7 mM) for a short period of time

(60 min) have shown increased activity

of superoxide dismutase (SOD) and

glutathione peroxidase (GSHPx)(28). This

activation may result from ROS

stimulation, which is generated during

glucose metabolism. Chronic high glucose

level increases the production of advanced

glycosylation end-products (AGEs) and

8-hydroxy-2´-deoxyguanosine (8-OHdG)

in β cells(29). These metabolites are

important markers of ROS generation

and oxidative stress that leads to

stimulation of antioxidant enzyme

expression (heme oxidase-1 and

GSHPx)(30). The decreased transcription

of the insulin gene induced by chronic

elevation of glucose is prevented by

antioxidants such as aminoguanidine

and N-acetyl-L-cysteine (NAC)(31). These

findings support the proposition that

hyperglycemia is associated with ROS

generation by β cells. 

Islets are very susceptible to free

radicals due to the low activity(32) and

expression(33) of antioxidant enzymes.

During the last years, we developed a

series of experiments attempting to better

understand the glucose effect on the

oxidative stress. Our experiments utilizing

the NBT (nitroblue tetrazolium) reduction

have shown that both glucose and

palmitate induce an acute increase in

ROS production by one hour incubated

islets (unpublished). Considering that

mitochondria is the main site of ROS

production in other cells, the action of

α-ketoisocaproate (α-KIC), which is

exclusively metabolized in the

mitochondria, on the production of these

species was tested. After one hour

incubation, α-KIC fail to induce the

production of ROS by rat pancreatic

isolated islets, showing that the production

of these species does not occur in the

mitochondria during glucose and palmitate

metabolism. We also demonstrate that

during the glucose metabolism there is

an increase of CuZnSOD activity which

is an strong indicative that ROS production

occurs mainly in cytosol(28).

EVIDENCE FOR THE PRESENCE OF

NAD(P)H OXIDASE IN

PANCREATIC ISLETS

Recently we have developed an

extensive investigation on the presence

of NAD(P)H oxidase in rat pancreatic

islets(34). The indications for the presence

of this enzyme in β cells are listed below.

1. Pancreatic islets present a consistent

reduction of NBT up to 2 hours

incubation under physiological

glucose concentration (5.6 mM).

2. PMA (an activator of PKC) increased

the ROS generation in the presence

and absence of glucose (5.6 mM)

or palmitate (0.1 mM). 

3. DPI (diphenylene iodonium), an

inhibitor of NAD(P)H oxidase,

markedly reduced glucose and

palmitate-induced ROS production.

4. The expression of the p47PHOX and

p67PHOX subunits was demonstrated

by Western blotting.

5. The expression of three NAD(P)H

oxidase components was demonstrated

by RT-PCR analysis: gp91PHOX and

p22PHOX, both membrane-binding

subunits, and p47PHOX, a cytosolic

subunit.

6. The expression of p47PHOX, and insulin,

was evaluated in consecutive pancreas

sections by immunohistochemistry.

Similarly to insulin, p47PHOX was

mainly found in the central area of

the islet, suggesting the expression

of this NAD(P)H oxidase subunit

by insulin-producing cells.

These findings indicate that pancreatic

β cells express NAD(P)H oxidase and

this enzyme is activated by glucose and

palmitate through, at least in part, of a

dependent-PKC pathway.

SIGNIFICANCE OF NAD(P)H
OXIDASE IN NON-PHAGOCYTIC

CELLS

The complete mechanism involved

in the activation of NAD(P)H oxidase
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and its physiological role in pancreatic

β cells still remain to be fully established.

In several cell types, ROS produced

through NAD(P)H oxidase may have a

signaling role(11, 35). In endothelial cells,

for example, NAD(P)H oxidase-derived

H2O2 increases the release of intracellular

Ca2+(36). In pancreatic islets, this effect

on Ca2+ mobilization would be of great

importance for regulation of insulin

secretion. In general, ROS act as second

messengers on cell signaling cascades

and on regulation of several biological

processes, such as cell growth(37), gene

expression(38), kinase activation(11,39) and

modulation of ionic channels(40, 41). On

the other hand, ROS-mediated oxidative

stress also produces damage in several

tissues. In endothelial cells, ROS generated

by NAD(P)H oxidase are implicated in

impairment of cell function and

pathophysiology of disorders such as

hypertension, hypercholesterolemia and

atherosclerosis(11, 42). ROS generation is

also related to cell death either by apoptosis

or necrosis(43). Activation of NAD(P)H

oxidase and subsequent generation of

ROS is the main mechanism to trigger

apoptosis in some cell types(44). This

oxidase, for example, contributes directly

to neuronal apoptosis(45). Islet cells possess

low expression and activity of ROS-

scavenging enzymes (such as SOD,

catalase and GSH-Px), being then

susceptible to the toxicity of these oxidants.

Therefore, a chronic activation of

NAD(P)H oxidase may be related to the

process of glucotoxicity and lipotoxicity,

leading to a consequent failure of β cell

function and/or death (Fig. 2).

CONCLUDING REMARKS

In summary, we found that pancreatic

β cells express a phagocyte-like

NAD(P)H oxidase. The cytosolic subunit

p47PHOX is mainly expressed in β cells,

as shown by immunostaining of

consecutive pancreas sections with an

anti-insulin antibody. Glucose stimulates

ROS production in islets through a PKC-

dependent activation of NAD(P)H

oxidase and this effect is potentiated

by palmitate. Since ROS are recognizably

toxic, hyperglycemia and high plasma

FFA levels may lead to β cell death

through NAD(P)H oxidase activation.

ACKNOWLEDGEMENTS

This research has been supported

by CNPq, FAPESP, CAPES and

PRONEX (168/97). 

REFERENCES

1. Smith PA, Ashcroft FM, Rorsman P.

Simultaneous recordings of glucose dependent

electrical activity and ATP-regulated K+-

currents in isolated mouse pancreatic beta-

cells. FEBS Lett. 1990;261:187-190.

2. Niki I. Ca2+ signaling and the insulin secretory

cascade in the pancreatic beta-cell. Jpn J

Pharmacol 1999;80:191-197.

3. Satin LS. Localized calcium influx in pancreatic

beta-cells: its significance for Ca2+ -dependent

insulin secretion from the islets of Langerhans.

Endocrine 2000;13:251-262.

4. Hughes SJ, Ashcroft SJH. Cyclic AMP, protein

phosphorylation and insulin secretion. In: Flatt

PR, ed. Nutrient Regulation of Insulin Secretion.

London: Portland Press, 1992:271-288.

5. Howell SL, Jones PM, Persaud SJ. Regulation

of insulin secretion: the role of second

messengers. Diabetologia 1994;37:S30-35.

6. Levitan IB. Phosphorylation of ion channels.

J Membr Biol 1985;87:177-190.

7. Babior BM, Lambeth JD, Nauseef W. The

neutrophil NADPH oxidase. Arch Biochem

Biophys 2002;397:342-344.

8. Babior BM. NADPH oxidase: an update. Blood

1999;93:1464-1476.

9. Vazquez-Torres A, Jones-Carson J, Mastroeni

139β-CELL NADPH-OXIDASEVOL.  18   NUM. 3

CytokinesAmino acidsFFAGlucose

NAD(P)H OXIDASE

IMPAIRED
CELL FUNCTION/DEATH

Complications of type I diabetes Pathogenesis of type II diabtes

NAD(P)H + O2 O2

H2O2

ONOO

•–

•–

Figure 2. Hypothesis for the toxic effect of the reactive oxygen species on β-cell leading to impairment of
cell function and death.



P, Ischiropoulos H, Fang FC. Antimicrobial

actions of the NADPH phagocyte oxidase and

inducible nitric oxide synthase in experimental

salmonellosis. I. Effects on microbial killing

by activated peritoneal macrophages in vitro.

J Exp Med 2000;192:227–236.

10. KobayashiT, Tsunawaki S, Seguchi H. Evaluation

of the process for superoxide production by

NADPH oxidase in human neutrophils: evidence

for cytoplasmic origin of superoxide. Redox

Rep 2001;6:27–36.

11. Griendling KK, Sorescu D, Ushio-Fukai M.

NAD(P)H oxidase: Role in cardiovascular

biology and disease. Circ Res 2000;86:494-

501.

12. Li JM, Shah AM. Intracelullar localization and

preassembly of the NADPH oxidase complex

in cultured endothelial cells. J Biol Chem

2002;277:9952-19960.

13. Griendling KK, Minieri CA, Ollerenshaw JD,

Alexander RW. Angiotensin II stimulates

NADH and NADPH oxidase activity in cultured

vascular smooth muscle cells. Circ Res

1994;74:1141-1148.

14. Dupuy C, Virion A, Ohayon R, Kaniewski J,

Deme D, Pommier J. Mechanism of hydrogen

peroxide formation catalyzed by NADPH

oxidase in thyroid plasma membrane. J Biol

Chem 1991;266:3739-3743.

15. Jones SA, Wood JD, Coffey MJ, Jones TG.

The functional expression of p47-phox and

p67-phox may contribute to the expression of

superoxide by an NADPH oxidase-like system

in human fibroblast. FEBS Lett 1994;335:178-

182.

16. Pani G, Colavitti R, Borrello S, Galeotti T.

Endogenous oxygen radicals modulate protein

tyrosine phosphorylation and JNK-1 activation

in lectin-stimulated thymocytes. Biochem J

2000;347:173-181. 

17. Aitken J, Fisher H. Reactive oxygen species

generation and human spermatozoa: the balance

of benefit and risk. Bioessays 1994;16:259-

267.

18. Steinbeck MJ, Appel WH, Verhoeven AJ,

Karnovsky MJ. NADPH oxidase expression

and in situ production of superoxide by osteoclasts

actively resorbing bone. J Cell Biol 1994;126:

765-772.

19. Zalba G, Beaumont FJ, San Jose G, Fortuno A,

Fortuno MA, Etayo JC, Diez J. Vascular

NADH/NADPH oxidase is involved in enhanced

superoxide production in spontaneously hypertensive

rats. Hypertension 2000;35:1055-1061.

20. El Benna J, Faust LP, Babior BM. The

phosphorylation of the respiratory burst oxidase

component p47phox during neutrophil activation.

Phosphorylation of sites recognized by protein

kinase C and by proline-directed kinases. J

Biol Chem 1994;269:23431-23436.

21. Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto

M, Imamura M, Aoki T, Etoh T, Hashimoto

T, Naruse M, Sano H, Utsumi H, Nawata H.

High glucose level and free fatty acid stimulate

reactive oxygen species production through

protein kinase C-dependent activation of

NAD(P)H oxidase in cultured vascular cells.

Diabetes 2000;49:1939-1945.

22. Garcia C, Pithon-Curi TC, de Lourdes Firmano

M, Pires de Melo M, Newsholme P, Curi R.

Effects of adrenaline on glucose and glutamine

metabolism and superoxide production by rat

neutrophils. Clin Sci (Lond) 1999;96:549-555.

23. Pithon-Curi TC, Levada AC, Lopes LR, Doi

SQ, Curi R. Glutamine plays a role in superoxide

production and the expression of p47phox,

p22phox and gp91phox in rat neutrophils. Clin

Sci (Lond) 2002;103:403-408.

24. Cherny VV, Henderson LM, Xu W, Thomas

LL, DeCoursey TE. Activation of NADPH

oxidase-related proton and electron currents

in human eosinophils by arachidonic acid. J

Physiol 2001;535:783-794.

25. Shiose A, Sumimoto H. Arachidonic acid and

phosphorylation synergistically induce a

conformational change of p47phox to activate

the phagocyte NADPH oxidase. J Biol Chem

2000;275:13793-13801

26. Lopes LR, Laurindo FR, Mancini-Filho J, Curi

R, Sannomiya P. NADPH-oxidase activity and

lipid peroxidation in neutrophils from rats fed

fat-rich diets. Cell Biochem Funct 1999;17:57-

64.

27. Halliwell B. Free radicals, antioxidants and

human disease: Curiosity, cause or consequence.

Lancet 1994;344:721-724.

28. Oliveira HR, Curi R, Carpinelli AR. Glucose

induces an acute increase of superoxide dismutase

activity in incubated rat pancreatic islets. Am

J Physiol 1999;276:C507-510.

29. Ihara Y, Toyokuni S, Uchida K, Odaka H,

Tanaka T, Ikeda H, Hiai H, Seino Y, Yamada

Y. Hyperglycemia causes oxidative stress

in pancreatic beta-cells of GK rats, a model

of type 2 diabetes. Diabetes 1999;48:927-

932.

30. Laybutt DR, Kaneto H, Hasenkamp W, Grey

S, Jonas JC, Sgroi DC, Groff A, Ferran C,

Bonner-Weir S, Sharma A, Weir GC. Increased

expression of antioxidant and antiapoptotic

genes in islets that may contribute to beta-cell

survival during chronic hyperglycemia. Diabetes

2002;51:413-423.

31. Tanaka Y, Gleason CE, Tran PO, Harmon JS,

Robertson RP. Prevention of glucose toxicity

in HIT-T15 cells and Zucker diabetic fatty rats

by antioxidants. Proc Natl Acad Sci USA

1999;14:10857-10862.

32. Grankvist K, Marklund S, Taljedal IB. Cu-Zn

superoxide dismutase  Mn-superoxide dismutase,

catalase and glutathione peroxidase in pancreatic

islets and other tissues in the mouse. Biochem

J 1981;199:393-398.

33. Lenzen S, Drinkgern J, Tiedge M. Low

antioxidant enzyme gene expression in pancreatic

islets compared with various other mouse

tissues. Free Radic Biol Med 1996;20:463-

466.

34. Oliveira HR, Verlengia R, Carvalho CRO,

Britto LRG, Curi R, Carpinelli A. Pancreatic

β cells express a phogocyte-like NAD(P)H

oxidase. Diabetes (submitted).

140 H.R. OLIVEIRA ET AL. JULIO-SEPTIEMBRE 2002



141β-CELL NADPH-OXIDASEVOL.  18   NUM. 3

35. Sanders KA, Huecksteadt T, Xu P, Sturrock

AB, Hoidal JR. Regulation of oxidant production

in acute lung injury. Chest 1999;116:56S-

61S.

36. Hu Q, Zheng G, Zweier JL, Deshpande S, Irani

K, Ziegelstein RC. NADPH oxidase activation

increases the sensitivity of intracellular Ca2+

stores to inositol 1,4,5-trisphosphate in human

endothelial cells. J Biol Chem 2000;275:15749-

15757.

37. Burdon RH. Superoxide and hydrogen peroxide

in relation to mammalian cell proliferation.

Free Radic Biol Med 1995;18:775-794.

38. Schoonbroodt S, Piette J. Oxidative stress

interference with the nuclear factor-kappa B

activation pathways. Biochem Pharmacol 2000;

60:1075-1083.

39. Lo YY, Wong JM, Cruz TF. Reactive oxygen

species mediate cytokine activation of c-Jun

NH2-terminal kinases. J Biol Chem 1996;271:

15703-15707.

40. Vega-Saenz de Miera E, Rudy B. Modulation

of K+ channels by hydrogen peroxide. Biochem

Biophys Res Commun 1992;186:1681-1687.

41. Wang D, Youngson C, Wong V, Yeger H,

Dinauer MC, Vega-Saenz Miera E, Rudy B,

Cutz E. NADPH-oxidase and a hydrogen

peroxide-sensitive K+ channel may function

as an oxygen sensor complex in airway

chemoreceptors and small cell lung carcinoma

cell lines. Proc Natl Acad Sci USA 1996;93:

13182-13187.

42. Harrison DG. Cellular and molecular mechanisms

of endothelial cell dysfunction. J Clin Invest

1997;100:2153-2157.

43. Curtin JF, Donovan M, Cotter TG. Regulation

and measurement of oxidative stress in apoptosis.

J Immunol Methods 2002;265:49-72.

44. Finkel T. Redox-dependent signal transduction.

FEBS Lett 2000;476:52-54.

45. Tammariello SP, Quinn MT, Estus S. NADPH

oxidase contributes directly to oxidative stress

and apoptosis in nerve growth factor-deprived

sympathetic neurons. J Neurosci 2000;20:RC53-

1-5.



A novel mutation in
Islet Amyloid
Polypeptide (IAPP)
gene promoter
increases gene
expression and is
associated with type
2 diabetes

A. Novials1, I. Rojas1,2, R. Casamitjana3, R. Gomis2

1Institute of Diabetology, Fundació Sardà

Farriol, and Departments of 2Endocrinology

and 3Hormonology of the Hospital Clinic,

IDIBAPS, Barcelona, Spain

Correspondance: Dr. Anna Novials, Instituto

de Diabetología, Fundació Sardà Farriol,

Passeig Bonanova 69, 08017 Barcelona, Spain.

e-mail: anovials@fsf.es

INTRODUCTION

Islet amyloid polypeptide (IAPP)

has been implicated in the normal

regulation of glucose metabolism. It is

synthesized and co-released with insulin

from pancreatic islet beta-cells(1). IAPP

may have physiological significance

because it is the main constituent peptide

of islet amyloid deposits, which are a

characteristic feature of human type 2

diabetes(2,3). The mechanisms responsible

for the conversion of IAPP to insoluble

fibrils, a biochemical characteristic of

amyloidogenesis are unknown. An

S20G missense mutation in exon 3 of

the IAPP gene has been reported in

4.1% of Japanese subjects with type 2

diabetes(4). Studies in COS-1 cells have

demonstrated that the S20G mutant

IAPP exhibits increased amyloidogenity

and increased intracellular cytotoxicity

compared to the wild-type(5).

Overexpression of IAPP has also though

to be involved in islet amyloidogenesis.

We previously demonstrated a higher

stimulatory effect of glucose on IAPP

mRNA than on insulin mRNA in human

and rat isolated islets(6, 7). In addition

some models of transgenic mice

overexpressing the human IAPP gene

were able to form intracellular IAPP

fibrils(8, 9). The aim of this study was

to investigate the presence of mutations

in the promoter region of the IAPP gene

in a Spanish cohort of type 2 diabetic

patients. 

