
Abstract

Aims/hypothesis. Sodium tungstate has recently
emerged as an effective oral treatment for diabetes.
We examined the effects of tungstate administration in
the beta-cell mass of the pancreas as well as its thera-
peutic potential.
Methods. Sodium tungstate was administered via
drinking water to healthy and neonatal streptozotocin
(nSTZ)-diabetic rats for one month. The pancreas
from each rat was removed and morphometric and 
immunocytochemical studies were carried out. The
molecular mechanism of tungstate’s action was also
studied.
Results. In nSTZ rats administration of this compound
normalised glycaemia, and increased insulinaemia and
islet insulin content. Blood glucose concentrations
were normalised as early as on day 4 of treatment, and
tungstate treatment produced a partial recovery of
beta-cell mass. The rats remained normoglycaemic 

after tungstate withdrawal. Morphometric studies
showed that the increase in beta-cell mass was not due
to beta-cell hypertrophy but to hyperplasia, with an in-
crease in islet density in treated diabetic rats. Tung-
state treatment increased extra-islet beta-cell replica-
tion without modifying intra-islet beta-cell replication
rates. Moreover, the treatment induced increases in 
insulin-positive cells located close to ducts; and in
PDX-1 positive cells scattered in the exocrine tissue,
suggesting active neogenesis. In islets from treated di-
abetic rats, tungstate is able to increase the phosphory-
lation state of PDX-1 through the activation of p38.
Conclusion/interpretation. These observations indi-
cate that tungstate treatment is able to regenerate 
a stable, functional pancreatic beta-cell population
which leads to and maintains normoglycaemia. [Dia-
betologia (2004) 47:470–477]
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caemia management and even to cure diabetes is of
great interest. The idea of inducing the formation of
new beta cells is a novel approach for managing dia-
betes. In recent years, major advances in our under-
standing of pancreas embryogenesis have led to the
identification of several transcription factors that are
involved in this process [3]. Among these, PDX-1
plays a critical role in the development of the pancre-
as, since mutations in this gene result in pancreatic
agenesis in both mice and humans [4, 5]. Moreover,
studies on the dynamics of the adult pancreas have
shown that adult beta cells adjust their mass to distinct
metabolic states that occur during the life span, such
as pregnancy [6] or obesity [7, 8]. The mechanisms
involved in this dynamic state shape a delicate balance

Diabetes is a major public health problem. Its impact
on society is huge [1] and its chronic complications
cause enormous human suffering [2]. The develop-
ment of new therapies that are able to improve gly-



between cell growth, proliferation, and destruction
[9]. The formation of new beta cells arising from the
ductal epithelium has been shown in the adult pancre-
as, although the precise progenitor cell population re-
mains a matter of debate. In this regard, two hypothe-
ses have been proposed: a transdifferentiation of beta
cells derived from ductal or acinar cells or differentia-
tion from stem cells located in and around the ductal
epithelium [10].

Previous studies have shown sodium tungstate to
be an effective oral anti-diabetic agent, in both short-
and long-term treatments, in several animal diabetes
mellitus models [11, 12, 13, 14]. This compound re-
duces and, in most cases, normalises glycaemia, and
also decreases hypertriglyceridaemia [13]. Tungstate
treatment normalises glucose metabolism in the liver
[11, 14]. We found that in treated nSTZ rats, a Type 2
diabetes model [15], the reversion of the diabetic phe-
notype observed is due to an increase in the beta-cell
mass through neogenesis. Moreover, this beta-cell
population is functional and stable even when the
treatment is withdrawn.

Materials and methods

Animals and experimental design. Principles of laboratory ani-
mal care were followed (European and local government
guidelines) and protocols were approved by the Animal Re-
search Committee of the University of Barcelona. Newborn
Wistar rats (Charles River Laboratories, Wilmington, Mass.,
USA) were divided randomly into two groups, diabetic (nSTZ)
and healthy rats. Diabetes was induced as described previously
[15]. All the rats used were 9-weeks-old.

Both the diabetic and healthy rats were further divided into
two groups: untreated and tungstate-treated. The treatment was
carried out as described previously [12]. Fluid and food intake,
body weight, and blood glucose (Glucometer Elite, Química
Farmaceutica Bayer, Barcelona, Spain) were measured every 2
days (10:00–12:00 am). At the end of the treatments, the rats
were decapitated (10:00–12:00 am) and the blood was immedi-
ately collected. Plasma insulin was measured by radioimmuno-
assay (CIS, Gif-Sur-Yvette, France). Pancreata were excised,
weighed and immediately frozen in liquid N2 or alternatively
fixed in 4% paraformaldehyde and embedded in paraffin.

