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Abstract
Aims/hypothesis The mechanisms underlying pancreatic is-
let mass expansion have attracted considerable interest as
potential therapeutic targets to prevent or delay the onset of
type 2 diabetes. While several factors promoting beta cell
proliferation have been identified, in the context of nutrient
excess the roles of glucose or NEFA in relation to insulin
resistance remain unclear. Here we tested the hypothesis that
glucose and NEFA synergistically and reversibly promote
beta cell proliferation in the context of nutrient-induced
insulin resistance.
Methods Using 72 h infusions of glucose (GLU) or the
oleate-enriched lipid emulsion ClinOleic (CLI), singly or in
combination, we assessed beta cell proliferation, islet mass
and insulin sensitivity in male Lewis rats. The effects of
nutrients and endogenous circulating factors were examined
in isolated and transplanted islets. Reversibility was studied 3
and 6 days after the end of the infusion.
Results GLU infusions modestly stimulated beta cell prolifer-
ation, CLI alone had no effect and GLU+CLI infusions

markedly stimulated beta cell proliferation. Insulin sensitivity
was equally decreased in GLU and GLU+CLI infusions.
GLU+CLI infusions also stimulated beta cell proliferation in
islets transplanted under the kidney capsule, albeit to a lesser
extent compared with endogenous islets. Ex vivo, the combi-
nation of glucose and NEFA enhanced beta cell proliferation
in rat and human islets independently from secreted insulin,
and serum from GLU+CLI-infused rats potentiated the effect
of glucose. Glucose tolerance, beta cell proliferation and islet
mass were all restored to normal levels 6 days after termina-
tion of the infusion.
Conclusions/interpretation Glucose and NEFA synergistical-
ly and reversibly promote beta cell proliferation in part via
direct action on the beta cell and independently from secreted
insulin.

Keywords Animal . Insulin sensitivity and resistance . Islets .

Metabolic physiology in vivo . Rat

Abbreviations
CLI ClinOleic
GIR Glucose infusion rate
GLU Glucose, administered by infusion
HIEC Hyperinsulinaemic–euglycaemic clamps
SAL Saline

Introduction

The pancreatic beta cell has a remarkable capacity to adjust to
a changingmetabolic environment by increasing its functional
mass [1, 2]. In rodents, and possibly humans, the increase in
beta cell mass is due, in part, to replication. Despite the recent
identification of several candidates [3–5], the nature of the
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signals that trigger beta cell proliferation in response to a given
metabolic situation remains elusive [6–8]. While glucose is
an established beta cell mitogen [9–12], NEFA have been
reported to stimulate [9] or inhibit [10] beta cell proliferation
in vivo. Several factors can explain these discrepancies,
including the confounding effect of insulin resistance and
whether or not glucose and NEFA levels are simultaneously
elevated.

We previously developed a rat model of nutrient excess
in vivo in which combined infusion of glucose and NEFA for
72 h leads, in an age-dependent manner, to impaired beta cell
function, despite a marked increase in beta cell proliferation and
mass [13–15]. This model provides a unique opportunity to
examine the individual and combined effects of elevated
glucose and NEFA levels in vivo in relation to insulin
sensitivity. Using this model, the present study was designed
to test the hypothesis that combined glucose and NEFA infusion
reversibly promotes beta cell proliferation in part via circulating
factors released in response to insulin resistance. Specifically,
we sought the following information: (1) What are the
effects of glucose and NEFA, singly or in combination,
on beta-cell proliferation? (2) Does nutrient-induced beta cell
proliferation correlate with the level of insulin sensitivity? (3)
What is the relative contribution of circulating factors to beta
cell proliferation? (4) Is nutrient-induced beta cell prolifera-
tion reversible?

Methods

Animal surgeries All procedures were approved by the
Institutional Committee for the Protection of Animals at the
Centre Hospitalier de l’Université de Montréal. Male Lewis
rats weighing 250–350 g (∼2 months old) and 450–550 g
(∼6 months old) (Charles River, Saint-Constant, QC,
Canada) were individually housed under controlled tempera-
ture on a 12 h light–dark cycle with free access to water and
standard laboratory chow. The rats underwent catheterisation
of the jugular vein for nutrient infusions and the carotid artery
for sampling as described [15] and were allowed to recover for
6 days. For islet transplantation studies, 200 age-matched
Lewis rat islets were injected via a cannula under the left
kidney capsule during the catheterisation surgery.