RESEARCH DESIGN AND RESULTS

The total study population consisted

of 316 unrelated Caucasian Spanish

subjects. 186 type 2 diabetic patients

(98 men and 88 women, mean age 63

± 10 years, with body mass index (BMI)

28.5 ± 5.3 Kg/m2, duration of diabetes

of 12 ± 9 years) were consecutively

selected from our outpatient clinic. The

control group consisted of a sample of

130 healthy non-diabetic subjects (65

men and 65 women, mean age 50 ± 14

years, with BMI 26.6 ± 5.3 Kg/m2),

without family history of diabetes

recruited from among patients’ spouses

and hospital staff. Mutations were
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ABSTRACT: Islet Amyloid Polypeptide (IAPP) is the major component of pancreatic amyloid depo-
sits in type 2 diabetes. We hypothesized that mutations in the promoter region of the IAPP gene could
result in an abnormal expression or secretion of the peptide. We screened 186 unrelated type 2 dia-
betic patients and 130 healthy control subjects using the SSCP technique. A heterozygous mutation
(G to A) at position –132 bp to the initiation of transcription was identified in 9.7% type 2 diabetic
patients and in 1.5% of control subjects (p< 0.005). Family studies identified two homozygous sub-
jects for the A-allele, who had an altered Oral Glucose Tolerance Test. Studies of peptide secretion
showed that the incremental response of IAPP to glucose was lower in homozygous and heterozy-
gous than in non-carrier relatives (p<0.05). In vitro functional analysis in transfected MIN–6 β-
cells showed that the mutant construct elicited a two-fold increase in the promoter activity compared
to the wild type construct (p<0.001) after glucose stimulus. In conclusion, we have identified a mu-
tation in the activator domain of the IAPP promoter gene, which is more common in diabetic patients
than in control subjects. This mutation increases the activity of the IAPP promoter. Individuals
carrying the mutation exhibit abnormalities in the glucose metabolism and in the IAPP secretion.

KEY WORDS: IAPP; Promoter; SSCP; Transfection; Luciferase activity.



screened by polymerase chain reaction

and single strand conformation

polymorphism analysis (SSCP), and

then confirmed by DNA sequence

analysis. Four sets of primers were used

to amply overlapping regions of the

IAPP promoter from –571 bp to +163

bp of the transcription start site. The

PCR products were examined by SSCP

analysis, and the samples showing an

electrophoretic variant pattern were

sequenced on a ABI 377 DNA

sequencer.

We detected a single heterozygous

mutation consisting of a G-to-A

substitution at position –132 bp upstream

from the transcription start site in 18

patients with type 2 diabetes and in 2

control subjects. The frequency of the

GA genotype was significantly higher

in the diabetic population than in control

subjects (9.7% vs 1.5%, p<0.005, odds

ratio: 6.85, 95% confidence interval:

1.56-30.08) (Table I). We did not find

any clinical difference between diabetic

subjects with and without the promoter

variant. 

To evaluate the possible contribution

of the G-to-A mutation to the

development of type 2 diabetes, the

probands’ families were studied. Fourteen

first-degree relatives (mean age 32.4 ±

9.3 years), offsprings from eight

pedigrees, were examined by an OGTT

and DNA analysis. The presence of the

mutation was detected in nine relatives

(two homozygotes, seven heterozygotes).

Family members who were either

heterozygous or non-carriers of the

mutation showed normal glucose

tolerance, while both homozygous

carriers had altered OGTT. The IAPP

and insulin secretory responses to glucose

were calculated and expressed as the

incremental response (∆) over the first

30. The ∆ IAPP was lower in patients

with mutant forms than in non-carriers

(p< 0.05 for HM and HT versus NC),

however the D IRI response was not

significantly different.

Finally, we have investigated the

transcriptional activity of the mutant

IAPP promoter using luciferase reporter

plasmids. The mutant construct showed

a two-fold increase in the IAPP activity

compared to the wild-type construct

(p<0.001) (see Fig. 1). Both constructs

showed a severe reduction in promoter

activity (4-fold decrease) in the presence

of verapamil or diazoxide. These

results demonstrate that the G-to-A

mutation enhances IAPP transcriptional

activity. This activity is regulated by

signals derived from glucose

metabolism and requires the presence

of calcium.
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TABLE I ALLELE AND GENOTYPE FREQUENCIES OF THE G-TO-A MUTATION IN THE PROMOTER

REGION OF THE IAPP GENE ACCORDING TO GLUCOSE TOLERANCE STATUS(9)

Allele frequencies Genotype frequencies 

G A GG GA

Control subjects 0.930 0.007 0.985 0.015

Type 2 diabetic patients 0.952 0.048a 0.903 0.097b

aA-allele between type 2 diabetic vs control subjects, p < 0.001. b GA genotype between type 2

diabetic vs control subjects, p < 0.005

0 100 200 300 400 500 600 700

*

*p< 0.001

Mutant

Wild-type

Mut intronless

ST intronless

pGL3

Relative Renilla Activity (% pRL-CMV)

IAPP Promoter Activity in MIN 6 β-Cells

Figure 1. Effect of the G → A mutation on the activity of IAPP promoter gene and the importance of in-
tron-1 sequence in this activity. Both constructs, wild type (WT) and mutated (MUT) with and without
intron-1, and plasmid control (pGL3) were transfected separately into MIN.6 cells. Results are expressed
as relative luciferase activity normalised to the activity of the co-transfected pRL-CMV renilla plasmid.
Values represent the mean ± SEM from 10 to 15 separated experiments measured in triplicates.
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CONCLUSIONS

In the present study we report the

first mutation detected in the promoter

region of the IAPP gene, which is

located within an activator domain of

the IAPP promoter. The heterozygous

mutation was more prevalent in type

2 diabetic patients than in control

subjects (p<0.005). Moreover, the

study in the family cohort identified

two homozygous subjects who had

disturbed glucose metabolism, pointing

towards a potential role of the G-to-

A mutation in the pathogenesis of type

2 diabetes.

The in vitro functional studies

demonstrated that such mutation increases

the IAPP transcriptional activity. This

stimulatory effect is observed in high

glucose concentrations, suggesting that

the G-to-A mutation could be implicated

in the formation of islet amyloid deposits

in patients with type 2 diabetes. Whether

this mutation is responsible for amyloid

deposition and could thus be used as a

marker for beta-cell dysfunction remains

to be elucidated. 
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INTRODUCTION

Adipocyte differentiation is a complex

process that requires communication

between extracellular stimuli in a

coordinated network of receptors and

transcription factors in the nucleus.

While most studies of adipogenesis

have focused on the development of

white adipose tissue (WAT), which is

the primary site of storage of triglycerides

and release of fatty acids in response

to changing energy needs(1), mammals

have a second terminally differentiated

adipose cell type that composes brown

adipose tissue (BAT). BAT is a major

site for non-shivering thermogenesis in

mammals. The unique thermogenic

capacity of BAT results from the

expression of the uncoupling protein-

1 (UCP-1) in the mitochondrial inner

membrane required to address the

physiological hypothermia in newborn

mammals(2). By uncoupling the

production of ATP from the movement

of protons down their concentration

gradient, heat is generated(3). In addition,

BAT is a major site for lipid metabolism,

fatty acids being the main fuel to maintain

the thermogenic capacity of the tissue

(for review, see ref. 4). In physiological

terms, brown fat is thought to function

in two major contexts: defense against

cold and protection against obesity.

Brown fat exists in the interscapular fat

pad of rodents. In humans, there are

significant collections of BAT in the

neonatal period primarily in the thoracic

cavity surrounding the great vessels.

However, recent data have indicated

that in adults white fat contains small

islands of BAT being UCP-1 detectable

by PCR techniques(5).

Differentiation of brown adipocytes

during fetal life relies on two programs,

the adipogenic-program related to lipid

synthesis(6, 7) and the thermogenic-

program related to heat production

associated to UCP-1 expression(8). As

regards adipogenesis, the expression of

the adipogenic-related genes occurs as

a multistep process: the fatty acid synthase

(FAS) gene (the main lipogenic enzyme)

is expressed as early as day 20 of fetal

life in the rat. Expression of NADPH-

generating enzymes (such as malic

enzyme and glucose 6-phosphate

dehydrogenase) is initiated mainly on

day 21, increasing significantly on day

22(9). This induction of lipogenic enzymes

correlates with the accumulation of

lipids that results in the multilocular fat

droplets phenotype before birth.

Thermogenic differentiation of fetal

brown adipocytes can be monitored by

the expression of UCP-1. UCP-1 mRNA

gradually accumulates during the last

two days of fetal development, its

expression reaching the maximal levels

during the first postnatal week(10). The

main pathway involved in the regulation

of UCP-1 gene expression is

noradrenergic(11-14), although, recently,

regulatory elements for triiodothyronine

and retinoic acid have been identified

in the UCP-1 promoter, suggesting

alternative regulatory pathways for

brown fat thermogenesis(15, 16).

During the last years, our laboratory

has been investigating which

hormones/growth factors are the main

signals involved in the onset of adipogenic

and thermogenic differentiation of brown

adipose tissue during late fetal

development. In previous work, we

demonstrated that fetal brown adipocytes

display binding sites of high affinity

for both insulin and insulin-like growth

145AV DIABETOL 2002; 18: 145-151



factor-I (IGF-I)(17,18). Both molecules

are involved in fetal brown adipogenesis

through their ability to induce the genetic

expression of metabolic genes(17-19), as

well as might have a role in thermogenesis

by inducing UCP-1 expression(8, 19),

since the noradrenergic stimulus, induced

by hypothermia after birth, it is not yet

fully developed in fetal brown adipose

tissue(18).

THE INSULIN SIGNALING CASCADE

Insulin initiates its biological effects

in target cells by binding to and activating

its endogenous tyrosine kinase receptors(20,

21). These receptors are believed to

transduce signals by phosphorylation

on tyrosine residues of several cellular

substrates including IRS proteins (IRS-

1,-2,-3 and –4)(22-25). These phosphorylated

substrates then bind proteins containing

Src homology 2 (SH2) domains including

the p85 regulatory subunit of

phosphatidylinositol 3-kinase (PI 3-

kinase)(26), growth factor receptor binding

protein 2 (Grb-2), which links signaling

via SOS to activation of the Ras

complex(27), and protein tyrosine

phosphatase SHPTP-2/Syp(28) that lead

to activation of various downstream

signaling pathways. PI 3-kinase is a

heterodimer compose of an 85-kDa

regulatory subunit and a 110-kDa catalityc

subunit, capable of phosphorylating

phosphoinositides at the 3´-position of

the inositol ring, that initiates phospholipid

turnover(26). The phosphoinositides

produced by PI 3-kinase activate the

phosphoinositide-dependent kinases 1

and 2. These kinases phosphorylate and

activate the serine/threonine kinase

Akt/PKB(29). The mammalian target of

rapamycin (mTOR), a 290 kDa

serine/threonine kinase and aminoacid

sensor, is a direct target for Akt(30).

mTOR can phosphorylate and activate

the prototypical p70s6 kinase, this process

being blocked by rapamycin. P70s6

kinase is involved in the phosphorylation

of ribosomal protein S6, a constituent

of the 40S ribosomal subunit, which

mediates the translation of a subgroup

of mRNAs encoding ribosomal proteins

and elongation factors that are necessary

for cell cycle progression(31). 

GRB2 contains a SH2 domain

flanked by two SH3 domains and appears

to function as an adaptor molecule

coupling growth factor receptors with

SOS, a guanine nucleotide-releasing

protein that is able to promote the

exchange of GTP to GDP on p21 Ras,

resulting in the activation of Ras to its

GTP state(32). Ras activation of MAPK

cascade has been demonstrated by the

fact that RasGTP binds to the amino-

terminal cisteine-rich regulatory region

of the proto-oncogene product Raf-1,

a serine/threonine kinase(33). Then,

activated Raf directly phosphorylates

MEK, which in turn phosphorylates

and activated MAPK(34). One of the

well-known downstream targets of

MAPK is RSK (ribosomal S6 kinase).

Both MAPK and RSK translocate to

the nucleus and phosphorylate various

transcription factors including c-fos and

c-myc(35).

During the last years experiments

performed in animal models suggest a

tissue-specific role of IRSs proteins

regarding insulin action (for review,

see ref. 23). Finally, another substrate

for activated insulin receptor is SHC,

which exists in three isoforms: p66, p52

and p46. Like IRS proteins, SHC proteins

are tyrosine phosphorylated upon insulin

receptor activation and can associate

with Grb-2 connecting with the

Ras/MAPK signaling pathway(36).

ESSENTIAL ROLE OF IRS-1 IN
INSULIN-INDUCED BROWN

ADIPOCYTE CELL PROLIFERATION

A complete understanding of

insulin/IGF-I action requires the

identification of the intracellular pathways

that regulate insulin-stimulated growth,

development and metabolism. Previous

work in our laboratory have demonstrated

that IGF-I/insulin are complete mitogens

in primary cultures of rat brown

adipocytes(17, 37). To further elucidate

the molecular mechanisms by which

insulin elicits mitogenic effects in many

mammalian cells, several laboratories

have been working on the characterization

of the role of docking proteins such as

IRS proteins and SHC that interact with

the insulin receptor and mediate

intracellular signals in the insulin action

cascade. Moreover, a variety of recent

studies have demonstrated that animal

models lacking IRS-1 or IRS-2 by

targeted gene mutation can be very

useful to study the specific role of each

docking protein in the complex insulin

signaling network. The fact that the

IRS-1-deficient mice display intrauterine

growth retardation(38) prompted us to

investigate whether IRS-1 is the main

docking protein leading the mitogenic

signaling cascade in fetal brown

adipocytes. For that goal, we have

generated immortalized fetal brown

adipocyte cell lines derived from the

IRS-1 knock-out mice(39, 40). We have

found that whereas brown adipocytes
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from wild-type mice respond to

physiological doses of insulin in

increasing DNA synthesis, the growth

response of IRS-1-deficient cells to this

hormone was severely impaired, as a

result of a failure to enter in S phase of

the cell cycle. Moreover, IRS-1-deficient

brown adipocytes did not increase PCNA

expression in response to insulin.

Consequently, the lack of IRS-1 impairs

the mitogenic effect of insulin in fetal

brown adipocytes. This effect is not

compensated by the increased IRS-2

expression found in IRS-1-deficient

cells(39).

Regarding the molecular mechanisms

by which insulin induces the proliferation

of brown adipocytes, activation of

p42/p44 MAPK by the upstream kinase

MEK1/2 has been shown to be an

essential requirement(37). However, the

role of IRS-1 in MAPK activation may

differ from tissue to tissue. While muscles

from IRS-1-deficient mice showed an

impairment in insulin-induced MAPK

activation, in the liver this response was

unaltered(41). Furthermore, experiments

performed in a fibroblast cell line from

those animals revealed that, although

the Ras/MAPK pathway can be

stimulated through Grb-2 binding to

phosphorylated IRS-1, the activation

of MAPK induced by insulin was

unaltered in the absence of IRS-1, as

result of the contribution of the SHC/Grb-

2 pathway(42). Results published by our

laboratory indicate that insulin stimulates

MAPK in an IRS-1-dependent manner

in brown adipocytes, the overexpression

of IRS-2 fails to rescue insulin-stimulated

entry into S phase(40). Importantly, in

our model of IRS-1-deficient cells

insulin-induced SHC tyrosine

phosphorylation was severely impaired

besides SHC expression remained

unchanged as compared to wild-type

cells. Although SHC overexpression

has been reported in a hepatoma chicken

cell line with reduced IRS-1 by expression

of antisense mRNA(43), our results exclude

the possibility of a compensatory effect

of SHC proteins in leading the Ras/

MAPK pathway in the absence of IRS-

1. This is an interesting result since

Kasus-Jacobi et al.(44) have described a

direct interaction between phosphorylated

IRS-1 and SHC by using the yeast two-

hybrid system. Our results clearly show

that SHC coimmunoprecitates with IRS-

1 upon insulin stimulation at physiological

doses of the hormone in wild-type brown

adipocytes, but not in IRS-1-deficient

cells(40). In addition, SHC does not

interact with IRS-2, indicating that this

association is specific of IRS-1 docking

protein. As a result, the signaling

pathways emerging downstream SHC

should be abolished in IRS-1-deficient

cells. In this regard, we have not found

SHC-associated Grb-2 in brown

adipocytes lacking IRS-1. These results

all together indicate that phosphorylation

of IRS-1 upon insulin stimulation is a

crucial event for MAPK activation via

its association with Grb-2 and also by

associating SHC. Finally, if the loss of

IRS-1 expression is responsible for the

observed reduction in insulin-stimulated

growth, then, reconstitution of IRS-1

expression would be predicted to correct

most, if not all, of these signaling effects.

For this goal, we transfected IRS-1–/–

cell line with the pCMVhis IRS-1wt

construct and generated stable cell lines.

In parallel, we generated stable

transfectants expressing pCMVhis IRS-

1Phe895, a mutant lacking Grb-2 binding(45).

The reintroduction of both IRS-1wt and

IRS-1Phe895 restored the interaction

between phosphorylated IRS-1 and SHC

upon insulin stimulation virtually lost

in IRS-1-deficient brown adipocytes.

Interestingly, both SHC tyrosine

phosphorylation and in the same extend

IR-SHC association were recovered,

suggesting that the IRS-1-SHC interaction

is implicated in brown adipocyte signal

transduction. This hypothesis was

supported by the fact that a downstream

event such as the SHC/Grb-2 association

was also recovered in both transfectants.

More importantly, insulin induced

MAPK phosphorylation and DNA

synthesis in IRS-1wt reconstituted cells.

However, none of these events could

be recovered when the mutant IRS-

1Phe897 was added back to the cells,

indicating that the contribution of SHC

signaling to Grb-2/Ras/MAPK pathway

in these cells is not sufficient to induce

mitogenesis in the absence of IRS-1/Grb-

2 signaling(40). A possible explanation

to account for these data may arise from

the possible location of SHC and IRS-

1 in different cell compartments recruiting

distinct Grb2/SOS pools, the IRS-1-

Grb-2-SoS one being indispensable to

achieve RAS/MAPK activation and

mitogenesis. 

In conclusion, as summarized in

figure 1, our data point out that the lack

of IRS-1 causes an impairment of insulin

to stimulate MAPK and mitogenesis in

brown adipocytes. The reconstitution

of IRS-1-deficient brown adipocytes

by wild type IRS-1, but not by the

Tyr895Phe IRS-1 mutant, completely

restores MAPK activation and

mitogenesis in response to insulin

indicating that IRS-1/Grb-2 association,

but not SHC/Grb-2 association, is an

essential requirement in mediating insulin
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signaling leading to MAPK activation

and mitogenesis in brown adipocytes.

Recently, we have assessed the

essential role of IRS-1 in triggering

insulin-induced fetal brown adipocyte

proliferation in another cell model:

brown adipocytes lacking IGF-IR (IGF-

IR–/–). Surprisingly, the lack of IGF-IR

was compensated by an increased insulin

signaling and mitogenic response to the

hormone through an enhancement of

IRS-1/Grb-2/MAPK pathway. This

occurs because PTP1B enzymatic activity

and its association with either IR or

IRS-1 is severely impaired in insulin-

stimulated IGF-IR-deficient cells(46).