Islet isolation and insulin content. Pancreata were digested
with collagenase (Roche Diagnostics, Basel, Switzerland) fol-
lowed by islet separation in a density gradient using
Histopaque (Sigma Diagnostics, St Louis, Mo., USA) as 
described elsewhere [16]. Islets were hand-picked under a
stereomicroscope and separated in batches of ten to determine
insulin content by radioimmunoassay (CIS, France).

Morphometric analysis. Pancreatic serial cryosections were
immunostained for insulin or glucagon using indirect immuno-
fluorescence techniques. Anti-insulin and anti-glucagon (ICN
Pharmaceuticals, Costa Mesa, Calif., USA) were used as pri-
mary antibodies. To measure the total islet area toluidine-blue
pancreatic sections were used. Morphometry was done with a
manual optical image analyser (MOP-01, Olympus, Tokyo,
Japan). For PDX-1 detection, paraffin sections were treated
with 10 mmol/l sodium citrate buffer (pH 6.0). Simultaneous

incubation with anti-PDX-1 antibody (kindly provided by J.F.
Habener) and anti-insulin antibody or anti-somatostatin anti-
body (ICN Pharmaceuticals) was carried out.

Beta-cell volume determination. Beta-cell size was measured
in insulin-stained sections co-stained with propidium iodide at
10 µg/ml (Sigma) with RNAse 100 µg/ml (Sigma) at 37°C.
Beta-cell nuclei on a random section were counted, and the
area of beta-cell tissue in that section was measured by
planimetry as described above. Individual beta-cell volume
was determined by dividing the beta-cell area by the number of
nuclei. However, this method can lead to the overestimation of
the size of the beta cells since not all are sectioned across their
nuclei. A minimum of 500 beta-cell nuclei were counted.

Beta-cell replication studies. Five hours before they were
killed, the rats were injected intraperitoneally with 5-bromo-2-
deoxyuridine (BrdU) (Sigma) at a concentration of 50 mg per
kg body weight. Frozen pancreatic sections were used to deter-
mine replication rates by an anti-BrdU antibody (Sigma). To
calculate the BrdU labelling index, the number of positive cells
for insulin or glucagon and BrdU was counted. At least 1000
beta-cell nuclei were counted per pancreas. Based on the la-
belling index measured and an estimated S-phase (Ts) duration
for beta cells of 6.4 h [17] the cell birth rate (the production of
new cells per 24 h) can be calculated from the equation: Cell
birth rate = (Labeling Index/Ts)×24 h.

Confocal microscopy. Fluorescence was monitored with a 
Leica TCS NT microscope with excitation from the 480 nm
line of an argon/krypton filter centred at 530 nm for FITC and
above 590 nm for TRITC.

1D and 2D western blotting. Rats were fasted overnight before
being killed. Pancreatic islets were prepared by collagenase 
digestion as described [16], snap frozen in liquid nitrogen and
kept at −80°C until use. Proteins were extracted during 30 min
at 4°C in a buffer containing Tris (50 mmol/l, pH 7.5), EDTA
(5 mmol/l), NaCl (150 mmol/l), Triton X100 (1%), iodoacetate
(5 mmol/l), sodium phosphate (10 mmol/l), sodium fluoride
(10 mmol/l), sodium vanadate (1 mmol/l) and protease in-
hibitors (Sigma cocktail). Proteins were separated by SDS-
PAGE and transferred to PVDF membranes by standard proto-
cols. Phosphorylation of p38 was assessed by Western blotting
using specific antibody against phospho-p38 MAP Kinase
(Thr180/Tyr182; Cell signalling). Membranes were then
stripped and incubated with anti-p38 (Cell signalling). Phos-
phorylation of PDX-1 was determined by two-dimensional
electrophoresis (2D-PAGE) as described [18]. Briefly, islet 
lysates were re-suspended in a buffer containing urea (7 mol/l),
thiourea (2 mol/l), CHAPS (2% w/v), DTT (65 mmol/l), am-
pholines (0.5% v/v), orthovanadate (10 mmol/l) and protease
inhibitors and were separated by 2D-PAGE using immobilised
gels of pH 3–10 (IPG strips, Biorad, Hercules, Calif., USA) as
the first dimension and home made 10% acrylamide gels as the
second dimension. Proteins were then transferred to PVFD
membranes and incubated with antibody against PDX-1
(Chemicon, Temecula, Calif., USA).