Infusions Rats were randomly assigned to four groups
receiving the following intravenous infusions: saline
(SAL) (0.9% wt/vol. NaCl; Baxter, Mississauga, ON,
Canada); 70% (wt/vol.) glucose (GLU) (McKesson,
Montreal, QC, Canada); 20% (wt/vol.) ClinOleic (CLI)
(Fresenius Kabi, Uppsala, Sweden; an olive/soybean triacyl-
glycerol emulsion composed of 65% monounsaturated/20%
polyunsaturated/15% saturated fatty acids) co-infused with 20
U/ml heparin (Sandoz, Boucherville, QC, Canada) or GLU

plus 20% (wt/vol.) ClinOleic plus heparin (GLU+CLI). The
glucose infusion rate (GIR) was adjusted to maintain plasma
glucose at 13.9–19.4mmol/l throughout the 72 h infusion. See
ESM Methods.

Hyperinsulinaemic–euglycaemic clampsHyperinsulinaemic–
euglycaemic clamps (HIEC) were performed as described pre-
viously (in mice) [16] with minor modifications. See ESM
Methods.

IVGTT Glucose (0.5 g/kg) was injected into the jugular cath-
eter of 5 h-fasted rats. Blood samples were taken at 0, 3, 6, 9,
15, 30, 45 and 60 min.

Analysis of islet mass and beta cell proliferation, size and
apoptosis Islet mass was measured on paraffin sections pre-
pared as described [13] using an anti-chromogranin A antibody
(Ab85554; Abcam, Toronto, ON, Canada) to label endocrine
cells. Beta cell proliferation was measured by immunohisto-
chemical staining of pancreas cryosections for Ki67
(Ab66155; Abcam) and insulin as described [13] or by intrave-
nous injection of BrdU (B5002; Sigma-Aldrich, Oakville, ON,
Canada) 50mg/kg at 12, 36 and 60 h during the infusion follow-
ed by immunostaining for BrdU (347580; Becton Dickinson,
San Jose, CA, USA) and insulin. Beta cell proliferation was
expressed as a percentage of double-positive Ki67+ insulin+

(or BrdU+ insulin+) cells to total insulin+ cells. Apoptosis was
measured using the FragEL DNA Fragmentation Detection Kit
(Millipore, Etobicoke, ON, Canada) according to the manufac-
turer’s instructions (see ESM Methods). The experimenter was
blind to group assignments.

Rat and human islet culture Islets were isolated from male
Lewis rat as described [17] and cultured in RPMI-1640 with
10% (vol./vol.) FBS (Invitrogen, Burlington, VT, USA) for
72 h in the presence of glucose, a NEFA mixture mimicking
the composition of CLI (65% oleate, 20% linoleate and 15%
palmitate) or insulin (Humulin; Lilly, Toronto, ON, Canada)
as indicated in figure legends. To assess the role of circulating
factors, FBS was replaced by 10% (vol./vol.) serum
(de-complemented for 30 min at 56°C) from infused rats.
The final glucose concentration in the culture medium was
adjusted to take into account the glucose present in the serum
from GLU- and GLU+CLI-infused rats. See ESM Methods.

Islets from non-diabetic human donors were provided by
the Clinical Islet Laboratory at the University of Alberta, the
Alberta Diabetes Institute Islet Core and the National Institute
of Diabetes and Digestive and Kidney Diseases - sponsored
Integrated Islet Distribution Program. The use of human islets
was approved by the Institutional Ethics Committee of the
Centre Hospitalier de l’Université de Montréal (protocol no.
ND-05-035). Human islets were cultured in cGMP Prodo Islet
Media (Standard; Prodo Laboratories, Aliso Viejo, CA, USA)
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with 5% (vol./vol.) human AB serum and 1% (vol./vol.)
glutamine/glutathione mixture. Human islet proliferation was
determined as for rat islets.

AnalyticalmeasurementsNEFA, C-peptide and insulin mea-
surements are described briefly in ESM Methods.

Statistical analysis Data are expressed as means ± SEM.
Statistical analyses were performed using Student’s t test or
ANOVA followed by two-by-two comparisons using Tukey
or Sidak post hoc test (GraphPad Prism 6 version 6.0; La Jolla,
CA, USA); p<0.05 was considered significant.