IRS-1 AND BROWN ADIPOCYTE

DIFFERENTIATION

Fetal brown adipocyte primary

cultures offer an excellent cell model

to study the molecular mechanisms that

lead to adipogenic- and thermogenic-

differentiation processes. In this regard,

we have demonstrated that treatment of

brown adipocytes with PI 3-kinase

inhibitors (wortmannin/Ly294002), but

not with the p70s6 kinase inhibitor

(rapamycin), impaired IGF-I-induced

effect on the expression of the adipogenic-

(FAS, malic enzyme, Acetyl CoA

Carboxylase) and thermogenic-(UCP-

1) genes, meanwhile brown adipocyte

proliferation remains unaltered(19). These

results indicate that PI 3-kinase

downstream effectors such as Akt/PKB

and PKCζ might be involved in the

differentiation of brown adipose tissue

during late fetal development. IRS-1

has recently been described as an essential

signaling molecule, acting through PI

3-kinase pathway, in inducing the

adipocyte differentiation in in vitro

protocols developed in mouse

fibroblasts(47) and brown fat

preadipocytes(48). In order to demonstrate

whether IRS-1 mediates the insulin

effect on brown adipocyte differentiation,

we have used immortalized brown

adipocytes derived from the fetuses of

IRS-1-deficient mice, as well as from

the wild-type. Importantly, these cells

maintain the adipogenic- and

thermogenic- phenotype of brown

adipocytes under growing conditions,

regardless the process of

immortalization(39). Regarding signal

transduction pathways, IRS-1-deficient

brown adipocytes show a significant

increase of IRS-2-associated PI 3-kinase

activity as compared to the wild-type.

Nevertheless, the overall PI 3-kinase

activity (associated to anti-

phosphotyrosine) was decreased by 30%

in IRS-1-deficient cells. A step further,

the loss of insulin-induced PI 3-kinase

activity in IRS-1–/– brown adipocytes

was accompanied by a decrease in the

phospho-Akt content, without changes

in the phospho p70s6 kinase content.

More importantly, the failure in activating

Akt was not due to a loss in its protein

content. These results suggest an

interesting diverging signaling pathway

downstream PI 3-kinase. While the lack

of IRS-1 is not compensated by IRS-2

in leading to the activation of Akt, it

does in activating p70 s6 kinase. However,

we cannot exclude the possibility of the

existence of a PI 3-kinase-independent

pathway in activating Akt as recently

suggested by Somwar et al.(49).

Finally, the lack of IRS-1 diminished

the cytosolic lipid content in 20 h serum-

starved homozygous and heterozygous

IRS-1-deficient brown adipocytes, as

compared to wild-type cells. In addition,

a lack in the enhancement of the cytosolic

lipid content in response to 24 h of

insulin stimulation was observed in

IRS-1–/– cells, despite the fact of an

increase in IRS-2 protein content at that
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time(39). Moreover, insulin induced a

significant increase in FAS mRNA in

wild-type cells, but not in IRS-1-/- cells.

These results provide consistent evidence

indicating that IRS-1, but not IRS-2, is

an essential docking protein for the full

activation of PI 3-kinase/Akt signaling

pathway leading to the lipid synthesis

in response to insulin. Thus, the activation

of Akt is sufficient for the insulin

stimulation of lipid synthesis in brown

adipocytes, p70s6 kinase not being

involved in driving the adipogenic-

phenotype in response to insulin.

In conclusion, as summarized in

figure 2, our results clearly indicate that

IRS-1/PI 3-kinase/Akt activation, but

not IRS-2/PI 3-kinase activation, is

required for insulin stimulation of lipid

synthesis in brown adipocytes, in a

p70s6 kinase-independent manner.

Current studies will demonstrate whether

IRS-1 is a key molecule in mediating

insulin-induced thermogenic-gene

expression in fetal brown adipocytes.

ABBREVIATIONS

IGF-I: insulin-like growth factor I;

IRS: insulin receptor substrate; PI:

phosphatidylinositol; UCP-1: uncoupling

protein-1.
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INTRODUCTION

Diabetes mellitus is a metabolic

disorder that includes the presence of

chronic hyperglycemia accompanied by

an impairment in the metabolism of

carbohydrates, proteins and lipids. Its

etiology and origin always include defects,

in a greater or lesser extent, in insulin

secretion capacity and insulin sensitivity(1).

Diabetes mellitus is one of the biggest

challenge not only from a health, social

and economic point of view, but also

from the perspective of research. Diabetes

is one of the most costly and burdensome

chronic diseases of our era and it is

increasing throughout the world. Although

the treatment of both major forms of

Diabetes mellitus, type 1 (DM1) and

type 2 (DM2), has become increasingly

sophisticated since the discovery of

insulin and the first oral agents, the

normalization of metabolic abnormalities

associated with the disease are still far

from solved. Thus, at the beginning of

21th century Diabetes mellitus has still

to be considered a serious disease,

associated with serious complications

and personal burden(1). 

The great increase in available

information concerning the etiology,

pathophysiology, new therapeutical

options and preventive approaches of

diabetes mellitus derived from basic

and clinical research should allow us

to improve the prognosis of the disease

in the next future.

THE CASE OF TYPE 1 DIABETES

MELLITUS

DM1 is an autoimmune disease that

is genetically driven and leads to selective

destruction of insulin-producing β cells

mediated by activated lymphocitic T

cells requiring exogenous insulin since

the diagnosis. Approximately 1 out of

10 patients with diabetes has a DM1,

its incidence varies among countries

from 1 to 30 new cases per 100.000 per

year and although many of new diagnosis

are made in children, half of them are

performed in subjects above 15 years

of age. With this piece of information

in mind, it is easy to understand that in

spite big differences comparing to DM2

data, the relevance of DM1 is much

greater than the figures represent(1). 

Major insights into the immuno-

pathological mechanisms of DM1 have

been provided by studies in animals

with spontaneous diabetes such as the

bio-breeding (BB) rat and the non obese

diabetic (NOD) mouse. Both animal

models share many similarities with

DM1 in human beings. However, human

pancreatic islet isolation by automatic

techniques developed during the last

15-20 years for clinical transplantation

give to us the outstanding opportunity

to test human islets in normal and

pathological conditions(2, 3). We reported

data on pancreatic islet function from

a newly diagnosed DM1 subject who

unfortunately died after hospital admission

because of diabetic ketoacidosis(4). Our

data demonstrated that insulin content

was reduced to only one-third of normal

control values and that only 21% of

islets from the diabetic pancreas contained

insulin-positive cells. When insulin

response to glucose and non-glucidic

secretagogues was analysed it was

completely absent. These findings were

in agreement and completed the prevailing

view, mainly derived from in vivo

studies, which pointed out the possibility
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that in initial phases/preclinical stages

of DM1 functional secretory defects

coexist with the destruction of insulin-

producing cells(4). 

During the last years the identification

of subjects at high risk of developing

DM1 has open the possibility of the

prevention of the disease. This possibility

is based mainly on genetic, immunological

and metabolic markers which could be

detected in the so called «prediabetic

stages»(5). The loss of first phase insulin

response (FPIR) to intravenous glucose

has been demonstrated as a very sensitive

marker for early alterations in insulin

secretion in such a situations and we

could demonstrated it, as well as,

alterations in proinsulin and

proinsulin/insulin levels in first degree

relatives of DM1 patients with positive

immunological markers (Islet Cell

Antibodies –ICA- > 20 JDF units)(6, 7).

Recently, and in addition to the presence

of autoantibodies, we have had the

opportunity to test the levels of

proinflammatory and chemotactic

cytokines in early stages of type 1 diabetes

including high risk first degree relatives

of subjects with the disease. In particular,

our results clearly showed that circulating

levels of interleukin 18 are increased

very selectively during the early,

subclinical stages of DM1 but not after

the onset of disease(8). In addition to this,

circulating levels of the chemokin

interferon γ (IFN-γ inducible protein 10

(IP-10) were augmented both in early

clinical and preclinical stages of DM1

and these levels clearly correlated with

those of the type 1 proinflammatory

cytokine IFN-γ(9).

After demonstrating that the

subcutaneous administration of 0.1 IU/kg

body weight of neutral protamin Hagedorn

(NPH) insulin once a day was able to

induce, at a significantly safety, b cell

rest in high risk subjects for DM1(7), we

undertake a study aimed to elucidate the

effects of such an insulin administration

plan in order to prevent the onset of the

disease. Unfortunately, and after 12

months of treatment, our study only

showed minor effects in immunological

markers (ICA), without preventing the

development of overt DM1(10). This

unfavourable results has also been recently

extended to international multicentric

trials including the use of nicotinamide

in ENDIT study (European Nicotinamide

Diabetes prevention Trial) and insulin

in the Diabetes prevention trial 1 (DPT-

1)(11, 12). The possibility to change the

course of b cell destruction in early DM1

remains elusive, however and in spite

the discouraging results of these prevention

trials, the fact is that both have

demonstrated that they can be conducted

and why not designed with success in

the next future.

Despite limitations in knowledge,

partial preservation of β-cell function

after diagnosis should be considered as

one of the therapeutic goals in the approach

of newly diagnosed DM1. There is

evidence that residual β-cell function

could be beneficial in order to obtain an

optimal metabolic control, as well as,

to reduce the risk of hypoglycemia. In

addition, intervention in newly diagnosed

DM1 could offer ethical and cost effective

means of obtaining proof of principles

for future interventions in prediabetic

phases of the disease. Among the different

intervention trials aiming to preserve

endogenous insulin secretion, intensive

insulin therapy has demonstrated by

itself its capacity, although transient, to

delay the loss of β-cell function(13). In

addition to this, any attempt on

immunomodulation at onset of the disease

has been usually backed by exogenous

insulin administration in an intensive

manner. The beneficial effect of intensive

insulin therapy has been at least related

to two main facts: (i) a reduction of

glucotoxicity and (ii) the induction of

β-cell rest maintaining insulin-producing

cells less susceptible to autoimmune

attack. Conversely to the concerns related

to risk and benefits of trials on

immunotherapy at the onset of DM1,

there is no doubt that the achievement

of safety near normoglycemia is a

cornerstone in the treatment of newly-

diagnosed type 1 diabetic subjects. Up

to now we have tested in a

randomized/controlled fashion, among

others, conventional intensive insulin

therapy combined with nicotinamide

alone or nicotinamide plus intravenous

insulin infusion, as well as, the use of a

rapid acting insulin-analogue. In both

situations, we failed to demonstrate that

either the addition of intravenous insulin

and nicotinamide to conventional intensive

insulin therapy, or insulin lispro produced

any beneficial effect in newly diagnosed

type 1 diabetic subjects in terms of

preservation of β-cell function and

metabolic control(14, 15). However, it is

noteworthy that no worsening in β-cell

function was observed after 12 months

of follow-up. This occurred regardless

of the group the subjects were allocated.

It should be pointed out that the lack of

deterioration in insulin production during

the first year of DM1 and after

immunomodulatory therapy has recently

been considered a successful event(16).

At the present moment, and considering

the positive results obtained in animal

models of DM1 using sodium fusidate
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as immunomodulator, we have considered

its potential role in human DM1(17).

THE CASE OF TYPE 2 AND OTHER

SUBTYPES OF DIABETES MELLITUS

DM2 comprises 80-90% of all cases

of DM, affecting 6% to 10% of

population in our country. The relative

importance in the pathogenesis of the

disease of defects in insulin secretion

or in the action of the hormone in

peripheral tissues has been a matter of

debate for decades. In 1997 the American

Diabetes Association avoids meaningless

and protracted discussion and recognizes

that in DM2 both defects coexist but

one of them prevails according to each

specific situation. However, and despite

of the initial defect in the pathogenesis

of the disease, it is quite obvious that

the failure of the pancreatic β cell to

compensate for insulin resistance, is a

condition sine qua non in the final

development of the disease and its

clinical presentation(1).

Most of our knowledge on regulation

of β cell insulin secretion still stems

from studies in animal models. It is

widely assumed that the stimulation of

insulin secretion release by nutrient

secretagogues, mainly D-glucose, is due

to their metabolization and the generation

of intermediate metabolites including

ATP. The generation of ATP provides

the stimulus to insulin secretion through

a sequence of ionic events triggered by

the closure of ATP-sensitive K+ channels

of the β cell leading to membrane

depolarization, opening of voltage

dependent Ca2++ channels and Ca2++

influx(18-20). Automatic techniques for

human islet isolation developed for

clinical transplantation made human

pancreatic islets available for in vitro

investigation. Using human islets in

culture it has been demonstrated that

functional properties, that is to say,

insulin release, insulin mRNA synthesis

and glucose catabolism are in general

closely similar to those previously

proposed in rodent islets(21). However,

there are still differences not only from

a molecular point of view but also from

functional properties in normal and

pathological conditions. In early 90s we

conducted a study dealing with enzymatic,

metabolic and secretory findings in

isolated islets collected from both non-

diabetic and type 2 diabetic subjects(22).

It included the comparison between

insulin release, oxidation and utilization

of glucose and the activity of key enzymes

in such a processes. We showed that the

islets from DM2 subjects may display

enzymatic, metabolic and secretory

abnormalities similar to those usually

observed in animal models of the disease.

They included a deficiency of β cell

FAD-linked glycerol-phosphate

dehydrogenase, a key enzyme of the

glycerol phosphate shuttle(22). This kind

of observations, including both from

animal models of DM2 and human islets,

rise the challenge of discovering tools

to bypass β cell defects in nutrient

metabolism and insulin secretion, restoring

the normal function of β cell(23,24). 

There is increasing evidence mainly

revealed from longitudinal studies, that

acute insulin secretory response to

intravenous glucose is one of the first

detectable alterations in the progression

from normal glucose tolerance to impaired

glucose tolerance and later to DM2(25).

In fact, in clinical setting the impairment

in early insulin secretion leads to an

ineffective and insufficient control of

plasma glucose after meals, this being

one of the earliest recognizable alterations

preceding the diagnosis of DM. Impaired

glucose tolerance (IGT) defined by a 2

hours oral glucose response after an

oral glucose tolerance test, ≥ 140 and

< 200 mg/dl, arbitrarily represents the

incapacity to control postprandial glucose.

Epidemiological studies have clearly

demonstrated that individuals with IGT

in addition to a high risk of developing

diabetes, constitute a group at a high

risk for cardiovascular diseases(25,26).

Considering this piece of information

and the characteristics of the epidemic

increase in DM2 throughout the world,

there is a noteworthy interest in the

prevention of the disease. During the

last months the results from three different

prevention trials have been well received

from the scientific and social community.

These results have demonstrated that

lifestyle interventions, including weight

loss and increased physical activity, are

highly effective in preventing or delaying

the onset of diabetes in people with

IGT(27). In addition to this, the utilization

of oral antidiabetic agents metformin

and acarbose have also been shown to

be effective, but at a lesser extent of

life style measures(28,29). The effects of

these interventions and their potential

ability to reduce cardiovascular diseases

remains to be elucidate although

preliminary data from one of these trials

points to a positive and preventive effect.

Finally, there is other forms of

Diabetes mellitus that include a series

of entities of polymorphic physio-

pathology. As a whole they comprise

less than 10 % of Diabetes cases and

some of them are of a extremely rare

presentation. Among them, Maturity-
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onset diabetes of the young (MODY)

is defined as non-insulin dependent

diabetes with an early onset, autosomal

dominant inheritance and primary defects

of insulin secretion(1,30). It is now possible

to define the molecular genetic cause

in most cases of MODY. Mutations in

six genes have shown to cause the disease

by resulting in β cell dysfunction and

impairment in insulin release: glucokinase,

hepatocyte nuclear factor (HNF) 1α,

HNF 4α , HNF 1β, insulin promoter

factor 1 (IPF1) and NeuroD. We studied

the response of insulin, as well as, glucose

to an OGTT, as a clinical evidence of

the impairment in insulin secretion caused

by a molecular defect. We included more

than 360 subjects with mutations in

glucokinase (MODY 2) and HNF 1a

(MODY 3), the most frequent forms of

MODY(31). We have shown that the

response to an oral glucose load in these

two subtypes of MODY is markedly

different. The increment of glucose after

the OGTT (greater in MODY 3) and the

value of fasting plasma glucose (higher

in MODY 2) can be used as good

discriminators between the two groups

and can be utilised to guide molecular

genetic testing in a clinical setting. These

results clearly demonstrate that the

genetic cause of the b cell defect results

in clear differences in both the fasting

glucose and the response to oral glucose.

Thus OGTT results reflects both the

degree of hyperglycaemia and its

underlying origin(31).

CONCLUSION

In summary, there is a close linkage

between basic and clinical research and

it is essential that it remains being so

and even closer in the future. This is

the only way that will allow us to progress

in knowledge in order to improve the

prevention, the treatment options and

the prognosis of patients suffering from

Diabetes mellitus.
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INTRODUCTION

The treatment of diabetes mellitus

contemporarily requires a

multidisciplinary approach that includes

biomedical and psychosocial aspects.

Doctors face a complex situation with

different fronts. They should deal with

each of them and solve them according

to priorities that generally do not come

up in the same order. The magnitude

of the various biomedical problems

that need resolution reach levels of

complexity beyond those expected. The

psychosocial aspects can remain in the

background and yet can comprise the

greatest obstacle in the path to

therapeutical objectives. 

The biomedical aspects of diabetes

treatment have evolved with the years.

The objectives of glycemic control are

directed toward achieving nearly normal

glucose levels, but at the same time

avoiding hypoglycemia. Also, interest

in combating postprandial hyperglycemia

is increasing. New drugs are emerging

to correct etiopathogenic disturbances

of the disease and its microvascular

complications. The changes in life

expectancy of patients together with

the spectacular increase in the prevalence

of type 2 diabetes and its morbidity

and mortality have produced

modifications in the treatment of

diabetes. The risk factors associated

with diabetes for cardiovascular disease

require an individualized therapeutic

focus with periodically revised

objectives. The social-sanitary

repercussion of diabetes is reaching

quotas of great dimensions, thus

increasing the importance of preventative

measures for the disease and its

complications. 

MEDICAL NUTRITION THERAPY

Medical Nutrition Therapy (MNT)

is a component of diabetes management

and of diabetes self-management

education. MNT is the preferred term

and should replace other terms, such as

diet, diet therapy, and dietary management.

MNT for diabetes management includes

the following main aspects: 1) assessment

of the patient’s nutrition and diabetes

self-management knowledge and skills;

2) identification and negotiation of

individually designed nutrition goals;

3) nutrition intervention involving a

careful match of both a meal-planning

approach and educational materials to

the patients needs, with flexibility in

mind to have the plan be implemented

by the patient; and 4) evaluation of

outcomes and ongoing monitoring.

MNT for people with diabetes should

be individualized with consideration

given to each individual’s usual food

and eating habits, metabolic profile,

treatment goals, and desired outcomes.

Monitoring of metabolic parameters,

including glucose, HbA1c, lipids, blood

pressure, body weight, and renal function,

as well as quality of life is essential to

assess the need for changes in therapy

and ensure successful outcomes(1,2).