Northern blot analysis. Total islet mRNA was obtained by
modifying the Chomczynski method [19] (RNAzol B, TEL-
TEST, USA) and analysed by northern blot. Briefly, aliquots of
20 µg RNA were electrophorised on a 1% agarose-5% formal-
dehyde gel and transferred to a nylon membrane (Hybond N,
Amersham, Uppsala, Sweden). Membranes were hybridised
with [32P] labelled specific cDNA probe for insulin (a gift
from G. Bell) and quantified using a Personal FX Phospho-
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imager and QuantityOne software (BioRad). The values were
normalised with a 28S ribosomal cDNA probe.

Statistical analysis. Data are expressed as means ± SEM. Dif-
ferences between the experimental groups were evaluated us-
ing the unpaired Student’s t test for several independent obser-
vations. A p value of less than 0.05 was considered significant.

Results

Tungstate treatment normalises blood glucose and 
insulin plasma concentrations. nSTZ rats showed
mild hyperglycaemia (8.4±0.7 mmol/l, Fig. 1). After 
4 days of treatment, blood glucose concentrations
were already normalised to 6.0±0.3 mmol/l, and these
were maintained throughout the treatment (28 days)
without any hypoglycaemic episode. In contrast, tung-
state administration did not affect blood glucose val-
ues in healthy rats. The normalisation of glycaemia in
treated diabetic rats was accompanied by an increase
in plasma insulin concentrations. Untreated diabetic
rats showed lower insulinaemia concentrations than
healthy ones (27±4 µU/ml vs 41±4 µU/ml; p<0.05),
and this parameter was restored after tungstate treat-
ment (57±5 µU/ml on day 4 and 49±3 µU/ml at the
end of treatment). Treatment did not affect insulinaemia
in healthy rats (46±4 µU/ml).

Treated diabetic rats showed a decrease in food in-
take (65±2 vs 87±1 g·kg−1·day−1, p<0.05). To deter-
mine whether this diminished intake was responsible
for the decrease in glycaemia, we did additional pair-
feeding studies on diabetic rats. One group of diabetic
rats was fed for 15 days with the same amount of
chow diet as their treated counterparts. Only tung-
state-treated diabetic rats reached normoglycaemic
status while their pair-fed untreated counterparts 

remained hyperglycaemic (Table 1). Concomitantly,
only the former showed improved plasma insulin con-
centrations. These experiments thus ruled out the pos-
sibility that tungstate treatment normalised blood glu-
cose concentrations by reducing food intake.

Morphological and functional analysis of pancreatic
islets. Tungstate-treated diabetic rats showed higher
islet density than their untreated counterparts (27±3 vs
16±2 islets/area; p<0.05). Moreover, pancreatic sec-
tions from tungstate-treated diabetic rats showed a re-
covery of beta-cell mass to exocrine-tissue ratio at the
end of treatment (Table 2) to values similar to those
found in healthy rats. The beta-cell mass to exocrine-

Table 1. Pair-feeding studies

Glycaemia (mmol/l) Insulinaemia (µU/ml)

Day 0 Day 15 Day 0 Day 15

Diabetic rats 8.8±0.3 8.1±0.3 31.66±4.22 28.60±5.04 
Diabetic pair-fed rats 7.7±0.3 7.6±0.4 38.40±7.40 22.00±0.44
Tungstate-treated diabetic rats 8.2±0.5 5.3±0.2a 29.40±7.00 50.90±1.17a

a p<0.001 treated diabetic vs all groups

Table 2. Morphometric studies

Healthy rats Diabetic rats

Untreated Treated Untreated Treated

Beta-cell volume (µm3) 1575±80 1499±119 1420±80 1451±66
Beta-cell mass/exocrine tissue (%) 1.92±0.02 1.73±0.03 0.77±0.05a 1.67±0.04b

Pancreas weight (g) 1.02±0.12 0.89±0.04 1.14±0.05 1.09±0.02

a p<0.001 untreated diabetic vs untreated healthy rats, b p<0.001 treated diabetic vs untreated diabetic rats

Fig. 1. Effects of tungstate administration on glycaemia of un-
treated healthy (open circles), treated healthy (filled circles),
untreated diabetic (open squares) and treated diabetic (filled
squares) rats. Values are expressed as means ±S EM (n=12
rats/group). *p<0.05, and **p<0.001 compared to untreated 
diabetic rats
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tissue ratio was already partially recovered on day 4
of treatment (1.48±0.09 vs 0.77±0.07%, treated vs un-
treated diabetic rats; p<0.001). Beta-cell hypertrophy
was not observed in either treated-diabetic or treated-
healthy rats (Table 2). Moreover, pancreatic weight
was not affected by tungstate treatment.