Results

Characterisation of the 72 h-infused Lewis rat model The
72 h infusions had no effect on body weight in either age
group (ESM Fig. 1a, b). Total energy intake was decreased
in GLU- and GLU+CLI-infused 2-month-old rats but not
6-month-old rats (ESM Fig. 1c, d). In 2-month-old rats, blood
glucose was increased in the target range (∼15 mmol/l) in
GLU- and GLU+CLI-infused rats (Fig. 1a). Plasma insulin
was increased in GLU- and GLU+CLI- but not CLI-infused
rats (Fig. 1b). Plasma NEFAwas increased in CLI- and GLU+
CLI-infused rats (Fig. 1c). The GIR required tomaintain target
blood glucose levels during the infusion was lower in GLU+
CLI-infused rats than in GLU-infused rats (Fig. 1d). Similar
differences between infusion groups were observed in
6-month-old rats (Fig. 1e–h).

Islet mass and beta cell proliferation increase in response
to GLU and GLU+CLI infusion in 2- and 6-mo-old rats
Because of the weakness of insulin staining in GLU- and

GLU+CLI-infused rats (likely related to a reduction in insulin
biosynthesis following nutrient infusion [14]), we used
chromogranin A as a marker of endocrine cells to measure
islet mass. In 2-month-old rats, the islet area (as a percentage
of total pancreas area) was significantly increased in GLU-
and GLU+CLI-infused groups compared with SAL
(Fig. 2a). A similar trend was observed for islet mass, al-
though the differences did not reach statistical significance
(Fig. 2b) because of lower pancreas weight (ESM Fig. 2a).
The increase in islet mass was mostly accounted for by a
greater number of large islets (ESM Fig. 2b). The proportion
of beta to alpha cells was greater following GLU and GLU+
CLI infusions (ESM Fig. 2c). The size of beta cells was
greatest in the GLU+CLI group (ESM Fig. 2d). Using Ki67
staining, we observed a 12-fold increase in beta cell prolifer-
ation in GLU+CLI-infused rats compared with SAL and a
threefold increase compared with GLU (Fig. 2c, d). Using
BrdU staining, only the GLU+CLI infusion induced a signifi-
cant increase in beta cell proliferation (Fig. 2e). We could not
detect apoptosis in islets from any of the infusion groups
(ESM Fig. 2e).

In 6-month-old rats, islet area and islet mass were slightly
but not significantly increased in GLU- and GLU+CLI-in-
fused rats compared with controls (Fig. 2f, g). This was main-
ly due to the presence of larger islets and greater beta cell size
in GLU- and GLU+CLI-infused groups (ESM Fig. 2f, h).
Pancreas weight was reduced in GLU+CLI-infused rats
(ESM Fig. 2g). The number of Ki67-positive beta cells was
increased in GLU-infused rats and even more so in GLU+
CLI-infused rats (Fig. 2h, i). The profile observed with
BrdU staining was similar (Fig. 2j).

Taken together, these data indicate that glucose and NEFA
synergistically stimulate beta cell proliferation in vivo and that
this effect is more pronounced in older animals.
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Fig. 1 Characterisation of the
nutrient-infused rat model. (a–d)
Two-month-old and (e–h)
6-month-old rats were infused with
SAL, GLU, CLI or GLU+CLI for
72 h. (a, e) Blood glucose, (b, f)
plasma insulin and (c, g) plasma
NEFAwere measured during the
infusion. Data are means±SEM
(n=9–27). (d, h) Average GIR
during the infusion. Data represent
individual values and mean
(n=21–27). For (a–c) and (e–g),
***p<0.001 vs SAL, ANOVA.
For (d) and (h), †††p<0.001 vs
GLU+CLI, unpaired Student’s t test
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Infusions of GLU or GLU+CLI induce insulin resistance
To investigate whether the increase in beta cell proliferation
correlates with insulin resistance, we performed HIEC at the
end of the infusions in a second cohort of rats. In 2-month-old
rats, blood glucose levels (Fig. 3a) and GIR (Fig. 3b) during
the clamp were essentially identical in all four groups. In con-
trast, theM/I index (ratio between GIR (μmol kg−1 min−1) and
insulin levels (pmol/l) during the clamp; Fig. 3c) and insulin
sensitivity index (ESM Fig. 3a) were significantly lower in
GLU- and GLU+CLI-infused rats but remained unchanged
by the CLI infusion. Despite the constant insulin infusion rate
and co-infusion of somatostatin, the levels of circulating insu-
lin were significantly increased in GLU- and GLU+CLI-in-
fused rats (Fig. 3d). This was not due to residual endogenous
(rat) insulin, which was negligible in all groups (ESM
Fig. 3b). Rather, levels of human insulin were different
(ESM Fig. 3c), which can be explained by changes in insulin
clearance rates in GLU- and GLU+CLI-infused rats (ESM
Fig. 3d).