It is recommended that an expert

dietitian in the management of diabetes

be the team member providing medical

nutrition therapy. However, this does not

excuse the rest of the team members being

knowledgeable about nutrition therapy(3).

GLYCEMIC CONTROL

Glycemic control is fundamental

to the management of diabetes.
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Prospective randomized clinical trials

have shown that glycemic control is

associated with decreased rates of

retinopathy, nephropathy, and neuropathy.

Epidemiological studies support the

potential of intensive glycemic control

in the reduction of cardiovascular disease.

In the DCCT, the intensive treatment

group achieved a mean HbA1c of ~ 7%

while the standard care group maintained

a HbA1c of ~ 9%. After a mean 6.5

years of follow-up, there were significant

reductions in the incidence and rate of

progression of retinopathy, albuminuria,

and clinical neuropathy in the type 1

diabetic patients on intensive treatment(4).

In the UKPDS, type 2 diabetics obtained

a beneficial effect of lowering HbA1c,

with an approximate 14% reduction in

all-cause mortality and myocardial

infarction for every 1% reduction in

HbA1c(5). Epidemiological analysis

suggest that there is no threshold or

lower limit of HbA1c above normal

levels at which further lowering has no

benefit.

It is recommended to reduce HbA1c

to ~ 7% (~ 1% above the upper limits

of normal). Average pre-prandial plasma

glucose goal of 90-130 mg/dl is

recommended for non-pregnant

individuals. Post-prandial glucose

monitoring and therapies targeting post-

prandial excursions may be necessary

to reach HbA1c goals(6). Attention of

hypoglycemic risk is fundamental as

clinical trials have demonstrated an

increased risk of hypoglycemia with

intensive glycemic control.

There is a current tendency to lower

HbA1c target to < 6.5% or even to 6%,

and also to lower glycemic target to

lower values (fasting and pre-prandial

glucose levels < 110 mg/dl, and post-

prandial glucose levels < 140 mg/dl) in

order to prevent both arterial and

microvascular risk(7).

The difficulty of achieving a mean

HbA1c < 7% in large clinical trials

emphasize the need of continuous

monitoring of targets and of modifying

treatment strategies. One of the main

conclusions from the UKPDS is that

combination of treatments will routinely

be needed for type 2 diabetes. These

combinations include the use of insulin

secretagogues and insulin sensitizers,

and oral agents combined with insulin.

In type 1 diabetic patients new strategies

for insulin use are necessary to better

reproduce a physiologic insulin profile

and to maintain better control of post-

prandial glucose excursions. The

combination of basal insulin as the

long-acting insulin analog glargine and

rapid acting insulin analogs lispro and

aspart offers a good strategy for treating

type 1 diabetes. Alternatively, regular

insulin or insulin lispro may be

administered by continuous subcutaneous

infusion.

MACROVASCULAR RISK FACTORS

TREATMENT OF PERSONS WITH

TYPE 2 DIABETES

Hypertension
The standard definition of

hypertension for the general population

is a blood pressure ≥140/90 mm Hg.

Hypertension is a common co-morbid

condition in diabetes, affecting 20-60%

of patients with diabetes, depending on

age, obesity, and ethnicity. Hypertension

increases the risk of both macrovascular

and microvascular complications,

including stroke, coronary artery disease,

peripheral vascular disease, retinopathy,

nephropathy, and neuropathy.

In type 2 diabetes, hypertension is

often present as part of the metabolic

syndrome also including central obesity

and dyslipidemia. The prevalence of

hypertension among patients with type

2 diabetes is 1.5 time higher than in

non-diabetic subjects after adjusting for

age and weight. In type 2 diabetes,

hypertension may be present at the time

of diagnosis or even before the

development of diabetes.

In type 1 diabetics, hypertension

may reflect the onset of diabetic

nephropathy. In these patients,

hypertension develops after several

years of the disease, affecting around

30% of individuals.

Clinical trials demonstrate the benefit

of aggressive blood pressure lowering

target to < 130/80 mm Hg in patients

with diabetes. Therefore, 130/80 mmHg

is considered to be the cut point for

defining hypertension in patients with

diabetes rather than 140/90 mmHg, as

in the general population(8).

Behavioral treatment of hypertension
Behavioral recommendations for

reducing blood pressure in diabetic

patients include: dietary management

directed to reduce weight in obese

individuals, moderate sodium restriction,

moderately intensive physical activity,

smoking cessation, and moderation of

alcohol intake(9).

All these measures have been shown

to be effective in reducing blood pressure

in non-diabetic individuals. The behavioral

measures may also benefit glycemic and

lipid control. Behavioral therapy should

be indicated to patients with a blood

pressure lower than 140/90 mm Hg.
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Antihypertensive drugs
The purpose of antihypertensive

therapy is to reduce the morbidity and

mortality from cardiovascular

complications (congestive heart failure,

coronary artery disease, and stroke)

and microvascular complications

(nephropathy, retinopathy, and

neuropathy). When behavioral treatment

alone fails to control blood pressure or

when hypertension ≥ 140/90 mm Hg

exists, it is indicated to adding

pharmacological treatment that includes

angiotensin-converting enzyme (ACE)

inhibitors, angiotensin receptor blockers

(ARBs), low-dose thiazide diuretics,

and ß-blockers. Between these drugs,

ACE inhibitors or ARBs should be of

first choice in patients with

microalbuminuria or clinical albuminuria.

The Collaborative Study Group Trial

using the ACE inhibitor captopril showed

a significant decrease in the progression

of diabetic nephropathy in subjects with

type 1 diabetes on overt proteinuria(10).

This study compared the effects of

captopril versus other non-ACE inhibitor

antihypertensive drugs. The differences

in systolic and diastolic blood pressure

between the two groups studied where

small, suggesting that ACE inhibitors

have a renal protective effect independent

of their antihypertensive action. Other

studies have shown that ACE inhibitors

decrease the progression of renal disease

from microalbuminuria to overt

proteinuria in type 1 diabetics with and

without hypertension(11).

Clinical trials perform in hypertensive

diabetic subjects, using various

antihypertensive drug regiments have

indicated that the incidence of

cardiovascular events can be effectively

reduced. The UKPDS-HDS was designed

to study the effect of tight blood pressure

control on microvascular and

macrovascular complication as well as

to compare ß-blockers (atenolol) versus

an ACE inhibitor (captopril)(12). The

tight control group experienced a

significant decrease in microvascular

disease (retinopathy and nephropathy)

and in deaths related to diabetes, and

in strokes. No differences were found

between patients treated with atenolol

and patients treated with captopril. After

nine years of follow-up, 29% of patients

on the tight control group required three

or more drugs to achieve target blood

pressure. Each 10 mmHg decrease in

mean systolic blood pressure was

associated with relative risk reduction

of 12% for any complication of diabetes,

15% for deaths related to diabetes, 11%

for myocardial infarction, and 13% for

microvascular complications. The lowest

risk occurred in the group with systolic

blood pressure < 120 mmHg, without

a threshold of risk.

The ABCD trial compared the

efficacy of the dihydropyridine calcium

channel blocker (DCCB) nisoldepine

and the ACE inhibitor enalapril on

cardiovascular events in diabetic

patients(13). Similar reductions in blood

pressure were observed with both drugs.

More patients assigned to enalapril

received ß-blockers and thiazide diuretics.

After a follow-up of 5 years, the enalapril

group experienced a decrease in

myocardial infarction.

The FACET compared the effect

of fosinopril (ACE inhibitor) and

amlodipine (DCCB) on cardiovascular

outcomes. The combined end points of

acute myocardial infarction, stroke,

hospitalization for angina were lower

in the fosinopril group(14).

Other studies in the general

population with hypertension have

included sufficient patients with diabetes

to allow subgroup analysis. In the Systolic

Hypertension in Europe trial (Syst-Eur)

patients older than 60 years with systolic

hypertension were randomized to receive

a stepped-care regimen with nitrendipine

(DCCB) or placebo(15). A significant

decrease in cardiovascular events and

mortality and in strokes was associated

with active treatment. In the Systolic

Hypertension in the Elderly (SHEP)

study a low-dose thiazide diuretic,

chlortalidone, versus placebo was used(16).

A reduction of 34% in cardiovascular

events was observed in the chlortalidone

group. These events included major

coronary events, cerebrovascular events

and aortic aneurysm. In the Hypertension

Optimal Treatment (HOT) trial patients

were assigned to three different levels

of hypertension control, with treatment

targets of diastolic blood pressure ≤ 90,

≤ 85, and ≤ 80 mmHg(17). The DCCB

felodipine was used as initial treatment,

followed by a five-step treatment to

achieve the goal blood pressure. Among

the diabetic patients the group assigned

to a target diastolic blood pressure £ 80

mmHg showed a marked reduction in

major cardiovascular events and in

cardiovascular mortality compared with

those patients assigned to a target of ≤
90 mm Hg. The majority of patients

required a combination of at least two

drugs (felodipine with an ACE inhibitor,

ß-blocker and/or diuretic)

Other clinical trials have assessed

the relative efficacy of different drug

classes on cardiovascular outcomes.

The Swedish Trial in Old Patients with

Hypertension (STOP-Hypertension)

reported a significant decrease in
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myocardial infarction in patients on

ACE inhibitors compared with patients

with DCCBs (felodipine or isradipine),

but not compared with ß-blocker and

diuretics(18). The International Nifedipine

(GITS) Study Intervention as a Goal in

Hypertension, found no difference

between therapy based on nifedipine

versus a thiazide/potassium-sparing

diuretic combination(19). In the Nordic

Diltiazem Trial, patients treated with

the non-DCCB dialtazem had a lower

risk of stroke compared with patients

treated with ß-blocker/diuretic(20). In

the Captopril Prevention Project (CAPP)

patients received either the ACE inhibitor

captopril or conventional treatment

consisting of a ß-blocker, diuretic, or

both(21). After 6.1 years of follow-up,

diabetic patients taking captopril had

lower rate of the combined outcome of

fatal and non-fatal stroke, myocardial

infarction, or other cardiovascular death

versus the group treated with diuretics

and ß-blockers. The HOPE study

evaluated patients at high risk of

cardiovascular disease. Patients were

randomized to ramipril (ACE inhibitor)

or to placebo(22). Ramipril decreased

all-cause and cardiovascular mortality

as well as cardiovascular events, including

myocardial infarction and stroke.

The choice-based on evidence of

antihypertensive drugs in diabetic patients

are: 1) use of an ACE inhibitor as the

first-line agent; however other strategies

including diretics and ß-blockers-based

therapy are also supported by evidence;

2) in patients with microalbuminuria

or clinical nephropathy, both ACE

inhibitors and ARBs are considered

first-line therapy for the prevention and

progression of nephropathy; 3) DCCBs

should be used as second-line drugs;

and 4) other classes, including α-blockers,

may be used under specific indications.

Lipid management
Patients with type 2 diabetes have

an increased prevalence of lipid

abnormalities that contribute to higher

rates of cardiovascular disease. Lipid

management aimed at lowering LDL

cholesterol, raising HDL cholesterol

and lowering triglycerides has been

shown to reduce macrovascular disease

and mortality in patients with type 2

diabetes, particularly in those who had

prior cardiovascular events(23, 24). In the

UKPDS both LDL and HDL cholesterol

levels showed a linear relationship to

myocardial infarction with a 29%

decrease in risk for each 40 mg/dl

decrease in LDL and 9% decrease for

each 4 mg/dl increase in HDL(25).

Over the last years increasing

emphasis has put on the use of HMG-

CoA reductase inhibitors (statins) in

diabetic patients, despite the fact that

diabetic subjects do not have particularly

high LDL cholesterol levels. The evidence

supporting the beneficial effects of

lowering LDL cholesterol in reducing

cardiovascular disease in diabetic patients

has focused as first priority of

pharmacological treatment to a target

goal of LDL cholesterol < 100 mg/dl(26).

For LDL lowering, statins are the drugs

of choice. Statins rises HDL cholesterol

modestly. The target goal for HDL

cholesterol is > 45 mg/dl in men and >

55 mg/dl in women, and for triglycerides

< 150 mg/dl(27).

Medical nutrition therapy focusing

on reduction of saturated fat and

cholesterol intake, weight loss, and

increased physical activity has been

shown to improve the lipid profile in

patients with diabetes(28). Glucose control

can also beneficially modify plasma

lipid levels. In particular, triglycerides

may be significantly reduced with optimal

glucose lowering. 

Therapy with fibrates in patients

with low HDL has been shown to reduce

cardiovascular disease rates and

progression of carotid intima medial

progression(29). The prescription of

fibrates and statins may be efficacious

for patients needing treatment for all

three lipid fractions, but this combination

is associated with an increased risk for

myositis and/or rhabdomyolisis. An

alternative is the use of nicotinic acid

in combination with statins(30). Nicotinic

acid increases HDL cholesterol more

than fibric acids or statins. However,

nicotinic acid may worsen insulin

resistance and glycemic control. Recent

reports have examined the efficacy and

safety of nicotinic acid in diabetic patients

without observing adverse effects on

glycemic control(31).

PREVENTION OF TYPE 2 DIABETES

Type 2 diabetes mellitus is preceded

by a long period of impaired glucose

tolerance or milder disturbances in

glucose metabolism. Glucose metabolic

abnormalities as well as metabolic

syndrome are more prevalent than type

2 diabetes in adults, and carry an increased

risk for type 2 diabetes and for

cardiovascular morbidity and mortality(32).

Thus, prevention of type 2 diabetes

mellitus and metabolic syndrome may

also prevent cardiovascular disease and

long-term complications of diabetes.

There is clear evidence than changes

in lifestyle may prevent the development
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of type 2 diabetes in subjects with glucose

intolerance. Changes in lifestyle are

directed to reduce risk factors as obesity

by loosing weight, sedentary lifestyle

by increasing physical activity or,

unhealthy food intake by decreasing

saturated fat intake and increasing fiber-

containing food as vegetables and fruits.

The results obtained in large

population studies as the Finish Diabetes

Prevention Study(33) and the Diabetes

Prevention Program Trial(34) show a

great impact of changes in lifestyle on

preventing the development of type 2

diabetes. In the former study 522

individuals with impaired glucose

tolerance were randomized to receive

either diet and exercise counseling

(control group) or intensive individualized

instructions on weight reduction, food

intake, and guidance on increasing

physical activity (intervention group).

After an average follow-up of 3.2 years,

there was a 58% relative reduction in

the incidence of diabetes in the

intervention group compared with the

control group. In the Prevention Diabetes

Program 3,234 individuals with impaired

glucose tolerance were randomized to

receive intensive nutrition and exercise

counseling (lifestyle group), or metformin

treatment combined with standard diet

and exercise recommendations

(metformin group) or placebo treatment

combined also with diet and exercise

counseling (control group). After an

average follow-up of 2.8 years a 58%

relative reduction in the progression to

diabetes was observed in the lifestyle

group, and a 31% relative reduction in

the progression to diabetes was observed

in the metformin group compared with

the control group. 

Other approaches to reduce the

progression of glucose intolerance to

type 2 diabetes used different class of

glucose lowering agents as acarbose,

and troglitazone. In the STOP-NIDDM

trial 1,429 participants with impaired

glucose tolerance were randomized to

receive either the alfa-glucosidase

inhibitor acarbose or placebo(35). After

a mean follow-up of 3.3 years a 36%

relative reduction in progression to

diabetes, based on two OGTT, was

observed in the acarbose treated group

compared with the placebo group. In

the Troglitazone in Prevention of Diabetes

(TRIPOD) 235 women with previous

gestacional diabetes were randomized

to receive either placebo or troglitazone(36).

After an average follow-up of 2.5 years

a 56% relative reduction in progression

to diabetes was observed in the

troglitazone treated group. Interestingly,

after a washout period of more than 8

months, the preventive effects of the

drug were still seen. 

The results obtained in the above

mentioned studies demonstrate that

different strategies can change the natural

history of diabetes. Lifestyle changes

seem to be the most appropriated and

save. However, the ability to achieve

and maintain behavioral changes in

individuals at risk for developing diabetes

requires efficient programs from health

care professionals and from health care

systems. The resources needed to provide

intervention programs for lifestyle

changes remain a matter of further

research.
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INTRODUCTION

The main function of the pancreatic

β-cell is the production, storage and

regulated secretion of insulin. Insulin

secretion is stimulated by several nutrients

and non-nutrient secretagogues, such as

glucose, mannose, some amino acids,

GLP-1, fatty acids, and sulfonylureas.

An increase in insulin release needs to

be accompanied by a parallel increase

in insulin synthesis to replenish the insulin

stores. Insulin is synthesized in the β-

cell of the islet of Langerhans as an

immature, inactive precursor, proinsulin,

which undergoes limited proteolysis to

render mature insulin(1). The biosynthesis

of proinsulin is stimulated by some, but

not all, insulin secretagogues. Among

proinsulin biosynthesis stimulators are

some nutrients, neurotransmitters,

hormones and protein kinase activities(2),

of which glucose is the most

physiologically relevant.

TRANSLATIONAL CONTROL OF

PROINSULIN BIOSYNTHESIS

Glucose-stimulated proinsulin

biosynthesis is mainly regulated at the

translational level. Although long-term

(> 6 hours) exposure of the β-cell to

high glucose modestly increases

preproinsulin gene transcription by ~2-

fold, under normal physiologic

circumstances the predominant control

mechanism of glucose-induced proinsulin

biosynthesis occurs at the translational

level(3). The stimulation of proinsulin

biosynthesis by glucose is very rapid.

Upregulation starts within approximately

20 min after exposure to the stimulus,

and maximum stimulation is reached

by 60 min. Therefore, short-term (1

hour) exposure of isolated pancreatic

islets to stimulatory glucose

concentrations causes no change in

preproinsulin mRNA levels, meanwhile

a marked 10- to 20-fold increase in
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ABSTRACT: Normal glucose homeostasis depends on the coordinated regulation of insulin production
and secretion. Insulin is stored in the pancreatic β-cell until an appropriate stimulus triggers its release.
Consequently, a parallel stimulation of proinsulin biosynthesis is necessary to replenish the intracellular
insulin stores. Among the diverse insulin secretagogues, glucose is the most physiologically relevant
stimulus for insulin secretion and proinsulin biosynthesis. Under normal physiologic circumstances,
glucose stimulates proinsulin biosynthesis mainly at the translational level. The regulation of glucose-
stimulated proinsulin translation seems to rest in the 5’- and 3’- untranslated regions (UTRs) of the
preproinsulin mRNA molecule. Recently, it has been demonstrated that the translation of preproinsulin
mRNA variants, which lack the 5’-UTR, the 3’-UTR or both, is dramatically inhibited. It seems that
there is cooperativity between the 5’- and 3’-UTRs, likely by their interaction with trans-acting factors.
Nevertheless, the stimulus-coupling mechanism for glucose-stimulated proinsulin biosynthesis is
unfortunately very poorly understood. Glucose metabolism is necessary for proinsulin biosynthesis
stimulation. In the β-cell, glucose undergoes glycolysis in the cytosol and then oxidative phosphorylation
in the mitochondria. Stimulus-coupling secondary signals originated in the mitochondria are necessary
for the regulation of proinsulin biosynthesis. ATP is required for general protein translation, but it is
not a specific signal for glucose-induced proinsulin biosynthesis. Currently, succinate and/or succinyl-
CoA are the most promising candidates as the mitochondria originated stimulus-coupling signal
specific for glucose-stimulated proinsulin biosynthesis. Whether succinate, succinyl-CoA or other
downstream signals are the trans-acting factors necessary for the stimulation of preproinsulin mRNA
translation remains to be demonstrated.
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preproinsulin mRNA translation is

observed (Fig. 1). Glucose stimulates

not only preproinsulin mRNA translation,

but also in a similar extent the

biosynthesis of a small subset of β-cell

proteins, most of them components of

the insulin secretory granule(4). However,

the β-cell general protein synthesis is

increased only ~2-fold. The rise in total

β-cell protein synthesis occurs through

an increase in the activity of the general

translation machinery, mainly by

upregulation of eukaryotic initiation

factor activities(5, 6). In addition, the

synthesis of proteins destined to the β-

cell regulated secretory pathway seems

to be regulated also through the signal

peptide/signal-recognition particle (SRP)

interaction by alleviation of SRP-

mediated arrest of translation(7).

