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Chronic leucine exposure results in reduced but reversible
glucose-stimulated insulin secretion in INS-1 cells
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Abstract. Previous studies have demonstrated that sustained
high leucine exposure decreases glucose-stimulated insulin
secretion (GSIS). However, whether this effect is recoverable
following the removal of leucine is unclear. Pancreatic/duodenal
homeobox-1 (PDX-1) and its downstream target, glucose
transporter 2 (GLUT?2), are reported to be positively associ-
ated with insulin secretion. However, it also remains unclear
whether the effect of leucine on GSIS is accompanied by
alterations in PDX-1 and GLUT?2. In the present study, insulin
secretion, insulin content, PDX-1 and GLUT?2 protein expres-
sion in INS-1 (rat insulinoma cell line) cells were assessed
following a 24-h incubation in 40 mmol/I leucine. Half of the
cells were incubated in leucine-free media for a further 24 h to
observe the abovementioned effects. In contrast to the control,
40 mmol/l leucine for 24 or 48 h diminished GSIS at high
glucose concentrations by 11% (P=0.026) or 22% (P=0.003),
insulin content by 14% (P=0.008) or 20% (P=0.002), as well
as decreasing PDX-1 and GLUT2 expression. When leucine
was removed from the media for a further 24-h incubation, in
comparison with those cells that were maintained in leucine
treatment for 24 and 48 h, the high GSIS increased by 13%
(P=0.032) and 27% (P=0.002), insulin content was augmented
by 10% (P=0.014) and 20% (P=0.003), and the protein expres-
sion of PDX-1 and GLUT?2 also increased. The present study
demonstrates that sustained high concentrations of leucine
induce a reversible impairment of GSIS and alter insulin
content, which is mediated by PDX-1 and GLUT2, in INS-1
cells.
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Introduction

Type 2 diabetes mellitus (T2DM) is characterized by beta-cell
dysfunction and inadequate insulin release in response to
glucose (1,2). In recent years, due to socioeconomic develop-
ments and the improvement of living standards, the incidence
and prevalence of T2DM is increasing annually. It is becoming
a major social issue, which threatens the lives and health of
the public. Thus, for the effective prevention of T2DM, an
in-depth discussion on the etiology and risk factors associated
with T2DM is considered to be of significance.

Recent studies have elucidated the effects of glucose or
free fatty acids (FFA) on insulin secretion and content (3.4).
Previous studies have reported that high glucose and FFA may
cause impairment of pancreatic beta cells (5-8). In comparison
with glucose or FFA, few studies have investigated the effect
of amino acids on insulin secretion and content. Leucine, a
branched chain amino acid, has been reported to be closely
associated with insulin secretion and content (9-11). Previous
studies have demonstrated that long-term leucine culture
decreases glucose-stimulated insulin secretion (GSIS)
in vitro (11). However, whether this detrimental effect is
reversible, and the underlying mechanism of the effect, remain
unclear.

Pancreatic/duodenal homeobox-1 (PDX-1) is impor-
tant in pancreatic beta cell differentiation and insulin
secretion (12-14). It transactivates the expression of insulin
as well as other beta cell-specific genes, including glucose
transporter 2 (GLUT2) (15-18). Previous studies reported that
PDX-1 gene disruption resulted in aplasia (12,19) and overex-
pression of PDX-1 restored beta cell function (20). Numerous
studies reported that prolonged exposure to glucose or FFA
induced a marked decrease in PDX-1 expression, which
depressed the activity of GLUT2 and was associated with
a decline in insulin secretion and content (21-23). However,
it remains unclear whether the effects of leucine on insulin
secretion and content are accompanied by alterations in PDX-1
and GLUT2.

The aim of the present study was to estimate the effects
of sustained leucine exposure on insulin secretion, insulin
content and the protein expression levels of PDX-1, as well as
its downstream target, GLUT2 in INS-1 cells. Furthermore,
whether these effects are reversible or not, following the
removal of high concentrations of leucine, was investigated.
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Materials and methods

Cell culture and treatment. INS-1 (rat insulinoma cell line)
cells were grown in a monolayer culture of RPMI-1640 media
containing 11.1 mmol/I glucose supplemented with 10 mmol/l
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10%
fetal bovine serum, 1 mmol/l sodium pyruvate, 2 mmol/l
L-glutamine, 50 uymol/l B-mercaptoethanol, 100 TU/ml
penicillin and 100 pg/ml streptomycin at 37°C in a humidi-
fied atmosphere with 5% CO, (4). The cells (passages <40)
were employed for the experiment at 80-90% confluence. The
INS-1 cells were treated in the presence or absence of elevated
concentrations of leucine (10, 20 or 40 mmol/l) for 24 h.