The replication rate of intra-islet beta cells in un-
treated diabetic rats was higher than in the healthy
ones (1.29±0.30 vs 0.76±0.20%; p<0.05). Tungstate
treatment did not modify this parameter in either dia-
betic (1.20±0.17%) or healthy rats (0.77±0.14%). In-
terestingly, extra-islet beta-cell replication was higher
in treated diabetic rats, than in their untreated counter-
parts (0.71±0.09 vs 0.24±0.06%; p<0.001). Similarly,
when the production of new beta cells per day was
calculated, it showed that tungstate treatment affected
only diabetic rats and that the effects were restricted
to the extra-islet beta-cell population (Fig. 2). No 
differences in α-cell replication were observed in any 
experimental group.

The increase in beta-cell mass observed in the
treated-diabetic rats was mainly due to an increase of
cells located outside rather than within well-formed
islets. These extra-islet beta cells, individually or in
small clusters, were often found close to ducts, indi-
cating an activation of neogenic pathways (Fig. 3a, b).
Afterwards, PDX-1 expression was studied in the pan-
creas of the different experimental groups. On the one
hand, we found double positive PDX-1/insulin cells
located outside islets in diabetic rats on day 4 of treat-
ment, thereby reinforcing our hypothesis of tungstate-
induced neogenesis. On the other hand, single PDX-1
positive cells were also found scattered in the exocrine
tissue on day 4 of treatment but were absent on day 15
(Fig. 3e). The initial presence of PDX-1 positive cells,
which are negative for other endocrine hormones, 
together with the subsequent increase in beta-cell 
density, indicate differentiation from a precursor cell
to a mature insulin-producing cell. No co-staining

with somatostatin was detected in these PDX-1 posi-
tive single cells.

Tungstate mechanism of action on islets. PDX-1 pro-
tein concentrations were not increased in treated ver-
sus untreated rats. The activity of PDX-1 can be regu-
lated by phosphorylation and this can be assessed by
two-dimensional electrophoresis (2D) as a decrease in
the pI. PDX-1 2D-western blots from isolated islets
from healthy rats showed the presence of two different
forms of PDX-1 with similar molecular weight but
different pI (Fig. 4a, 55±8%). In vitro treatment with
tungstate, as well as with glucose or insulin which are
known to activate and phosphorylate PDX-1, resulted
in a complete shift of PDX-1 towards the most acidic
form of PDX-1 (Fig. 4b,c; glucose 88±12, insulin
78±10, and tungstate 94±14%, p<0.05). In islets from
diabetic treated rats, tungstate also induced a shift of
PDX-1 from basic to more acidic forms (Fig. 5a).
Tungstate treatment doubled the amount of PDX-1 in

Fig. 2. Effects of tungstate administration on beta-cell cell
birth rate. Intra-islet (white columns) and extra-islet (black 
columns) cell birth rate (CBR) was calculated as described in
the methods section. Values are expressed as means ± SEM
(n=8 rats/group) from HU (healthy untreated), HT (healthy
treated), DU (diabetic untreated), and DT (diabetic treated)
rats. *p<0.05 untreated and treated diabetic vs healthy rats.
**p<0.001 treated diabetic vs all groups