Nevertheless, the specific control

mechanism of preproinsulin mRNA

translation has remained largely elusive.

For some time, it has been suspected

that the control mechanism may rest in

the primary and/or secondary structure

of the preproinsulin mRNA molecule,

specifically in the structure of the 5’-

and 3’-untranslated regions (UTR).

Indeed, the 5’-UTR of preproinsulin

mRNA molecule contains a «stem-

loop» structure, which is highly conserved

in the mammalian preproinsulin

mRNAs(8, 9). Similar stem-loop structures

can also be predicted in the 5’-UTRs

of the proinsulin processing enzymes

PC2 and PC3 mRNAs(9). Interestingly,

the biosynthesis of PC2 and PC3 in the

β-cell parallels that of proinsulin(10-12).

The stem-loop of the preproinsulin

mRNA 5’-UTR is required for glucose

stimulated biosynthesis, since the

translation of a preproinsulin mRNA

variant (HisPI3) that lacks this 5’-UTR

is highly diminished (Fig. 2).

Furthermore, the 3’-UTR of preproinsulin

mRNA, which seems to suppress

glucose-induced proinsulin biosynthesis,

contains a highly conserved UUGAA

sequence that stabilizes the preproinsulin

mRNA in a β-cell specific manner(13).

The extent of the translation of a

preproinsulin mRNA variant (5HisPI)

that lacks the 3’-UTR is significantly

reduced (Fig. 2). Thus, it appears that

there is cooperativity between the

preproinsulin mRNA 5’- and 3’-UTRs

for the specific translational control of

glucose-induced proinsulin bio-

synthesis(13). It is likely that the 5’- and

3’-UTRs interact with trans-acting

factors, probably proteins, to confer

their specific effect in glucose-regulated

proinsulin biosynthesis translation.

However, the identity of such trans-

acting factors is not yet known. Since

glucose metabolism is required for

glucose-stimulated proinsulin biosynthesis

translation, it could be predicted that

trans-acting factors should associate

with the preproinsulin mRNA 5’- and

3’-UTR regulatory elements in a manner

that responds to secondary signals

emanated from the metabolism of glucose

and that these interactions should

upregulate preproinsulin mRNA

translation.
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2.8                   16.7      mM Glucose

Preproinsulin 
mRNA

Proinsulin 
Biosynthesis

Figure 1. Short-term (1 hour) effect of glucose on
preproinsulin mRNA levels and proinsulin bios-
ynthesis in isolated rat pancreatic islets.

Figure 2. Translation of preproinsulin mRNAs containing modified 5’- and 3’-untranslated regions (UTRs).
The effect of glucose on the translation of preproinsulin mRNA variants was analyzed as previously des-
cribed(13). 5HisPI3, His-tagged preproinsulin mRNA containing the normal 5’- and 3’-UTRs; 5HisPI,
His-tagged preproinsulin mRNA with a modified 3’-UTR; HisPI3, His-tagged preproinsulin mRNA con-
taining a modified 5’-UTR; HisPI, His-tagged preproinsulin mRNA with modified 5’- and 3’-UTRs.
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STIMULUS-COUPLING MECHANISM

FOR GLUCOSE-STIMULATED

PROINSULIN BIOSYNTHESIS AND

INSULIN SECRETION

Although glucose seems to stimulate

insulin secretion and proinsulin

biosynthesis translation in parallel, the

stimulus-coupling mechanisms of these

two β-cell processes are quite different.

While, the stimulus-coupling mechanism

for glucose-stimulated insulin secretion

is, although not completely elucidated,

well known, the signal transduction

pathway for glucose-induced proinsulin

biosynthesis is essentially unknown.

Regulation of insulin secretion
The signal transduction mechanism

for glucose-stimulated insulin secretion

is unique because it requires the

intracellular metabolism of glucose, in

opposition to the action of most

extracellular stimuli, whose signaling

pathway mechanisms normally begin

with binding to a plasma membrane

receptor, followed by the subsequent

trigger of intracellular secondary signals.

Glucose is internalized by the pancreatic

β-cell through the plasma membrane

transporter GLUT2 (Fig. 3). Once in

the β-cell cytosol, glucose undergoes

glycolysis to generate ATP, NADH and

pyruvate. NADH can be shuttled into

the mitochondria to produce ATP at the

electron transport chain. Pyruvate is

directly transported into the mitochondria,

where it is metabolize by the tricarboxylic

acid (TCA) cycle to generate NADH

and FADH equivalents that produce

additional ATP. The increase in cytosolic

ATP levels, or better the rise of the

ATP/ADP ratio, has been demonstrated

to be an essential requirement for the

trigger of insulin exocytosis. The increase

in the ATP/ADP ratio causes the closure

of ATP-sensitive K+-channel, which

depolarizes the β-cell plasma membrane,

with a subsequent opening of voltage-

sensitive L-type Ca2+-channels, and the

influx of extracellular Ca2+. The rise in

intracellular cytosolic Ca2+ concentration

acts as a major signal to trigger insulin

exocytosis(14). In addition, K+-channel-

independent and Ca2+-independent

pathways have been reported(15, 16),

although they are not well defined.

Anaplerosis, the replenish of TCA cycle

metabolites, has been proposed to be

an important requirement for glucose-

induced insulin secretion(17, 18). Anaplerosis

occurs in the β-cell mitochondria as the

result of the conversion of pyruvate to

oxaloacetate by the action of pyruvate

carboxylase. This generates an excess

of citrate, which is exported out the

mitochondria resulting in the raise of

cytosolic malonyl-CoA(19). Increased

malonyl-CoA levels causes inhibition

of fatty acid oxidation and thus provoke

a rise in the cytosolic levels of long-

chain acyl-CoA (LC-CoA). LC-CoA

has been proposed to be an intermediate

signal for glucose-induced insulin

secretion (Fig. 3). This hypothesis is

supported by several facts: 1) In the β-

cell, pyruvate is carboxylated to

oxaloacetate by pyruvate carboxylase

in a similar extent than it is decarboxylated

to acetyl-CoA by pyruvate

dehydrogenase(20). 2) Free fatty acids

acutely potentiate glucose-stimulated

insulin secretion(21, 22). 3) Glucose induces

the rise of cytosolic citrate, malonyl-

CoA and LC-CoA(19, 23). 4) Inhibition

of malonyl-CoA formation by

hydroxycitrate or acetyl-CoA carboxylase

knockout inhibits glucose-stimulated

insulin secretion(24, 25). 5) Pharmacological

inhibition of LC-CoA transport into the

mitochondria, where it is oxidized,

enhances glucose-stimulated insulin
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Figure 3. Stimulus-coupling mechanisms for glucose-induced insulin secretion in the pancreatic β-cell.
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secretion(26). Although the secondary

signals downstream LC-CoA are not

well elucidated yet, the increase of

diacylglycerol (DAG), triglyceride (TG)

and phosphatidic acid (PA) in glucose

stimulated β-cells(27-29) suggests that they

are likely secondary messengers of

glucose action. Effects of the elevation

of LC-CoA, DAG and PA upon glucose

metabolism could directly modulate the

activity of enzymes, including protein

kinase C isoforms, or modify the acylation

state of proteins involved in the exocytotic

pathway.

Regulation of proinsulin 
biosynthesis

The stimulus-coupling mechanism

for glucose-induced proinsulin

biosynthesis is unfortunately much more

poorly understood than that for insulin

secretion. It is known that some stimulators

or inhibitors of insulin secretion have a

different effect on proinsulin

biosynthesis(30). For instance: 1) The

glucose threshold for proinsulin

biosynthesis stimulation is lower (~3

mM) than that for insulin secretion

stimulation (~5 mM). 2) Extracellular

Ca2+ depletion inhibits glucose stimulated

insulin secretion, but has no effect on

proinsulin biosynthesis. 3) The K+-

channel agonist sulfonylureas, which

stimulate insulin release by closing the

K+-channel, and diazoxide, a K+-channel

antagonist, which inhibits insulin secretion,

have little effect on proinsulin biosynthesis.

4) Somatostatin inhibits glucose-stimulated

insulin secretion, but does not affect

glucose-induced proinsulin biosynthesis.

5) Fatty acids, which potentiate glucose-

stimulated insulin secretion, slightly

decrease glucose-stimulated proinsulin

biosynthesis.

Currently, it is known that glucose

metabolism is required to generate

stimulus-coupling signals for proinsulin

biosynthesis. Glucose metabolism

generates ATP, which is necessary for

general protein synthesis in the β-cell.
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Figure 4. Effect of glucose and several TCA cycle metabolites on proinsulin biosynthesis, total protein
synthesis and insulin secretion. Isolated rat islets were incubated for 1 h at basal 2.8 mM glucose (G2.8),
stimulatory 16.7 mM glucose (G16.7) or the indicated carboxylic acid ester (20 mM). Proinsulin bios-
ynthesis, total protein synthesis and insulin secretion were analyzed as previously described(31). G0, absence
of agent. E-CIT, triethyl-citrate; M-SUC, monomethyl-succinate; E-FUM, monoethyl-fumarate; M-MAL,
dimethyl-malate; and E-OAA, diethyl-oxalacetate. * p<0.01 and ** p<0.05 versus G2.8.
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However, ATP, although necessary for

protein synthesis, is not a specific

coupling signal for glucose-stimulated

proinsulin biosynthesis. This has been

demonstrated by incubation of isolated

pancreatic islets at stimulatory glucose

concentration in the presence of several

inhibitors of the different complexes of

the mitochondria electron transport

chain (rotenone, for complex I; actimicyn

A1, for complex III; and oligomycin,

for complex V) or the oxidative

phosphorylation uncoupler, dinitrophenol.

All these inhibitors showed similar

inhibition curves of glucose-stimulated

proinsulin biosynthesis and total protein

synthesis, with no significantly different

IC50 values(31). Thus, ATP is a necessary

cofactor for general protein synthesis

in isolated islets but it is not a signaling

intermediate specific for glucose-

stimulated proinsulin biosynthesis,

otherwise the latter would have been

more sensitive to the oxidative

phosphorylation inhibitors. Even though,

ATP is not a specific glucose-induced

proinsulin biosynthesis mediator, it has

been proposed that specific signals,

other than ATP, are generated at the

mitochondria upon glucose metabolism.

Anaplerosis, which is necessary

for glucose-stimulated insulin secretion,

as has been discussed previously, also

is thought to be required for glucose-

induced proinsulin biosynthesis(32).

However, the pathway of increased

cytosolic citrate, malonyl-CoA and

LC-CoA levels, proposed to be

implicated in glucose-induced insulin

secretion stimulus-coupling mechanism,

is unlikely to be related to proinsulin

biosynthesis stimulation. First, because

fatty acids, if anything, slightly decreases

glucose-stimulated proinsulin

biosynthesis(32, 33). Second, because

exogenous citrate added to isolated

islets in its esterified form, triethyl-

citrate, stimulates insulin secretion, but

has no effect on proinsulin biosynthesis

(Fig. 4). Currently, the most promising

anaplerosis originated candidate to be

a glucose-stimulated proinsulin

biosynthesis signal is succinate and/or

succinyl-CoA. This is supported by

several facts: 1) Succinate, in its esterified

form monomethyl-succinate, was a

potent stimulator by itself of proinsulin

biosynthesis, without affecting total β-

cell protein synthesis (Fig. 4). Moreover,

monomethyl-succinate was the only

TCA cycle metabolite able to stimulate

proinsulin biosynthesis. 2) Malonate,

an inhibitor of the FAD-linked enzyme

succinate dehydrogenase at complex

III of the mitochondria electron transport

chain, potentiated glucose-stimulated

proinsulin biosynthesis, whereas it had

no effect on isolated islet total protein

synthesis. Malonate, by inhibiting

succinate dehydrogenase, inhibited the

TCA cycle reaction succinate to

fumarate, which likely caused the

accumulation of intracellular succinate(31).

3) Succinate, as well as succinyl-CoA,
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Figure 5. Effect of Ca2+ depletion and somatostatin on glucose-stimulated preproinsulin mRNA levels,
proinsulin biosynthesis and insulin secretion. Isolated rat islets were incubated for 1 h at basal 2.8 mM glu-
cose (G2.8), stimulatory 16.7 mM glucose (G16.7), or 16.7 mM glucose in the absence of extracellular Ca2+

(G16.7-Ca) or in the presence of 1 mM somatostatin (G16.7+S). Islet preproinsulin mRNA levels were de-
termined by RNase protection assay, as previously described(13). Proinsulin biosynthesis and insulin se-
cretion were analyzed as previously described(31). * p<0.02 versus G16.7.
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levels are increased in isolated pancreatic

islets exposed to high glucose

concentrations(31, 34). It should be expected

that any mitochondria originated

secondary signal for glucose-induced

proinsulin biosynthesis would be

exported to the cytosol to communicate

with the protein synthesis translation

machinery. Thus, it could be thought

that the proposed succinate/succinyl-

CoA signal pathway for glucose-

stimulated proinsulin biosynthesis

resembles that of citrate/malonyl-CoA

pathway for glucose-induced insulin

secretion. Succinate should accumulate

upon glucose metabolism, then leave

the mitochondria and be processed to

succinyl-CoA in the cytosol. Indeed,

a specific enzymatic activity that was

able to produce succinyl-CoA from

succinate in vitro was found in a

cytosolic fraction obtained from isolated

rat islets(31).

Recently, it has been proposed that

stimulated β-cell secreted insulin plays

an autocrine/paracrine role for the

stimulation of preproinsulin gene

transcription and proinsulin

biosynthesis(35). On the contrary, we

have demonstrated that inhibition of

glucose-stimulated insulin secretion

by either extracellular Ca2+ depletion

or the addition of somatostatin have

no effect on preproinsulin mRNA

levels, neither inhibited glucose-

stimulated proinsulin biosynthesis

(Fig. 5). The same effect was observed

in succinate-stimulated islets(31). Thus,

it can be stated that both glucose-

stimulated and succinate-stimulated

proinsulin biosynthesis translation are

not a consequence of increased insulin

secretion, at least in the short-term

(<2 h).

CONCLUSION

In summary, although the stimulus-

coupling mechanism for glucose-

stimulated proinsulin biosynthesis is

still largely unknown, we propose

succinate and/or succinyl-CoA as the

most promising candidates for specific

secondary signal(s) for the regulation

of glucose-stimulated proinsulin

biosynthesis. We intend to demonstrate

in further studies a connection between

the signals that emanate from glucose-

metabolism, anaplerosis and likely the

pair succinate/succinyl-CoA, with the

trans-activation of preproinsulin mRNA

5’- and 3’-UTRs.

REFERENCES

1. Chan SJ, Keim P, Steiner DF. Cell-free synthesis

of rat preproinsulins: characterization and

partial amino acid sequence determination.

Proc Natl Acad Sci USA 1976; 73:1964-1968.

2. Campbell IL, Hellquist LN, Taylor KW. Insulin

biosynthesis and its regulation. Clin Sci 1982;

62:449-455.

3. Itoh N, Okamoto H. Translational control of

proinsulin synthesis by glucose. Nature 1980;

283:100-102.

4. Guest PC, Bailyes EM, Rutherford NG, Hutton

JC. Insulin secretory granule biogenesis. Co-

ordinate regulation of the biosynthesis of the

majority of constituent proteins. Biochem J

1991;274:73-78.

5. Gilligan M, Welsh GI, Flynn A, Bujalska I,

Diggle TA, Denton RM, Proud CG, Docherty

K. Glucose stimulates the activity of the guanine

nucleotide-exchange factor eIF-2B in isolated

rat islets of Langerhans. J Biol Chem 1996;

271:2121-2125.

6. Xu G, Marshall CA, Lin TA, Kwon G,

Munivenkatappa RB, Hill JR, Lawrence JC

Jr, McDaniel ML. Insulin mediates glucose-

stimulated phosphorylation of PHAS-I by

pancreatic beta cells. An insulin-receptor

mechanism for autoregulation of protein synthesis

by translation. J Biol Chem 1998;273:4485-

4491.

7. Welsh M, Scherberg N, Gilmore R, Steiner

DF. Translational control of insulin biosynthesis.

Evidence for regulation of elongation, initiation

and signal-recognition-particle-mediated

translational arrest by glucose. Biochem J 1986;

235:459-467.

8. Knight SW, Docherty K. RNA-protein

interactions in the 5' untranslated region of

preproinsulin mRNA. J Mol Endocrinol 1992;

8:225-234.

9. Herbert TP, Alarcon C, Skelly RH Bollheimer

LC, Shupppin GT, Rhodes CJ. Regulation of

prohormone conversion by co-ordinated control

of processing endopeptidase biosynthesis with

that of the prohormone substrate. In: Hook

VYH, ed. Proteolytic and Cellular Mechanisms

in Prohormone and Proprotein Processing.

Austin, TX: RG Landes Company, 1998:105-

120.

10. Alarcon C, Lincoln B, Rhodes CJ. The

biosynthesis of the subtilisin-related proprotein

convertase PC3, but no that of the PC2

convertase, is regulated by glucose in parallel

to proinsulin biosynthesis in rat pancreatic

islets. J Biol Chem 1993;268:4276-4280.

11. Martin SK, Carroll R, Benig M, Steiner DF.

Regulation by glucose of the biosynthesis of

PC2, PC3 and proinsulin in (ob/ob) mouse

islets of Langerhans. FEBS Lett 1994;356:279-

282.