Similar changes were observed in 6-month-old rats
(Fig. 3e–h and ESM Fig. 3e–h). Regardless of the infusion
regimen, the GIR was significantly lower in 6-month-old rats

than in 2-month-old rats, reflecting age-dependent insulin
resistance (Fig. 3f vs Fig. 3b).

Thus, GLU and GLU+CLI infusions induce a similar
degree of insulin resistance, when compared with SAL infu-
sion, in both 2-month-old and 6-month-old rats. In contrast,
the amplitude of beta cell proliferation is much greater in
GLU+CLI-infused rats than in GLU-infused rats (Fig. 2),
suggesting that insulin resistance is not the only driver of beta
cell replication in this context.

GLU+CLI induces beta cell proliferation in islet graftsWe
transplanted 200 islets from 2-month-old rats (insufficient to
alter the recipient’s circulating glucose, insulin or NEFA levels
[data not shown]) under the kidney capsule of age-matched
Lewis rats 6 days prior to infusion of SAL or GLU+CLI. The
GLU+CLI infusion increased beta cell proliferation in
transplanted islets (Fig. 4a, b) albeit to a lesser extent than in
endogenous islets (Fig. 4c).

Glucose and NEFA stimulate beta cell proliferation in iso-
lated islets ex vivo To examine the direct effect of nutrients,
we subjected rat isolated islets to conditions mimicking those
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Fig. 2 Measurement of beta cell
expansion. (a–e) Two-month-old
and (f–j) 6-month-old rats were
infused with nutrients as
indicated. (a, f) Islet area (as a
percentage of total pancreas area).
(b, g) Islet mass. (c, h)
Representative immunostaining
for insulin (green), Ki67 (red) and
nuclei (blue) in pancreatic
sections is shown. (d, i) The
percentage of Ki67+ insulin+ cells
over insulin+ cells. (e, j)
Percentage of BrdU+ insulin+

cells over insulin+ cells was
determined. Data are means
± SEM (n= 3–6). Scale bars,
50 μm. *p< 0.05, **p< 0.01 and
***p< 0.001 vs SAL, ANOVA
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found in vivo. High glucose alone did not significantly increase
beta cell proliferation in islets from either 2-month-old or
6-month-old rats (Fig. 5a–c). Surprisingly, a mixture of NEFA
enriched in oleate strongly induced beta cell proliferation at
5.5 mmol/l glucose and the addition of 16.7 mmol/l glucose
did not further enhance this response. Thus, the synergistic
effect between glucose and NEFA observed in vivo (Fig. 2)
was not replicated ex vivo. Apoptosis was detected in islets
but was not further enhanced by either glucose or NEFA

(Fig. 5d, ESM Fig. 4a). We then performed similar experiments
in islets isolated from humans (ESM Table 1). Although
addition of NEFA to the low-glucose condition did not in-
crease beta cell proliferation (Fig. 5e), a significant increase
was detected in the presence of high glucose (Fig. 5f).

Serum from GLU+CLI-infused rats potentiates glucose-
induced beta cell proliferation ex vivo To find out if circu-
lating factors other than nutrients themselves present in
nutrient-infused rats might account for the differences ob-
served between in vivo and ex vivo situations, we treated rat
isolated islets with nutrients plus 10% serum from infused
rats. Serum from GLU- or GLU+CLI-infused rats did not
stimulate beta cell proliferation at 5.5 mmol/l glucose but se-
rum from GLU+CLI-infused rats increased beta cell prolifer-
ation at 16.7 mmol/l glucose (Fig. 5g). The addition of NEFA
did not further increase this response, probably because the
maximal proliferative capacity had been attained.

These data indicate that glucose and NEFA can directly
stimulate beta cell proliferation and that endogenous factors
present in the serum from GLU+CLI-infused rats potentiate
glucose-induced beta cell proliferation, consistent with our
in vivo data.

Insulin secretion in response to glucose and NEFA does
not contribute to beta cell proliferation We then asked
whether insulin released in response to nutrients might act in
an autocrine/paracrine fashion to promote beta cell prolifera-
tion. Insulin levels in the medium were significantly higher
when islets from 2-month-old or 6-month-old rats were cul-
tured in the presence of 16.7 mmol/l glucose with 0.5 mmol/l
NEFA (ESM Fig. 4b, c). Addition of 0.5 mmol/l NEFA alone
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only modestly increased insulin levels in islets from
6-month-old but not 2-month-old rats. As beta cell prolifera-
tion was not increased by 16.7 mmol/l glucose but was strong-
ly stimulated by the addition of 0.5 mmol/l NEFA (Fig. 5b, c),
these data reveal a lack of correlation between insulin levels
and beta cell proliferation.