Fig. 3a–f. Insulin and PDX-1 expression in pancreatic sec-
tions. a Representative confocal image of a propidium iodide
(red) and insulin (green) staining of a pancreatic section from a
tungstate-treated diabetic rat. This section illustrates the emer-
gence of clusters from a duct (×400). Arrowheads, pancreatic
duct; asterisks, clusters of cells. b Same as before, in this im-
age single insulin-positive cells emerging from the duct. Ar-
rowheads, pancreatic duct; asterisks, single cells. c–f PDX-1
expression in pancreatic sections from untreated healthy (c)
and untreated diabetic rats (d), and diabetic rats treated for 4
days (e) and 15 days (f). Confocal images of PDX-1 (green)
and insulin (red) immunostaining. Arrows indicate extra-islet
PDX-1 positive cells (×630). The images are representative
from three different rats
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the more acidic forms, compared to PDX-1 forms in
the untreated diabetic rats (2.08±0.14, p<0.05), thus
suggesting an increase in PDX-1 phosphorylation.
Tungstate administration also increased the phosphor-
ylation state of p38 without changing the p38 total
concentration (Fig. 5b, ratio phosphorylated p38/ total
p38 of 0.11±0.04 in untreated diabetic rats vs
0.41±0.12 in treated diabetic rats, p<0.01).

In addition to its involvement in neogenesis, PDX-1
also regulates the expression of several beta-cell genes
including insulin. Indeed, we observed an increase in
islet insulin content after tungstate treatment. This pa-
rameter, which was lower in diabetic rats than in heal-
thy ones (284±22 vs 1102±36 µU/islet; p<0.001), was
normalised in treated diabetic rats (918±47 µU/islet).

The increase observed in the islet insulin content cor-
related with a twofold increase in insulin mRNA
(Fig. 5c) expression as measured by Northern blot.

Tungstate effects persist after withdrawal of treatment.
To study whether the effects induced by tungstate in
beta-cell mass were maintained in the long-term, we
withdrew treatment after 28 days and did a follow-up
study for 15 additional days. Consistent with the half-
life of tungstate (approximately 1.7 h in the rat), 36 h

Fig. 4. Effects of tungstate on the in vitro phosphorylation of
PDX-1 in islets analysed by 2D western blots. Pancreatic islets
were isolated from healthy rats, and were cultured in RPMI
medium containing 11.1 mmol/l glucose and 10% FCS during
36 h, followed by 5 h incubation in 1.8 mmol/l glucose and
0.1% FCS and treated with different stimuli for 30 min. The
figure is representative of three independent experiments

Fig. 5a–c. The 2D western blots were done from isolated islets
of 4-day treated rats. a Tungstate decreases PDX-1 pI. b Acti-
vation of p38 by tungstate. Controls positive (C+) and negative
(C−) were obtained from an insulin cell line (βTC3); the cells
were serum and glucose starved and incubated with either 
media alone (C−) or supplemented with insulin (100 nmol/l,
5 min; C+). c Effect of tungstate treatment on islet insulin
mRNA expression in diabetic treated and untreated rats. All
figures are representative of three independent experiments



replication and neogenesis [9, 20]. As described be-
fore [22], an increase in intra-islet beta-cell replication
in diabetic rats was observed, which was not changed
by tungstate administration. Since the results clearly
ruled out the replication of intra-islet beta cells as the
mechanism responsible for the restoration of the beta-
cell mass, we studied the involvement of neogenesis.
The current criteria to identify this process include the
presence of single beta cells or small clusters associat-
ed to ducts and/or scattered within the exocrine pan-
creas, which is what we observed in the treated diabet-
ic rats. In addition, a molecular approach based on the
expression of certain transcription factors involved in
pancreas development has also been used to study
neogenesis [3]. Among these, PDX-1 plays a key role
in the recapitulation of this process in adult animals
[23]. We present evidence of the involvement of neo-
genesis as the cause of the cell formation induced by
tungstate. The observation of single insulin positive
cells or clusters in close contact with ducts suggests
an active process of differentiation from precursor
cells. Therefore, the initial presence of PDX-1 posi-
tive cells, which are negative for other endocrine hor-
mones, together with the subsequent increase in beta-
cell density, indicates differentiation from a precursor
cell to a mature insulin-producing cell.

The nSTZ model shows active beta-cell mass re-
generation during the neonatal period [21]; a regener-
ation that continues till week 6 of life [22], coinciding
with a deterioration in cell function. So it is reason-
able to assume that the described effects of tungstate
treatment, which started at week 9 of life, could be re-
lated to an enhancement of neogenesis, thus lengthen-
ing the regenerative period. Thus, assuming that tung-
state effects are due to an enhancement of beta-cell
neogenesis, our results support the idea of an activa-
tion of this pathway. Treatment of nSTZ rats with 
either phlorizin or vanadate, an insulin-like agent 
similar to tungstate, decreases hyperglycaemia but
fails to normalise beta-cell mass and glucose-induced
insulin secretion [24]. Therefore, we can affirm that
the effects observed on beta-cell mass in tungstate-
treated diabetic rats are due to the direct effects of this
compound observed on the pancreas and not to the re-
duction of glucotoxicity.