12. Skelly RH, Schuppin GT, Ishihara H, Oka Y,

Rhodes CJ. Glucose-regulated translational

control of proinsulin biosynthesis with that of

the proinsulin endopeptidases PC2 and PC3

in the insulin-producing MIN6 cell line. Diabetes

1996;45:37-43.

13. Wicksteed B, Herbert TP, Alarcon C, Lingohr

MK, Moss LG, Rhodes CJ. Cooperativity

173INSULIN PRODUCTION AND SECRETIONVOL.  18   NUM. 3



174 C. ALARCÓN, B. WICKSTEED, C.J. RHODES JULIO-SEPTIEMBRE 2002

between the preproinsulin mRNA untranslated

regions is necessary for glucose-stimulated

translation. J Biol Chem 2001;276:22553-

22558.

14. Prentki M, Tornheim K, Corkey BE. Signal

transduction mechanisms in nutrient-induced

insulin secretion. Diabetologia 1997; 40 (Suppl

2):S32-41.

15. Gembal M, Gilon P, Henquin JC. Evidence

that glucose can control insulin release

independently from its action on ATP-sensitive

K+ channels in mouse B cells. J Clin Invest

1992;89:1288-1295.

16. Komatsu M, Schermerhorn T, Aizawa T, Sharp

GW. Glucose stimulation of insulin release in

the absence of extracellular Ca2+ and in the

absence of any increase in intracellular Ca2+

in rat pancreatic islets. Proc Natl Acad Sci USA

1995;92:10728-10732.

17. Prentki M. New insights into pancreatic β-cell

metabolic signaling in insulin action. Eur J

Endocrinol 1996;134:272-286.

18. Schuit F, De Vos A, Farfari S, Moens K,

Pipeleers D, Brun T, Prentki M. Metabolic fate

of glucose in purified islet cells. Glucose-

regulated anaplerosis in beta cells. J Biol Chem

1997;272:18572-18579.

19. Prentki M, Vischer S, Glennon MC, Regazzi

R, Deeney JT, Corkey B. Malonyl-CoA and

long chain acyl-CoA esters as metabolic coupling

factors in nutrient-induced insulin secretion.

J Biol Chem 1992;267:5802-5810.

20. MacDonald MJ. Glucose enters mitochondrial

metabolism via both carboxylation and

decarboxylation of pyruvate in pancreatic islets.

Metabolism 1993;42:1229-1231.

21. Stein DT, Esser V, Stevenson BE, Lane KE,

Whiteside JH, Daniels MB, Chen S, McGarry

JD. Essentiality of circulating fatty acids for

glucose-stimulated insulin secretion in the

fasted rat. J Clin Invest 1996;97:2728-2735.

22. Stein DT, Stevenson BE, Chester MW, Basit

M, Daniels MB, Turley SD, McGarry JD. The

insulinotropic potency of fatty acids is influenced

profoundly by their chain length and degree

of saturation. J Clin Invest 1997;100:398-403.

23. Farfari S, Schulz V, Corkey B, Prentki M.

Glucose-regulated anaplerosis and cataplerosis

in pancreatic beta-cells: possible implication

of a pyruvate/citrate shuttle in insulin secretion.

Diabetes 2000;49:718-726.

24. Chen S, Ogawa A, Ohneda M, Unger RH,

Foster DW, McGarry JD. More direct evidence

for a malonyl-CoA-carnitine palmitoyltransferase

I interaction as a key event in pancreatic beta-

cell signaling. Diabetes 1994;43:878-883.

25. Zhang S, Kim KH. Essential role of acetyl-

CoA carboxylase in the glucose-induced insulin

secretion in a pancreatic beta-cell line. Cell

Signal 1998;10:35-42.

26. McGarry JD, Dobbins RL. Fatty acids,

lipotoxicity and insulin secretion. Diabetologia

1999;42:128-138.

27. Peter-Riesch B, Fathi M, Schlegel W, Wollheim

CB. Glucose and carbachol generate 1,2-

diacylglycerols by different mechanisms in

pancreatic islets. J Clin Invest 1988;81:1154-

1161.

28. Berne C. The metabolism of lipids in mouse

pancreatic islets. The oxidation of fatty acids

and ketone bodies. Biochem J 1975;152:661-

666.

29. Farese RV, DiMarco PE, Barnes DE, Sabir

MA, Larson RE, Davis JS, Morrison AD. Rapid

glucose-dependent increases in phosphatidic

acid and phosphoinositides in rat pancreatic

islets. Endocrinology 1986;118:1498-503.

30. Rhodes CJ. Processing of the insulin molecule.

In: LeRoith D, Taylor SI, Olefsky JM, eds.

Diabetes Mellitus. A Fundamental and Clinical

Text. 2nd ed. Philadelphia, PA: Lippincott

Williams & Wilkins, 2000:20-38.

31. Alarcon C, Wicksteed B, Prentki M, Corkey

BE, Rhodes CJ. Succinate is a preferential

metabolic stimulus-coupling signal for glucose-

induced proinsulin biosynthesis translation.

Diabetes 2002;51:2496-2504.

32. Skelly RH, Bollheimer LC, Wicksteed BL,

Corkey BE, Rhodes CJ. A distinct difference

in the metabolic stimulus-response coupling

pathways for regulating proinsulin biosynthesis

and insulin secretion that lies at the level of a

requirement for fatty acyl moieties. Biochem

J 1998;331:553-561.

33. Bollheimer LC, Skelly RH, Chester MW,

McGarry JD, Rhodes CJ. Chronic exposure

to free fatty acid reduces pancreatic beta cell

insulin content by increasing basal insulin

secretion that is not compensated for by a

corresponding increase in proinsulin biosynthesis

translation. J Clin Invest 1998;101:1094-

1101.

34. Liang Y, Matschinsky FM. Content of CoA-

esters in perifused rat islets stimulated by

glucose and other fuels. Diabetes 1991;40:327-

333.

35. Leibiger B, Wahlander K, Berggren PO, Leibiger

IB. Glucose-stimulated insulin biosynthesis

depends on insulin-stimulated insulin gene

transcription. J Biol Chem 2000;275:30153-

30156.



Trichostatin A
effects in different
drug-resistant tumor
cell lines

M.P. García-Morales1, M.D. Castro-Galache1,
M.P. Menéndez-Gutiérrez1, E. García-
Poveda1, J.A. Ferragut1, M. Saceda1,2

1Molecular and Cellular Biology Center,

Miguel Hernández University, and 
2General University Hospital, Elche, Spain

Correspondance: Dr. Miguel Saceda, Centro

de Biología Molecular y Celular, Edificio

Torregaitan, Universidad Miguel Hernández,

03202 Elche (Alicante), Spain. 

e-mail: msaceda@umh.es

INTRODUCTION

The appearance of cancer cell

populations resistant to chemotherapeutic

agents represents a major problem in

the treatment of cancer patients(1). The

gain of chemoresistance to several drugs

–MDR phenotype (Multidrug resistant

phenotype)- is a pleiotropic phenomenom

since different mechanisms play a role

in this acquisition. MDR cells are

characterized by cross reactivity against

different families of antineoplasic agents,

including anthracyclines, Vinca alkaloids,

and epipodophilotoxins(2) which

accumulate intracellularly at a much

lesser extent in MDR cells than in drug-

sensitive tumor cells(1, 3, 4).

The role of two different membrane

proteins, P-glycoprotein (Pgp)(3) and

multidrug-resistance associated protein

(MRP)(1) in the acquisition of the MDR

phenotype, has been well stablished.

Both proteins are members of the same

ATP-binding cassette superfamily of

transport proteins. Pgp, the product of

the mdr1 gene, was first identified as a

consequence of its overexpression in

multidrug-resistant tumor cells, where

it mediates the ATP-dependent efflux

of a variety of chemoterapeutic agents(5).

In addition to its role during the

acquisition of the MDR phenotype, Pgp

is expressed in normal tissues, and it

has been proposed to play a role as a

protector molecule against cellular

toxins. In addition, a general antiapoptotic

role for Pgp has also been proposed(6,7).

Evidence exists that proteins unrelated

to the classical mechanisms of

chemorresistance can contribute to the

emergence of the MDR phenotype. In

fact, some molecules related with signal

transduction pathways, apoptosis, and

cell cycle regulation, can play an

important role in the appearance of the

MDR phenotype. Experimental data

suggest that the acquisition of

chemoresistance correlates with the

ability to activate specific programs of
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cell differentiation(8). Therefore, it can

be concluded that the MDR phenotype

is a consequence of several alterations

in the mechanisms that control gene

expression.

It has been demonstrated that

regulation of the chromatin structure

through modifications of histones by

acetylation/deacetylation represents a

very important control of gene

transcription(9). Several genes that are

essential for the regulation of the cell

cycle, such as Rb and p53, are usually

complexed with histone deacetylases,

thus inhibiting the transcription of

particular genes. Different coactivators

and corepresors that act at the

transcriptional level, are able to associate

with histone acetylases or deacetylases

in order to exert their function. Histone

hyperacetylation by specific histone

deacetylase inhibitors (iHDACs), may

critically affect processes such as

apoptosis(10), and cell proliferation or

differentiation(11, 12). In this sense it is

important to mention that the mdr1 gene

expression appears to be modulated by

acetylase and deacetylase activities in

a human colon carcinoma cell line(13).

We have studied the effect of

Trichostatin A (TSA), a histone

deacetylase inhibitor, in different drug-

resistant and drug-sensitive tumor cell

lines. We have also investigated if TSA

has some potential as a chemotherapeutic

agent in chemoresistant human cancer.

MATERIAL AND METHODS

Cell lines and cultures. DNM-

sensitive murine leukemia L1210 and

P388 cells, as well as L1210R and P388R

sublines resistant to DNM and generated

by stepwise selection of the sensitive

cells with increasing concentrations of

DNM, were maintained in culture as

previously described(14). Breast carcinoma

MCF-7 cells and an adriamycin-resistant

MCF-7/Adr cell subline, were obtained

from the Lombardi Cancer Center

(Georgetown University, Washington

DC). Human colon carcinoma cell lines

HT29 and HT29/M6 sensitive and

resistant to MTX respectively, and

human pancreatic adenocarcinoma cell

lines IMIM-PC-1, IMIM-PC-2, and

RWP1, were obtained from the Instituto

Municipal de Investigaciones Médicas

(IMIM), Barcelona.

Measurement of apoptosis: Cells

were incubated with TSA at selected

times and centrifuged at 500 x g for 8

min, the supernatant was discarded,

and fresh media without TSA was added

to the cell pellet. Cells were cultured

again for an additional time up to 24

hours. After harvesting the cells, 106

cells were centrifuged as above, washed

with cold 10 mM phosphate buffer pH

7.4 supplemented with 2.7 mM KCl

and 137 mM NaCl (PBS), and

centrifuged again. The pelleted cells

were resuspended in 75% cold ethanol,

fixed for 1 h. at –20ºC, centrifuged,

and resuspended in 0.5 ml of PBS

supplemented with 0.5% Triton X-100

and 0.05% RNase A. Cells were

incubated for 30 min at room

temperature, and stained with propidium

iodine. The distribution of cellular DNA

content was analyzed by flow cytometry.

Apoptotic cells were also identified by

staining with an Anexin V.FITC

commercial kit (Calbiochem) under a

fluorescent light microscope.

Drug accumulation: Steady-state

intracellular accumulation assays of the

fluorescent DNM in the absence or in

the presence of verapamil (VRP), was

determined as previously described(15).

RESULTS AND DISCUSSION

We and others have reported that

TSA induces apoptosis in human cancer

cell lines made resistant to antineoplasic

agents. Ruefli et al, also find a TSA-

induced apoptosis in chemosensitive

cancer cells(16), effect that we can not

find in the murine leukemia sensitive

cell lines L1210 and P388. In order to

further investigate the origin of this

discrepancy, we studied the effect of

TSA in different cellular models.

Results in figures 1 and 2A show

the apoptotic effect of TSA in the murine

leukemia model L1210/L1210R. As it

can be shown, in this cellular model

TSA is able to induce apoptosis only

in the resistant cell line (L1210R), with

no effect on the sensitive cell line

(L1210). The induction of apoptosis

was also demonstrated by FITC-Anexin

staining, and by caspases activity

induction (data not shown). TSA is also

able to induce apoptosis in the human

sensitive breast cancer cell line MCF-

7 (Fig. 2B). A resistant subline MCF-

7/Adr was obtained by treatment of the

parental sensitive MCF-7 cells with

increasing concentrations of Adryamicin.

When this resistant cell line was treated

with TSA, we could observe that it is

more sensitive to the apoptotic effect

of TSA than the parental cell line, since

a lower concentration of TSA (one

order of magnitude) is needed in order

to observe an induction of apoptosis

(Fig. 2B). A third cellular model was

studied, and we can observe that TSA
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is able to induce apoptosis in the human

sensitive colon cancer cell line HT29

(Fig. 2C).

The results obtained indicate that

the TSA effect depends at least in part

on the cellular model. In some cases, as

in the T-cell leukemia cellular model

CEM-CCRF/CEM-Pgp, TSA is able to

induce apoptosis in resistant as well as

in sensitive cancer cells(16). In the MCF-

7/MCF-7Adr cell model, the effect of

TSA is concentration dependent, the

sensitive cells (MCF-7) are in fact more

resistant to the apoptotic effect of TSA

since a higher concentration of this agent,

and a larger time of incubation, is needed

in order to induce apoptosis. By the

contrary, in the L1210/L1210R cell

model, TSA is not able to induce apoptosis

in the chemosensitive cell line. We have

studied other cellular model of murine

leukemia (P388/P388R), and in this

model TSA also induces apoptosis only

in the chemoresistant P388R cells (data

not shown). It is important to point out

that, independently of the TSA effect

on chemosensitive cells, this iHDAC is

always able to induce apoptosis in the

chemoresistant cells.

Ruefli et al. suggest that the

expression of Pgp is related to the

iHDACs-induced apoptosis(16). However,

results in our laboratory demonstrate

that the presence of Pgp is not required

for the TSA effect. The HT29 cell line

does not express Pgp, and this cell line

undergoes apoptosis after TSA treatment.

In the other hand, we have generated a

stable cellular model by transfecting

wild-type L1210 cells (non-expressing

Pgp) with mouse mdr1a Pgp cDNA,

originating the CBMC-6 cell subline

(results in press). We demonstrated

functional expression of Pgp in this cell

subline, that does not parallels an

induction of apoptosis after TSA

treatment, indicating again that the

expression of Pgp does not correlate

with the iHDACs-induced apoptosis.

Furthermore, we also have studied the
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subline HT29/M6 generated by treatment

of the parental human colon cancer cell

line HT29 with increasing concentrations

of methotrexate (MTX). The mechanism

of resistance to MTX in this subline is

not mediated by Pgp, since HT29/M6

cells do not express the glycoprotein,

however they also undergo apoptosis

after TSA treatment (Fig. 2C), suggesting

that mechanisms of acquisition of

chemoresistance different than Pgp

overexpression, could also be target of

the iHDACs.

We were also interested in studying

the effect of TSA in cellular models

showing an intrinsic chemoresistance.

Since pancreatic adenocarcinoma is

known to be intrinsically resistant, and

to express Pgp, we decided to investigate

if TSA have some potential as

chemotherapeutic agent against this

disease. We can observe that TSA is

able to induce apoptosis in three different

pancreatic human adenocarcinoma cell

lines (IMIM-PC-1, IMIM-PC-2, and

RWP1), as demonstrated by a sub-G1

peak in the cell cycle distribution

determined by flow cytometry (Fig. 2D).

Since the expression and activity

of Pgp plays an important role in the

acquisition of chemoresistance in several

cellular models, we were interested in

studying the effect of TSA on Pgp

expression in different cancer cells. The

results from the literature show several

discrepancies, since Ruefly et al. do not

observe any effect of another iHDACs,

suberoylanilide hidroxamic acid (SAHA)

on Pgp expression in the CEM-

CCRF/CEM-Pgp cell model(16), and by

the contrary, Jin and Scotto demonstrate

and increase of Pgp mRNA expression

in the human colon cancer cell line

SW620 treated with TSA(13). Results

from our laboratory indicate that TSA

and SAHA are able to induce a decrease

in Pgp mRNA and protein levels in the

murine leukemia cells L1210R, and

P388R (in press). Results in figure 3A

also indicate a decrease in Pgp activity

in L1210R cells, as determined by

daunomicine uptake.

We wanted to know if, besides their

effect on apoptosis induction in

chemoresistant cancer cells, the iHDACs

are also able to chemosensitize this cells

to antineoplasic agents. Results in figure.

3B show that the Ic50 for daunomicine

in L1210R cells is approximately 6mM

in the absence of TSA. When the L1210R

cells were incubated with 2mM DNM

(this concentration has no effect on

L1210R cells growth), together with

increasing concentrations of TSA ranging

from 0.5 nM to 10.0 nM (concentrations

too low to induce apoptosis per se), we

can observe that TSA potentiates the

DNM effect (Fig. 3C).

We have demonstrated that the

iHDACs are able to induce apoptosis

in chemosensitive as well as in

chemoresistant cancer cell lines. However,

this induced apoptosis occurs

preferentially in chemoresistant cells

as demonstrated in the murine leukemia

cell models L1210/L1210R and

P388/P388R, in the human breast cancer

cell model MCF7/MCF7Adr, and in

human pancreatic adenocarcinoma cell

lines (IMIM-PC-1, IMIM-PC-2, and

RWP1). These results are in agreement

with previous observations showing

that the concentration of iHDACs required

to induce apoptosis in tumoral blasts is

one order of magnitude lower that the

concentration required to induce apoptosis

in normal non-tumoral blasts(17).

We have also demonstrated that the
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iHDACs-induced apoptosis is not a

consequence of the Pgp expression in

different cellular models (HT29/HT29-

M6, MCF7/MCF7Adr cells). The

CBMC6 model also indicates thar the

expression of Pgp does not correlates

with an induction of apoptosis after

TSA treatment.

Furthermore, we have evidences

demonstrating that in the cellular model

L1210/L1210R, the iHDACs can be

used as chemosensitizer agent.

The controversies found in the

different cellular models are related

with the primary effects of the iHDACs.

It is well established that these compounds

modulate gene transcription(9), and

between a 5-10% of the genes are

activated by these compounds. 

CONCLUSION

We can postulate that the iHDACs

can be useful as antineoplasic agents

for the treatment of intrinsically resistant

tumors, as adenocarcimomas of the

exocrine pancreas.
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INTRODUCTION

Most extracellular signals are mediated

by molecules that bind and activate

specific receptors on the surface of their

target cells. Activated receptors initiate

a cascade of intracellular events that

eventually results in specific effects.