Finally, we exposed rat islets to a concentration of insulin
(1500 nmol/l) similar to the insulin levels in the supernatant
fraction of islets exposed to 16.7 mmol/l glucose for 72 h
(ESM Fig. 4b, c). Insulin did not increase beta cell proliferation
at 5.5 mmol/l glucose either in the absence or presence of
0.5 mmol/l NEFA (Fig. 5h). Similar results were obtained when
islets were treatedwith a lower insulin concentration of 10 nmol/l
(data not shown). These data indicate that secreted insulin does
not mediate nutrient-induced beta cell proliferation.

Nutrient-induced glucose intolerance and beta cell prolif-
eration is reversible To ascertain whether the changes
brought about by nutrient excess are reversible, we per-
formed another series of GLU+CLI vs SAL infusions in

2-month-old rats and followed them up at 3 and 6 days after
the end of the infusions. Circulating glucose, insulin, NEFA
and C-peptide levels in GLU+CLI-infused rats returned to
basal levels after 6 days (ESM Fig. 5a–d). Immediately
after termination of the infusion, basal blood glucose was
significantly lower in GLU+CLI-infused rats (Fig. 6a) but
the rats were glucose intolerant (Fig. 6b) despite elevated
insulin levels during the IVGTT (Fig. 6c), consistent with
insulin resistance (Fig. 3). Basal blood glucose and glucose
and insulin levels during the IVGTT gradually returned to
normal after 3 and 6 days of recovery (Fig. 6d–i). Islet area,
proliferating beta cells and the number of large islets
remained elevated 3 days after the end of the infusion but
returned to basal level at 6 days (Fig. 7) as did pancreas
weight (data not shown), whereas beta cell size remained
slightly increased (Fig. 7). No beta cell apoptosis was
detected on either day 3 or day 6 following infusion (ESM
Fig. 5e). Thus, the major functional and morphological chang-
es brought about by nutrient infusion are fully reversible and
do not lead to permanent beta cell damage.
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Discussion

In this study, we investigated the effects of glucose and
NEFA, singly or in combination, on beta cell proliferation
in vivo and ex vivo. First, in 72 h-infused rats we showed
that while glucose alone modestly induced beta cell prolif-
eration and NEFA alone did not, the effect of both nutrients
was synergistic with a marked increase in beta cell prolif-
eration in GLU+CLI-infused animals. Second, islets
transplanted into GLU+CLI-infused rats had a proliferative
response, albeit of lower magnitude than that of the endog-
enous islets. Third, in contrast to our in vivo observations, a
mixture of NEFA strongly induced rat and human beta cell
proliferation ex vivo even at low glucose levels, independently
from secreted insulin, and circulating factors present in the
serum of GLU+CLI-infused rats potentiated glucose-induced
beta cell proliferation. Finally, the changes in glucose homeo-
stasis and beta cell proliferation and mass brought about by
the GLU+CLI infusion were fully reversed 6 days after termi-
nation of the infusion.

Ageing is associated with insulin resistance in rodents and
humans [18, 19]. Accordingly, the M/I index of insulin sensi-
tivity during HIEC was lower in 6-month-old rats than in
2-month-old rats across all infusion groups. Further, infusion
of glucose with or without NEFA induced insulin resistance as

described previously in rats [9–11, 20]. The magnitude of beta
cell proliferation in response to GLU and GLU+CLI infusion
was higher in 6-month-old rats than in 2-month-old rats. This
suggests that in this context the proliferative effect of nutrients
is enhanced in a background of pre-existing insulin resistance,
despite the well-known age-dependent loss of beta cell repli-
cative capacity [21, 22], which was also observed in our
ex vivo experiments (Fig. 5c vs Fig. 5b). A number of studies
using pharmacological [23, 24] or genetic [25–27] tools have
demonstrated that insulin resistance leads to beta cell hyper-
plasia in rodents, and the protease inhibitor serpin B1 was
recently identified as a liver-derived circulating factor mediat-
ing this response in insulin-resistant mice [5]. In the context of
nutrient-induced insulin resistance, however, the respective
contributions of nutrients themselves vs their indirect effect
through insulin resistance on beta cell proliferation remain
unclear, and in this regard our study provides important in-
sights. Infusion of GLU and GLU+CLI induced a similar de-
gree of insulin resistance, yet the rate of beta cell proliferation
was much greater in GLU+CLI-infused rats than in
GLU-infused rats, in both age groups, suggesting the involve-
ment of additional factors. However, we cannot exclude the
possibility that changes in insulin sensitivity in the liver and
adipose tissue were masked due to the predominant role of
muscle in insulin-dependent glucose disposal in HIEC.
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Metabolic labelling studies will be required to test this
possibility.