Insulin secretion and insulin content assays. INS-1 cells
(1.5x10° cells/well) were firstly incubated overnight in 24-well
plates (Corning Incorporated, Corning, NY, USA) with standard
media (no leucine) and allowed to attach and treated in the pres-
ence or absence of 40 mmol/l leucine for 24 h. Secondly, half
of the plates that were cultured in the presence or absence of
leucine were used to determine insulin secretion. The cells in
the remaining plates were incubated further and the cells that
received the leucine pretreatment were divided into two groups:
One was maintained in a media containing leucine and the other
was cultured in a leucine-free media. Following a further 24-h
culture, insulin secretion was determined by an insulin radioim-
munoassay (RIA) kit (Beijing Atom HighTech Co. Ltd., Beijing,
China). For insulin secretion, the cells were gently washed twice
with prewarmed phosphate-buffered saline (PBS) and incu-
bated in prewarmed Krebs-Ringer bicarbonate buffer (KRB)
containing 3 mmol/l glucose for 20 min at 37°C. The buffer was
removed and half of the plates were cultured in KRB containing
3 mmol/l glucose and the remaining half were incubated in KRB
containing 27.8 mmol/l glucose. Following an additional 20 min
incubation at 37°C, aliquots of the medium were collected from
each well and stored at -20°C for a subsequent insulin secretion
test with the RIA kit. To measure the protein content, the cells
were washed twice with KRB and RIPA lysis buffer was added
(Shenneng Bo Cai Co. Ltd, Shanghai, China). The intracellular
protein concentration was determined using a bicinchoninic
acid (BCA) protein assay kit (Bio-Rad, Hercules, CA, USA).
Insulin secretion was normalized based on the corresponding
protein content.

In order to test the insulin content, 500 ul acid/ethanol
(75% v/v ethanol, 1.5% v/v concentrated HCI) was added to
the plates. The acid ethanol aliquots were used to measure
insulin content with the RIA kit. The total protein content was
determined as described above and the insulin content was
normalized based on the respective cellular protein content.

Protein analysis by western blotting. The cultured INS-1 cells
were washed twice with ice-cold PBS and the cells were lysed
using RIPA lysis buffer supplemented with 1 mmol/l phenyl-
methylsulfonyl fluoride on ice for 10 min. The lysate solution was
centrifuged (Eppendorf, Hamburg, Germany) at 10,000 x g for
10 min at 4°C. The protein concentration was determined by a
BCA assay. The protein extracts (60 pg total protein for GLUT2
and 40 ug protein for PDX-1) were separated by 10% and 12%
SDS-PAGE for GLUT2 and PDX-1, respectively. The proteins
in the gel were subsequently transferred onto nitrocellulose
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membranes (Millipore, Billerica, MA, USA). The membranes
were washed once with 1X TBST (10 mmol/l Tris, 150 mmol/l
NaCl and 0.1% Tween 20) prior to blocking with 5% non-fat
milk at room temperature for 1 h. The membranes were gently
agitated overnight (Biocotek Scientific Instrument Co., Ningbo,
China) at 4°C with 1:10,000 PDX-1 antibody (Chemicon, NY,
USA) or 1:200 GLUT2 antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA). The membranes were washed three
times (3x10 min) with 1X TBST and incubated with the corre-
sponding second antibodies at room temperature for 1 h. Finally,
the proteins were visualized by enhanced chemiluminescence
(Amersham Biosciences UK Limited, Amersham, England).
The membranes were reblocked and incubated with mouse
anti-B-actin monoclonal antibody (Abcam, Cambridge, UK).

Immunofluorescence. The location and expression of PDX-1,
insulin and GLUT2 were examined by immunofluorescence.
INS-1 cells were plated on polyornithine-coated glass coverslips
for 24 h. Rabbit anti-PDX-1 (Santa Cruz Biotechnology, Inc.),
mouse anti-insulin (DakoCytomation, Glostrup, Denmark) and
rabbit anti-GLUT?2 antibodies (Santa Cruz Biotechnology, Inc.)
were used for the experiment. The resultant immunofluorescence
was viewed under a fluorescent microscope (Leica DMIRE2;
Leica Microsystems GmbH, Wetzlar, Germany).