During the last twenty years much effort

has been invested in deciphering the

intricate network of pathways that give

support to the communication between

cells and their environment. Two types

of structurally different GTP binding

proteins, monomeric and trimeric, play

a central role for multiple signaling

cascades. Trimeric GTP-binding proteins

are composed by three subunits, α, β,

and γ, and functionally couple the G-

protein-linked receptors to their target

enzymes or ion channels. Monomeric

GTP-binding proteins comprise the

superfamily of Ras-related-proteins, that

provide crucial links in the intracellular

signaling cascades activated by growth

factors. This superfamily of proteins

includes the small GTPases Ras, Rho,

Rab, Rac, and others. Many of these

proteins are involved in signaling pathways

that regulate cell replication and

differentiation, cytoskeletal organization,

and vesicular trafficking(1).

PROTEIN ISOPRENYLATION

REPRESENTS A DIRECT LINK

BETWEEN LIPID SYNTHESIS IN THE

MEVALONIC ACID PATHWAY, AND

CELL REGULATION

Isoprenylation of proteins is a

posttranslational modification that

involves covalent binding of isoprenoid

lipids to conserved cysteine residues at

or near the C termini of a varied group

of proteins which possess specific amino

acid sequences at their carboxy-termini(2).

Most small G-proteins (monomeric)

and the γsubunit of trimeric GTP binding

proteins are prenylated, and this lipid

modification has been shown to be

essential for their function. Many

prenylated proteins require membrane

localization for normal activity, and the

isoprenoid modification is generally

essential for this membrane association.

The isoprenoid moieties used in this

modification, farnesyl diphosphate (FPP)

and geranylgeranyl diphosphate (GGPP),

are isoprenoid diphosphates of 15 and

20 carbons, respectively, synthesized

in the initial portion of the mevalonic

acid pathway(3) (Fig.1). The enzymes

that transfer the prenyl moieties have

been isolated and characterized(4). These

enzymes transfer FPP or GGPP to

proteins that have specific sequences

of amino acids at their COOH-terminal

region. Proteins presenting a Cys-A-

A-X structure (A, aliphatic acid; X, any

amino acid) are farnesylated by

farnesyltransferase, proteins with a Cys-

A-A-Leu structure are geranylgeranylated

by geranylgeranyltrasnferase I, and the

prenylation of the Cys-X-Cys and Cys-

Cys structures is catalyzed by

geranylgeranyltransferase II. Thus, Ras

proteins become farnesylated by

farnesyltransferase, Rho proteins and

G-g become geranylgeranylated by

geranylgeranyltransferase I, and Rab

proteins geranylgeranylated by

geranylgernyltransferase II. 

FPP and GGPP are intermediate

metabolites of the mevalonic acid

pathway, and both are substrates for

branch point reactions that result in a

large variety of isoprenoid compounds.
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In plants and photosynthetic bacteria,

GGPP is the precursor of a great number

of different compounds, including

carotenoids and the phytol moiety of

chlorophyll; in animal cells, however,

its only known function is to provide

the prenyl moiety for protein prenylation.

In contrast, FPP, its metabolic precursor,

is the common precursor of sterol and

nonsterol products of the pathway, such

as cholesterol, ubiquinone, and dolichol(5).

Recent data also have suggested a

functional role of FPP and GGPP

derivatives as ligands of nuclear receptors

involved in gene transcription regulation(6).

PHARMACOLOGICAL

MODIFICATIONS IN THE SYNTHESIS

OR UTILIZATION OF ISOPRENOIDS IN

THE CELL RESULT IN MULTIPLE

EFFECTS

Metabolic flux in the mevalonic acid

pathway depends on the activity of 3-

hydroxy-3-methylglutaryl coenzyme A

(HMG-CoA) reductase, which regulates

the first part of the pathway and the

overall synthesis of cholesterol(3).

Experiments in cell culture models with

inhibitors of HMG-CoA reductase, statins,

have shown that reduction in the synthesis

of mevalonic acid and their derivatives

results in multiple effects including

inhibition of cell growth and diferenciation,

increased apoptosis, modifications in

gene expression, etc(4). These effects can

be reverted by mevalonate, the product

of the reaction catalyzed by HMG-CoA

reductase, and also by FPP or GGPP,

but not by cholesterol or other end products

of the pathway. Those experiments

strongly suggest that the mevalonic acid

derivative involved in the observed effects

is FPP or GGPP, and that the effects

result from the lost of function of a

farnesylated or geranylgeranylated G-

protein. Additional evidence to support

such conclusion can be obtained by

experiments with specific inhibitors of

farnesyl or geranylgeranyltransferases(7).

By using this experimental approach it

has been possible to establish that statins’

multiple effects (pleiotropic effects) are

mediated by the reduction in the synthesis

of FPP or GGPP, which, in turn, would

result in a lost of function of a nuclear

receptor or a prenylated protein. 

THE EXPLORATION OF PROTEIN

ISOPRENYLATION REGULATION AND

THEIR PATHOLOGICAL DEVIATIONS

IS IN AN INITIAL STAGE

The molecular mechanisms involved

in the metabolism of the isoprenoid

lipids used for protein prenylation and

its regulation are still poorly understood(5).

Experiments with statins, have shown

that protein prenylation is preserved

under conditions that drastically reduce

the biosynthesis of cholesterol, suggesting

that there are regulatory mechanisms

acting downstream HMG-CoA reductase

to preserve the supply of FPP and

GGPP(8). Good candidates for such a

regulatory role are the enzymes that

synthesize these isoprenoids: FPP and

GGPP synthases (FPS and GGPS). The

synthase for geranylgeranyl diphosphate

(GGPS) in animal tissues was initially

identified and cloned as an over-expressed

gene in an animal model of obesity and

insulin resistance, the ob/ob mouse(9,

10). The enzymatic characterization

demonstrated that this protein is able

of synthesizing geranylgeranyl

diphosphate (GGPP) and its metabolic

precursor, farnesyl diphosphate (FPP)

as well. FPP, which is also synthesized

by farnesyl diphosphate synthase (FPS),

is the last common intermediate in the

synthesis of the main products of
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Figure 1. GGPP Synthase seems to be the molecular link between lipid synthesis in the mevalonic acid
pathway and protein isoprenylation and cell regulation.
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mevalonate: cholesterol, ubiquinone,

dolichol and prenylated proteins, in

contrast GGPP is exclusively used in

protein isoprenylation(5). As mammalian

GGPP synthase has the capability of

catalyzing the formation of FPP and

GGPP, this enzyme might be the branch

point of the mevalonic acid pathway

not only for geranylgeranylation but

also for both farnesylation and

geranylgeranylation. In consequence

GGPS would be a favored point for the

regulation of the synthesis of the prenyl

moiety of prenylatded proteins.

Recent data indicates that GGPS

expression and activity may be regulated.

GGPS expression shows a wide variation

at mRNA and protein levels among

different tissues, and is regulated during

conversion of fibroblasts to adipocytes,

indicating that GGPP synthase expression

is regulated by differentiation

programs(10). The altered expression

present in the ob/ob mouse mentioned

before, suggests that GGPP synthase

expression is responsive to regulatory

mechanisms operating in differentiated

mature cells, perhaps under hormonal

control(10).

Experimental evidence indicates

that insulin increases farnesylation and

geranylgeranylation of small G-proteins

making cells more responsive to growth

factors and upstream activators(11-13).

This effect of insulin seems to be

dependent on hormone’s ability to

phosphorylate and activate FTase,

GGTase I and GGTase II. 

At present the more robust evidence

to consider the participation of protein

prenylation in pathological states comes

from the role that protein prenylation

seems to play in the mechanism of action

of drugs which are able of modifying

the evolution and outcomes of a number

of common diseases. 

SOME EFFECTS OF HMG-COA
REDUCTASE INHIBITORS (STATINS)
IN THE PREVENTION OF CORONARY

HEART DISEASE SEEMS TO BE

MEDIATED BY STATINS’ABILITY TO

REDUCE THE AVAILABILITY OF

GGPP

Statins are potent inhibitors of

cholesterol biosynthesis. Several large

clinical trials have demonstrated the

benefits of cholesterol lowering with

these agents in the primary and

secondary prevention of coronary heart

disease. The overall clinical benefits

observed with statin therapy, however,

appear to be greater than what might

be expected from the reduction in serum

cholesterol concentration. Results

obtained in large clinical trials suggests

that the clinical benefits of statins are

not associated with base-line cholesterol

levels or the degree of cholesterol

reduction(14).

Recent experimental and clinical

evidence indicates that some of the

cholesterol-independent, or so-called

pleiotropic, effects of statins involve

improving or restoring endothelial

function, enhancing the stability of

atherosclerotic plaques, decreasing

oxidative stress and inflammation, and

inhibiting the thrombogenic response

in the vascular wall. In particular, the

small GTP-binding protein, Rho, whose

membrane localization and activity are

affected by post-translational

isoprenylation, seems to play an important

role in mediating the direct vascular

effects of statins(15).

NITROGEN-CONTAINING

BIPHOSPHONATES, A GROUP OF

BONE RESORPTION INHIBITORS

WIDESPREAD USED IN THE

TREATMENT OF METABOLIC BONE

DISEASES, ACT BY INHIBITING

PROTEIN GERANYLGERANYLATION

Bisphosphonates currently are the

most important class of antiresorptive

agents used in the treatment of metabolic

bone diseases, including tumor-associated

osteolysis and hypercalcemia, Paget's

disease, and osteoporosis. These

compounds have high affinity for calcium

and therefore target to bone mineral,

where they appear to be internalized

selectively by bone-resorbing osteoclasts

and inhibit osteoclast function. 

Nitrogen-containing bisphosphonates

inhibit protein prenylation in osteoclasts.

This inhibitory effect has been shown

to depend mainly from the loss of

geranylgeranylated proteins rather than

loss of farnesylated proteins in

osteoclasts(16).

SPECIFIC INHIBITION OF PROTEIN:
FARNESYLTRANSFERASE REVERT

MALIGNANT TRANSFORMATION OF

CELLS AND TUMOR GROWTH, AND

CLINICAL ASSAYS OF PROTEIN:
FARNESYLTRANSFERASE INHIBITORS

ARE IN PROGRESS

Mutations of Ras proteins are

associated with oncogenic transformation.

Protein:farnesyltransferase inhibitors

(FTIs) were developed as inhibitors of

Ras mediated transformation as potential

anti-cancer drugs with a very specific

molecular target. FTIs, however have

proved to be very efficient blocking not
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only Ras-dependent tumor growth but

also inhibiting growth of tumors with

non-mutated Ras proteins(17). Although

these drugs are already in Phase III

clinical trials the exact biological

mechanisms underlying their effects is

unclear(18).

CONCLUSIONS AND FUTURE

PROSPECTIVES

During the last decade many groups

around the world have accumulated

evidence indicating that lipid metabolites

synthesized in the mevalonic acid pathway

upstream cholesterol, play a critical role

in cell function regulation. At the same

time protein prenylation has become an

«usual suspect» in the mechanism of

action of drugs active in the treatment of

common diseases such as atherosclerosis

and osteoposis, and a rational

pharmacological target for anti-cancer

therapy. Now is the time to improve our

understanding about the metabolic

regulation of these lipids and how interacts

with cell function regulation.
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1
ROLE OF PROTEIN OXIDATION IN

NO-INDUCED APOPTOSIS IN

INSULIN SECRETING RINM5F
CELLS

G.M. Cahuana, P. Rincón, R. Ramírez,

F.J. Bedoya 

Departamento de Bioquímica Médica y

Biología Molecular. Universidad de 

Sevilla, Sevilla, Spain.

Nitric oxide (NO) exposure leads

to apoptotic death of RINm5F cells

which is associated with degradation

of the antiapoptotic protein Bcl-2 and

cytochrome c release from mitochondria

in a process dependent on both direct

damage to mitochondria and on the

activation of MAPK’s stress pathways.

In this research we have explored the

impact of NO exposure on oxidative

damage to lipids and proteins and the

contribution of this type of damage in

the activation of the apoptotic program

during beta cell destruction. Culture of

cells in the presence of either NO donors

or IL-1beta leads to both generation of

lipid peroxidation end products and

carbonylation of proteins such as Bcl-

2 and adenine nucleotide translocator

(ANT), a component of the pore

allegedly responsible for the change in

permeability in mitochondria that

precedes apoptogenic release of

cytochrome C. Studies performed with

amino guanidine and piridoxamine

suggest that NO-induced oxidative

damage to these proteins is direct and

is not dependent on the generation of

lipid peroxidation end products. We

also observed that these inhibitors

blocked apoptotic actions triggered by

NO such as caspase 3 activation and

cytochrome c release from mitochondria.

We are currently studying the

contribution of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH)

inactivation and translocation to nucleus

in the control of the apoptotic response

to oxidative stress triggered by NO in

these cells.

2
PROLACTIN-MODULATED GENE

EXPRESSION PROFILES IN

PANCREATIC ISLETS FROM ADULT

FEMALE RATS

S. Bordin1, M.E.C. Amaral2, 

V. Delguingaro-Augusto2, D.A. Cunha2,

E.M. Carneiro2, A.C. Boschero2

1Instituto de Ciências Biomédicas,

Universidade de São Paulo, S.P. 
2Instituto de Biologia, Universidade 

Estadual de Campinas, SP, Brazil. 

E-mail: sbordin@fisio.icb.usp.br

Prolactin and other lactogenic

substances can induce maturation of

the stimulus-secretion coupling in

pancreatic islets by a mechanism that

is still unclear. In order to identify the

molecular events associated with the

morphological and functional alterations

induced by prolactin, we carried out

cDNA array analysis in islets exposed

to prolactin. For each experiment

pancreases from 10 rats were collagenase

digested and the islets, separated from

exocrine debris by ficoll gradients, were

cultured for 20 h in RPMI1640 with or

without 1mg prolactin/ml. Islets’ RNAs

were extracted with Trizol and treated

with DNAseI before reverse transcription.

Gene expression profile was analyzed

by cDNA expression array (Clontech)

representing 588 genes (n=3). Results

were acquired using Storm and quantified

using ImageQuant software. The

expression levels of 5 genes were

confirmed using semiquantitative RT-

PCR assay (n=8 to 12). Results were

normalized based on 4 constitutive genes

(cDNA array) or β-actin (RT-PCR).

Fifteen percent of the genes included

in the array were expressed in control

islets, whereas 19% were detected after

prolactin treatment. Several of these

genes (67%) belong to functional clusters

of oncogenes, tumor suppressors, cell

cycle regulators, stress response,

intracellular transducers and protein

turnover. Transcription factors and DNA

binding proteins were the largest cluster

up-regulated in prolactin-treated islets.

The up-regulation of ERK-1,

secretogranin II and V and EIF-2α, and

the down-regulation of LAR were

confirmed by RT-PCR. The analysis of

these different patterns will be useful

to understand the complex mechanism

of action of prolactin on the maturation

and differentiation of pancreatic islets.

3
GENETIC MECHANISMS OF INSULIN

RESISTANCE INDUCED BY

ALDOSTERONE AND 17β-
ESTRADIOL

C. Calle, J. Campión, 

M. García-Arencibia, B. Maestro

Dept. Biochemistry and Molecular 

Biology. Complutense University School

of Medicine. Madrid. Spain.

Insulin resistance occurs in many

pathological states and is a well

characterized feature of the development

of type 2 diabetes. Insulin resistance

involves defects at many different levels

of the insulin signalling pathway including
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a decrease in the number of insulin

receptors (IRs), alteration of IR kinase

activity and also multiple post-receptor

defects i.e. at the level of the IR substrate

molecules and phosphatidylinositol 3-

kinase. These partial defects at more

than one site may have a cumulative

effect in producing the degree of insulin

resistance. Our laboratory had detected

the following series of defects at different

levels of the insulin signalling system

after treatment of U-937 human

promonocytic cells with aldosterone

and 17β-estradiol:

These effects were mediated by

the respective intracellular receptor of

each hormone, MR for aldosterone,

ERa and/or ERb for 17β-estradiol.

These receptors are ligand-dependent

proteins that are members of the

steroid/nuclear receptor superfamily.

The complex hormone-receptor binds

to specific DNA sequences, called

hormone response elements, and

transactivates gene expression. We

observed that the transcriptional

inhibition by aldosterone of the IR

gene occurred by direct interaction of

aldosterone-MR with some of the

glucocorticoid response elements

(GREs) located in the IR gene promoter,

specifically with dGRE and cGRE1

as homodimers, and with pGRE as a

heterodimer. Therefore, these complexes

hormone-receptor, acting as transcription

factors on the human IR promoter,

appear to contribute to the disturbances

of insulin signalling leading to cellular

insulin resistance.

4

Withdrawn

5
DECREASE OF METHOTREXATE

UPTAKE IN M6 COLON CANCER

CELLS AS A POSSIBLE MECHANISM

OF RESISTANCE

M.P. García-Morales 

Centro de Biología Molecular y Celular,

Universidad Miguel Hernández, Elche,

Spain.

Resistance to chemotherapy constitutes

a major problem for cancer therapy.

More than 70% of colorectal tumours

are resistant to chemotherapy and

methotrexate (MTX) is not active against

this tumour. The colon cancer cell line

HT-29 constitutes a good in vitro model

to study the mechanisms involved in the

acquisition of chemoresistance. Several

cell subpopulations have been obtained

trough selection of HT-29 with increasing

concentrations of MTX. The mechanism

involved in the acquisition of resistance

is different according to the concentration

of MTX. Therefore, cells adapted to

10–4-10–3M MTX, show amplification

of the dihydrofolate reductase gene.

However, cells adapted to 10–7-10–5M

MTX, do not show this amplification.

We have studied the mechanisms involved

in the acquisition of MTX resistance in

cells adapted to MTX 10–6M (M6). We

observed that M6 cells show a significant

decrease in 3H-MTX uptake compared

to parental cells. The reduced folate

carrier (RFC) has been identified as the

main protein involved in the uptake of

folates. We have studied the expression

of the gene coding this protein in M6

cells. As determined by RT-PCR, we

could not observed differences in the

levels of RFC mRNA between HT-29

and M6 cells, either in the absence or

presence of MTX. Because members of

the MRP family of proteins, are able to

protect cells against MTX, probably

through competition with the

folipoliglutamate synthase, we have

analysed the effects of MTX on MRP

expression. As determined by RT-PCR,

the drug did not affect the expression of

the MRP mRNA. We conclude that the

decrease in MTX uptake can explain at

least in part the resistance of M6 cells

to MTX.

6
IMMUNOASSAY OF ABNORMAL

FORMS OF MANNAN-BINDING

LECTIN IN HUMAN SERUM AND

PLASMA

M. Ghiglione1, L.O. Uttenthal2, C. Koch3

1Department of Biochemistry and 

Molecular Biology, University of 

Salamanca, Spain. 2AntibodyShop A/S,

Copenhagen, Denmark. 3Immunological

Research Unit, Statens Serum Institut,

Copenhagen, Denmark.