Consistent with previous findings [26, 28, 29], we ob-
served significant beta cell proliferation in transplanted islets
following GLU+CLI infusions. This may involve factors gen-
erated locally, direct effects of nutrients themselves or other
circulating factors. In support of the latter, serum from GLU+
CLI-infused rats potentiated glucose-induced beta cell pro-
liferation in islets ex vivo. As discussed above, levels of insu-
lin and insulin resistance were similar in rats infused with
GLU and GLU+CLI yet only serum from the latter group
was found to stimulate beta cell proliferation, suggesting the
contribution of circulating factors distinct from those arising
from insulin resistance alone.

Our observation that glucose promotes beta cell prolif-
eration in vivo and ex vivo is consistent with the results of
previous infusion studies in rodents [9, 10, 20] and with the
notion that intracellular glucose metabolism controls beta
cell replication [29]. In contrast, variable responses have
been described following NEFA infusions. Steil et al [9]
detected an increase in beta cell proliferation in response
to Intralipid infusions in rats, whereas Pascoe et al [10]
observed that Liposyn II inhibited glucose-induced beta
cell proliferation in mice. The opposite was seen in our
model in which CLI markedly enhanced the proliferative
effect of glucose. Several differences can explain these dis-
crepancies, including the species (mice vs rats), the strain
[13] and the nature of the lipid emulsion. Liposyn II is
highly enriched in polyunsaturated fatty acids, whereas
monounsaturated fatty acids are predominant in CLI used
in this study. Consistent with this, we found that a combi-
nation of NEFA mimicking CLI effectively stimulated beta
cell proliferation ex vivo. Similarly, Vernier et al [30]
showed that a mixture of oleate and palmitate increases beta
cell proliferation in rat islets, whereas Pascoe et al [10]
found that a lipid emulsion mimicking Liposyn II blocked
the stimulatory effect of glucose. Further studies will be
required to identify the mechanism whereby oleate pro-
motes beta cell proliferation.

We observed interesting differences in the effects of NEFA
in vivo and ex vivo, whereby NEFA were able to stimulate
beta cell proliferation in rat isolated islets even at low glucose
levels, while CLI infusions had no effect if not combined with
GLU. Thus, in vivo, NEFA potentiate the effects of glucose
but cannot trigger beta cell proliferation by themselves, simi-
lar to their action on insulin secretion. However, we cannot
exclude the possibility that differences in the composition and
concentration of the NEFA to which the islets were exposed
may be responsible. Importantly, the potentiating effect of
NEFA on glucose-induced proliferation was confirmed in hu-
man islets ex vivo in the presence of high glucose.

We demonstrated that insulin levels do not correlate with
nutrient-induced beta cell proliferation and that insulin does
not promote beta cell proliferation in islets ex vivo. These
results are consistent with recent findings in mouse islets
[31] but contrast with previous finding in insulin-secreting cell
lines [32]. Although our data do not exclude a role for insulin
signalling in the regulation of beta cell mass, as suggested
from beta cell-specific insulin-receptor-knockout mouse stud-
ies [33, 34], they do indicate that the increase in beta cell
proliferation in response to glucose and NEFA is independent
of the autocrine/paracrine action of insulin.

Glucose tolerance and insulin secretion returned to normal
in GLU+CLI-infused rats on day 6 post infusion.
Furthermore, beta cell proliferation progressively returned to
basal levels following termination of the infusion.
Interestingly, islet area was restored after 6 days despite
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elevated beta cell proliferation in GLU+CLI-infused rats up to
3 days post infusion and no detectable increase in apoptosis.
These data imply that mechanisms restoring beta cell numbers
are rapidly recruited after removal of the stimulus and confirm
the plasticity of the beta cell response to metabolic stress [35]
and at the end of pregnancy [36].

In conclusion, using a rat model of nutrient excess we
showed that excessive glucose and NEFA levels synergistical-
ly and reversibly promote beta cell proliferation in vivo
through a combination ofmechanisms including a direct effect
of nutrients that is not mediated by secreted insulin.
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