Tungstate is a well-known inhibitor of phosphopro-
tein tyrosine phosphatases (PTP) [25], and the effects
described could be mediated by this inhibitory activi-
ty. We assessed the molecular mechanism of tungstate
action in islets cultured in vitro with tungstate, and
also in islets from treated diabetic rats. Activation of
PDX-1 involves phosphorylation and this event is 
dependent on p38 protein [26] and ERK1/2 [27], al-
though some disagreements with the role of PDX-1
phosphorylation have arisen [28]. The control PDX-1
activity may integrate signals from multiple pathways:
for example, glucose–stimulated PDX-1 transactiva-
tion is ERK1/2 dependent and it has been suggested
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after the last administration tungstemia is un-
detectable. After withdrawing the treatment, previous-
ly treated diabetic rats remained normoglycaemic 
for the following 15 days (Fig. 6). Moreover, at 
the end of this 15-day period, their plasma insulin
concentrations were similar to those of healthy rats
(50.0±6.8 µU/ml). Morphometric analyses showed
that the pancreas from these rats maintained the same
values of beta-cell to exocrine-tissue ratio reached on
day 28 of treatment (1.56±0.18%). Therefore, the new
beta-cell population induced by tungstate is fully
functional and able to maintain glucose homeostasis.

Discussion

In recent years, a line of diabetes research has focused
on the development of new strategies addressed to re-
cover beta-cell function and mass arising from our in-
creasing knowledge on adult pancreas plasticity. The
dynamics of beta-cell mass involves a tight regulation
between cell formation and destruction to obtain the
population required to cope successfully with a range
of metabolic situations [20]. It has been reported that
the nSTZ rat model (the model used in the present 
paper), partially regenerates beta-cell mass (approxi-
mately 40%) during the weaning period, mainly
through differentiation from precursor ductal cells
(neogenesis) [21]. Our data show that the normogly-
caemic effects of tungstate in this model are mediated
through a process of pancreatic regeneration leading
to total beta-cell mass restoration. This new cell popu-
lation is functional, allowing the decrease of gly-
caemia in diabetic rats, and maintaining normogly-
caemia even after treatment is withdrawn. These re-
sults suggest that tungstate acts by switching on stable
beta-cell regeneration.

Since no pancreatic sections from treated rats pre-
sented cell hypertrophy, we studied the possible in-
volvement of two processes of beta-cell regeneration:

Fig. 6. Glycaemia of rats after treatment withdrawal. Blood glu-
cose concentrations were measured in untreated (open squares)
and treated (filled squares) diabetic rats for 15 days after treat-
ment. Values are expressed as means ± SEM (n=12 rats/group).
*p<0.001 treated diabetic vs untreated diabetic rats



that p38 cascade could affect PDX-1 in response to
other agents [27]. Our data prove that tungstate treat-
ment in diabetic rats is able to activate the islet p38
protein by increasing its phosphorylation state, with-
out changing total p38 concentrations. The 2D experi-
ments show that tungstate decreased the pI of PDX-1
protein both in islets from treated diabetic rats and in
cultured islets. The decrease in the pI is probably due
to an increase in the phosphorylation state of PDX-1,
which decreases the overall charge of the protein.
However, we can not discard other post-translational
modifications.

Although the results obtained in the diabetic rats
treated with tungstate were similar to those found with
GLP-1 [29], no differences were observed in the con-
centrations of GLP-1 between all the rats either treat-
ed or untreated. Therefore, it is reasonable to assume
that, as with GLP-1, tungstate induces the activation
of PDX-1, which is the main regulator of insulin ex-
pression, albeit using a different mechanism.

In conclusion, our data demonstrate that the anti-di-
abetic effect of tungstate in nSTZ rats is mediated
through pancreatic regeneration, which leads to a res-
toration of beta-cell mass. These results suggest that
tungstate acts probably by increasing PDX-1 phos-
phorylation; and, therefore, activity in the islets of
treated rats. Our results indicate that sodium tungstate
could help us to understand the molecular mecha-
nisms underlying the regulation of glucose homeosta-
sis and endocrine plasticity. The understanding of
beta-cell regeneration may point the way towards new
strategies for the treatment of diabetic patients with a
decreased or impaired beta-cell mass.
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