Mannan-binding lectin (MBL) is a
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plasma protein that forms a first line

of defense against invading

microorganisms. It is one of the

collectins, a family of multimeric proteins

whose single chains consist of N-

terminal, collagen, neck and

carbohydrate-binding domains that bind

microbial surface polysaccharides in a

calcium-dependent manner. The chains

are combined to form triplet «heads»,

up to six of which are linked by disulfide

bridges in the N-terminal domain. About

12% of the Western population are

deficient in functional MBL. Deficiency

may be due to a low circulating

concentration of structurally normal

MBL due to promoter defects, or to

structurally abnormal MBL due to

hetero- or homozygosity for the B, C

or D structural alleles affecting the

collagen domain, or to a combination

of these defects. We have determined

that an MBL sandwich ELISA based

on capture and detection with a

monoclonal antibody that binds near

the carbohydrate-binding site is specific

for structurally normal MBL that has

«spare» heads (not bound to the coat)

capable of reacting with the detection

antibody. MBL from B/B and B/D

genotypes is very poorly oligomerized,

so that few spare heads are available

for binding the detection antibody. In

contrast, monoclonal antibodies that

bind at sites removed from the

carbohydrate-binding site can be used

to measure both structurally normal

and poorly oligomerized forms of MBL.

Sandwich assays with different

combinations of these antibodies

distinguish between structurally normal

and abnormal MBL, thus providing

rapid characterization of MBL status

without genotyping.

7
PROTEIN RESTRICTION DURING

LACTATION, AS METABOLIC

IMPRINTING, INDUCES CHANGES ON

AUTONOMIC MODULATION OF

INSULIN SECRETION

V.M. Scantamburlo1, C. Gravena, 

J.C. Miguel1, A. Tresoldi1, F.S. Simões1,

S.L. Balbo2, S. Grassiolli1, P.C.F. Mathias1

1Department of Cell Biology and Genetics,

University of Maringá, 87020-900 Maringá,

PR, Brazil; 2Laboratory of Physiology,

University of Western Paraná, 85814-110

Cascavel, PR, Brazil.

The involvement of autonomic nervous

system (ANS) on insulin secretion in adult

rats that were protein malnourished early

on life was studied. During the first 12

days of lactation, mothers received a 4%

protein diet (LP). Control group received

normal diet (23% protein), (NP). Following

both groups received normal diets. At 90

days rats were submitted to ivGTT with

previous injection (ip) of muscarinic or

adrenergic drugs. Insulinemia and glycemia

was measured during ivGTT. Rat pancreatic

islets were incubated with glucose in the

presence or absence of carbamylcholine

(Cch) or adrenaline. Normoglycemia and

a reduction in insulinemia (40%) were

observed on LP rats after fasting (p<0.01).

Glucose intolerance and low insulinemia

in LP group were detected after glucose

load (1g/kg/BW). Acetylcholine (27

nM/kg/BW) induced an increment of 23%

and 44% on insulinemia (area under the

curve) during ivGTT of NP and LP rats

respectively (p<0.05). Atropine, a

muscarinic antagonist (20nM/kg/BW)

reduced insulinemia (21%) in NP rats,

but did not change LP rats. Yohimbine,

an α2-adrenergic antagonist (20

nM/kg/BW) caused an insulinemia

increment of 32% in NP and 48% in LP

rats (p<0.05). Oxymethazoline, an α2a-

adrenergic agonist (16 nM/kg/BW), reduced

insulinemia in 24% of NP rats, without

changing it in LP rats. Islet insulin secretion

from LP rats showed low glucose and

Cch sensitivity when compared to NP rats

(p<0.05), whereas adrenaline sensitivity

was not altered. Our results suggest that

the impaired insulin secretion observed

in lactation-malnourished rats could be

caused by unbalanced ANS activity.

8
TYPE 1 DIABETES MELLITUS

(DM1) OF ADULT ONSET

IN SALVADOR, BAHIA-BRAZIL

J. Pousada, M. Britto, I. Lessa, T. Cruz,

L. Araujo, M.L.Lima, G. Monte, R. Chaves,

A. Vinhaes, C. Souza, I. Bastos, M. Correia,

E. Rossi, R. Fukui, M. Ursich

Federal University of Bahia and 

University of São Paulo, Brazil.

DM1 in adults may present acutely

or evolve slowly (Latent autoimmune

diabetes in adults-LADA). Diagnosis is

confirmed by autoimmune markers or

by demonstration of insulin secretion

failure. The aim of this work was to

search of LADA in our region –

frequency, clinical and immunological

characteristics. For that, medical charts

of 2470 diabetic patients from public

and private services were reviewed. Two

groups were identified. Group 1 (G1):

DM1 diagnosed at least 6 and no more

than 48 months treated with insulin: a)

immediately after diagnosis; b) in the

first year, due to failure to respond to

oral antidiabetic agents (OA). Exclusion

criteria: other autoimmunopathies,

Cushing, alcoholism. Group 2 (G2):
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DM2, older than 30 years, DM for more

than 2 years, in good or fair metabolic

control. Antibodies to glutamic acid

decarboxylase (GADab) were searched

(RIA: positive > 1.0 U/ml); fasting C-

peptide was measured basally and 6'

after IV glucagon (beta cell failure if

response < 1.8 ng/ml. 122 DM1 were

eligible for interview. Of these 29 (23.9%)

were selected for tests (G1). 46 patients

from G2 were also selected. Average

ages 50.7±16 (G1) x 51.3±10 (G2)

(p>0.05); BMI: 21.2±5.2 (G1) and

26.8±12.3 (G2) (p=0.034). GADab+:

27.3% of G1, CI 95% (11.1;43.5) and

G2: 0%. G1: 56% initially insulin treated

(21% GADab+) and 44% that used OA

first (27.2% GADab+). Average C-

peptide was 1.15±0.77 in G1 and

2.50±1.25 in G2 (p<0.05). Response to

glucagon was inadequate in 80% G1

and 37.5% G2 patients. There was no

correlation between C-peptide and

GADab in G1 (r=0.11; p>0.05). Despite

clear insulin secretion failure in adult

age DM1 in the present cases, the

frequency of anti GAD antibodies was

not as elevated as expected.

9
SELECTIVE APOPTOSIS INDUCTION

BY HISTONE DEACETYLASE

INHIBITORS IN TUMOR CELL

BEARING A MULTIDRUG-
RESISTANCE PHENOTYPE (MDR) 

M. Saceda

Centro de Biología Molecular, Universidad

Miguel Hernández, Elche. Unidad de

Investigación, Hospital General Universitario,

Elche, Spain.

Development of the Multridug

resistance (MDR) phenotype by tumor

cells represents the major problem for

the succes in cancer chemotherapy. We

have found that two histone deacetylase

inhibitors, trichostatin A (TSA) and

Suberoylanilide Hydroxamic Acid

(SAHA) are able to induce apoptosis

selectively in the MDR L1210R and

P388R cell lines without affecting the

parental L1210 and P388 cells. Since

both, L1210R and P388R cell lines

overexpress P-glycoprotein (Pgp), we

conclude that, in contrast to recent reports,

Pgp is unable to protect these drug-

resistant cell lines from the apoptosius

induced by the histone deacetylase

inhibitors. In an attempt to determine

the molecular basis for the induction of

apoptosis by the histone deacetylase

inhibitors, we started analyzing if the

effects promoted by TSA and SAHA

could be blocked by Cycloheximide

(CHX). We have found that CHX was

able to block TSA-induced apoptosis in

the L1210R cells, indicating that apoptosis

by these agents needed from the novo

protein biosynthesis. Cell cycle analysis

in the presence and absence of deacetylase

inhibitors demonstrated that apoptosis

induction in the L1210R and P388R

cells was limited to the G1→S phase

transition. Although TSA is able to

induce p53 activity, we have ruled out

that p53 is playing a role on the TSA-

induced apoptosis in the L1210R cell

line.  Complementary, the role of caspases

3, 8 and 9 in the apoptosis induced by

the histone deacetylase inhibitors has

been also studied. Finally we have found

that these two histone deacetylase

inhibitors are able to induce apoptosis

in other chemoresistant cell lines, such

as HL-60R ( human promielocityc

leukemia), MCF-7/Adr (breast carcinoma)

and HT-29 /M6 ( colon carcinoma),

suggesting that histone deacetylase

inhibitors could be useful antitumoral

agents against chemorresistant tumors. 

10
CELLULAR SIGNALLING IN THE GLP-

1 ACTION ON LIPID METABOLISM

V. Sancho, N. González, M.V. Trigo,

I. Valverde, M.L. Villanueva-Peñacarrillo

Fundación Jiménez Díaz, Madrid, Spain.

GLP-1 is lipogenic and lipolytic in

rat and human isolated adipocytes, being

proposed that the activation of PI3K is

implicated in these actions; also, the

peptide stimulates cellular cAMP and

glycosylphosphatidylinositol generation.

In this work, we have studied, in normal

rat adipose tissue, whether other kinases

–known to be involved in the signalling

pathways of insulin action- participate

in the effects of GLP-1 on lipid

metabolism. Adipocytes were isolated

by enzymatic digestion from epididymal

fat of normal Wistar rats. Lipogenesis

-14C-Na acetate incorporation- and

lipolysis -glycerol release- were

determined in cells incubated during 1h,

at 37ºC, in the absence (control) and

presence of 10–9 M GLP-1 or 10–9 M

insulin, and without and with 2.5x10–5

M PD98059 (PD) -MAP kinases inhibitor-

, and 10–7 M rapamycin (RAP) -p70s6k

inhibitor-. The lipogenic effect of GLP-

1 (116±3% of control, n=4 rats, p<0.05)

was abolished by the additional presence

of PD (97±3%, n=4), while that of insulin

(146±6%, n=4, p<0.001) was not modified

(insulin+PD: 150±4%, n=4, p<0.001);

RAP did not affect either peptide lipogenic

action. The increased lipolysis caused

by GLP-1 (180±7% of control, n=8,

p<0.001) was completely abolished by
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the presence of PD (110±4%, n=8,

p<0.001 vs GLP-1 alone) and slightly

reduced by that of RAP (154±8%, n=5,

p<0.001). In conclusion, in normal rat

adipocytes, both lipogenic and lipolytic

effects of GLP-1 are abolished by an

inhibitor of the MAP kinases activity,

indicating that phosphorylation of these

enzymes is required for each of these

two actions; activation of p70s6k, if

playing a role, it would be only in the

lipolytic effect of GLP-1.

11
INSULIN SECRETION PATTERNS IN

HUMAN INSULINOMA

A.A.R. Starke, C. Saddig

Dept. of Internal Medicine, Hypoglycemia 

& Insulinoma Unit, Heinrich-Heine-

University, Duesseldorf, Germany.

We report insulin secretion patterns

from 64 insulinoma patients (42 females,

22 males; BMI (mean±SD) 25.9±4.3

kg/m2; age 46±16 years, HbA1c

4.6±0.5%) derived from a diagnostic

fasting test subsequently to an oral

glucose load and from exogenous

somatostatin suppression (1000 µg/3

hours). Raw data were normalized in

order to obtain estimates of insulin

concentrations (basal, glucose stimulated,

post-maximal plateau, secretory bursts)

from which suppression and secretory

burst ratios were calculated. Three

different secretion patterns of insulin

were identified: the autonomous secretion

type 1 (N=17) suppressed insulin by

41±19% (basal 295±245, max. 577±375,

plateau 325±259 pmol/l); the incomplete

suppression type 2 (N=28) suppressed

insulin by 73±17% (basal 120±83, max.

596±446, plateau 108±55 pmol/l); the

burst secretion type 3 (N=19) suppressed

insulin by 76±19% (basal 102±74, max.

572±401, plateau 95±47 pmol/l) with

secretory bursts of 77±64 pmol/l

(184±41%) above plateau level. No

significant bursts of insulin secretion

were detected during the plateau phase

of type 1 and type 2 secretion. Suppression

of insulin secretion during exogenous

somatostatin infusion was similar to

endogenously induced suppression during

the fast: In type 1 insulin declined from

322±266 to 224±195 pmol/l by 26±21%

paralleled by a fall of blood glucose

from 2.7±0.7 to 1.9±0.6 mmol/l; in type

2 insulin declined from 142±139 to

35±22 pmol/l by 55±26% paralleled by

a constant blood glucose of 3.0-3.5

mmol/l; in type 3 insulin declined from

98±57 to 32±25 pmol/l by 62±17% with

an increase of blood glucose from 3.2±0.9

to 4.2±1.9 mmol/l. In conclusion, a new

classification of insulinomas based upon

the secretory behaviour of insulin secretion

during functional suppression tests is

proposed with the distinction of three

different patterns of insulin secretion.

12
COMPARISON BETWEEN D-[3-3H]-

AND D-[5-3H]-GLUCOSE AND

–FRUCTOSE UTILIZATION IN

PANCREATIC ISLETS FROM CONTROL

AND HEREDITARILY DIABETIC RATS

M.H. Giroix1, O. Scruel2, P. Courtois2,

A. Sener2, B. Portha1, W.J. Malaisse2

1Laboratory of Nutrition Physiopathology,

CNRS UMR 7059, University of Paris 7, Paris,

France, 2Laboratory of Experimental Medicine,

Brussels Free University, Brussels, Belgium.

This study is aimed at further

exploring specific aspects of D-glucose

and D-fructose metabolism in the islets

of both normal and Goto-Kakizaki (GK)

rats. The latter animals represent a

current model of inherited type-2 diabetes.

Freshly collagenase-isolated islets from

normal and GK rats were incubated for

120 min at 37°C for measurements of
3HOH and 14CO2 production from [3-
3H]- or [5-3H]- and [U-14C]-labelled D-

glucose and/or D-fructose (10 mmol/l

each). The radioactive D-fructose tracers

were prepared from the commercial 3H-

and 14C-labelled D-glucose using an

alkaline isomerization procedure followed

by HPLC purification. In the islets of

GK, as compared to normal rats, the

paired ratio between D-[U-14C]glucose

oxidation and D-[3-3H]glucose or D-

[5-3H]glucose utilization, as well as

between D-[U-14C]fructose oxidation

and D-[3-3H]fructose or D-[5-3H]fructose

utilization, was decreased. In both normal

and GK rats, the generation of 3HOH

from D-[5-3H]glucose (or D-[5-
3H]fructose) exceeded that from D-[3-
3H]glucose (or D-[3-3H]fructose). This

phenomenon was accentuated in the

absence of extracellular Ca2+ or presence

of exogenous D-glyceraldehyde (10

mmol/l). The hexokinase isoenzyme

inhibitor D-mannoheptulose (20 mmol/l),

which inhibited D-glucose metabolism,

only exerted limited effects upon D-

fructose metabolism. In the presence

of both hexoses, the paired ratio between

D-[U-14C]fructose oxidation and D-[3-
3H]fructose or D-[5-3H]fructose utilization

was considerably increased. Moreover,

this coincided with the fact that D-

mannoheptulose now severely inhibited

the catabolism of D-[5-3H]fructose and

D-[U-14C]fructose. We conclude that,

our data are consistent with the fact that,

in diabetic GK rats as compared to
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normal animals, a preferential alteration

of mitochondrial oxidative events affects

the metabolic response of islets not only

to D-glucose but also to D-fructose.

They further suggest that in islets from

both normal and GK rats (i) a fraction

of dihydroxyacetone phosphate generated

from exogenous D-glucose or D-fructose

escapes from further catabolism in the

glycolytic pathway, this phenomenon

being most marked whenever the

glycolytic flux is low, and (ii) D-glucose

enhances D-fructose phosphorylation

by glucokinase, conferring sensitivity

to D-mannoheptulose in terms of

inhibition of D-fructose metabolism in

the islets exposed to both the aldohexose

and ketohexose.

13
INCREASED BETA CELL APOPTOSIS

IN TRANSPLANTED ISLETS IS

REDUCED WITH CASPASE

INHIBITORS

M. Montolio, E. Montanya

Laboratory of Diabetes and Endocrine Unit.

CSUB-H. Bellvitge. Barcelona, Spain.

Background. Transplanted islets

are particularly vulnerable in the initial

days after transplantation when a

dramatic β-cell mass loss of non-

inmunological origin takes place even

in syngeneic grafts. Increased apoptosis

could contribute to this β-cell loss that

we hypothesize may be mediated by

the local expression of pro-inflammatory

cytokines in the graft. Prevention of

the initial β-cell apoptosis could improve

the outcome of the transplant. In this

work we meant to determine whether

in the initial days after syngeneic islet

transplantation: 1) β-cell apoptosis is

increased; 2) there is an expression of

pro-inflammatory cytokines; 3) the

pan-caspase inhibitor z-VAD.fmk can

reduce β-cell apoptosis and improve

the outcome of the graft. Two groups

of STZ-induced diabetic C57BL/6 mice

were transplanted with 150 syngeneic

islets, an insufficient mass to restore

normoglycemia. Immediately before

transplantation, islets were pre-incubated

for 2 h with z-VAD.fmk (z-VAD.fmk

group, n = 17) or with its solvent,

dimethyl sulphoxide (control group, n

= 15). Grafts were harvested 3 and 30

days after transplantation to determine

the cytokine expression, β-cell apoptosis

and β-cell mass. The pro-inflammatory

cytokines IL-1β and TNF-α were

expressed in isolated and in syngeneically

transplanted islets. β-cell apoptosis

was increased on day 3 after

transplantation (control group: 0.29 ±

0.03%) compared to islets isolated as

for transplantation (0.04 ± 0.02%, p

<0.005), and was partially reduced in

z-VAD.fmk group (0.14 ± 0.02%, p

<0.05 vs control group). However, the

initially transplanted β-cell mass (0.27

± 0.03 mg) was similarly reduced in

both groups on day 3 after transplantation

(z-VAD.fmk group: 0.07 ± 0.01 mg;

control group: 0.10 ± 0.02 mg). The

use of the caspase inhibitor did not

modify the metabolic evolution after

transplantation, and in both groups

most animals (z-VAD.fmk group: 70%;

control group: 66.6%) remained

hyperglycemic throughout the study.

On day 30, both groups showed similar

β-cell apoptosis (z-VAD.fmk group:

0.24 ± 0.06%; control group: 0.22 ±

0.03%), and similar β-cell mass (z-

VAD.fmk group: 0.11 ± 0.01 mg, control

group: 0.07 ± 0.02 mg). We conclude

that in the initial days after transplantation

there was an increased β-cell apoptosis

that could contribute to the β-cell mass

reduction. The pro-inflammatory

cytokines IL-1β and TNF-α were

expressed in isolated islets and in

syngeneically transplanted islets,

suggesting that they could play a role

in β-cell death. The use of the pan-

caspase inhibitor z-VAD.fmk reduced

β-cell apoptosis in transplanted islets,

although it was not sufficient to prevent

β-cell mass loss or to improve the

metabolic outcome of the transplant. 
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