Statistical analysis. All values are provided as the mean + stan-
dard deviation. Statistical analysis was calculated using a
one-way analysis of variance and P<0.05 was considered to
indicate a statistically significant difference.

Results

Expression of GLUT2, PDX-1 and insulin in INS-1 cells.
GLUT?2, PDX-1 and insulin were all expressed in the INS-1
cells. GLUT2 was predominantly expressed in the cell
membrane (Fig. 1A), while PDX-1 and insulin were predomi-
nantly expressed in the cytoplasm (Fig. 1B and C).

Effects of increasing concentrations of leucine on insulin
secretion and content. In order to investigate the effects of
leucine on insulin secretion and content, INS-1 cells were
cultured in a medium in the presence or absence of increasing
concentrations of leucine for 24 h. The cells were used to
determine insulin secretion and intracellular insulin content at
low and high levels of glucose stimulation. The results demon-
strated that 24-h incubation with increasing concentrations of
leucine led to a decrease of high GSIS and insulin content; the
effect was significant at 40 mmol/I leucine. In contrast to the
control, a40-mmol/l leucine treatment decreased high GSIS by
11% (P=0.026; Fig. 2A) and insulin content by 14% (P=0.008;
Fig. 2B), however, it did not affect the insulin secretion level
at low glucose stimulation (P=0.01; Fig. 2A). In contrast to the
control, neither 10 nor 20 mmol/I leucine produced a signifi-
cant decrease in insulin secretion (P=0.645 and P=0.250;
Fig. 2A) and insulin content (P=0.870 and P=0.279; Fig. 2B).

Effects of increasing concentrations of leucine on PDX-1
and GLUT?2 expression. The cells were treated as previously
described. The PDX-1 protein band became weaker with
increasing concentration and the effect was significant with
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Figure 1. Expression of (A) GLUT2, (B) PDX-1 and (C) insulin in rat insulinoma cell line, INS-1, cells. GLUT2 was predominantly expressed in the cell
membrane, while PDX-1 and insulin were predominantly expressed in the cytoplasm. GLUT?2, glucose transporter 2; PDX-1, pancreatic/duodenal homeobox-1.
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Figure 2. Effects of increasing concentrations of leucine on insulin secretion
and content. (A) Insulin secretion at 3 mmol/l glucose and 27.8 mmol/l glu-
cose. (B) Intracellular insulin content was determined by radioimmunoassay.
Each value represents the mean + standard deviation. *P=0.026 and *P=0.008
vs. the control group; n=4.

a 40-mmol/I leucine treatment (P=0.013; Fig. 3A). Similarly,
GLUT?2 demonstrated the same trend as PDX-1 and the
weakest band was observed in cells that were treated with
40 mmol/l leucine (P=0.011; Fig. 3B).

Effects on insulin secretion and content of a 24-h recovery in
a standard medium. To investigate whether GSIS and insulin
content is recoverable following the removal of a high concen-
tration of leucine, INS-1 cells were firstly treated in the absence
or presence of 40 mmol/l leucine for 24 h and the cells that had
received a leucine pretreatment were divided into two groups:
One was maintained in a medium containing leucine and the
other was cultured in a standard medium for a further 24 h. The
results indicated that, in contrast to the corresponding control,
a 40-mmol/l leucine treatment for 24 h decreased GSIS at high
glucose concentrations by 11% (P=0.026; Fig. 4A) and insulin
content by 14% (P=0.008; Fig. 4B). In addition, a 40-mmol/l
leucine treatment for 48 h decreased GSIS at high glucose
concentrations by 22% (P=0.003; Fig. 4A) and insulin content
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Figure 3. Effects of increasing concentrations of leucine on PDX-1 and GLUT2
expression. Western blotting was performed to detect the protein expression
of (A) PDX-1 and (B) GLUT2. *P=0.013 and ®P=0.011 vs. the control group;
n=3. PDX-1, pancreatic/duodenal homeobox-1; GLUT?2, glucose transporter 2.

by 20% (P=0.002; Fig. 4B). When leucine was removed from
the media and the cells were incubated for an additional 24 h,
the high GSIS was increased by 13% (P=0.032; Fig. 4A) and
27% (P=0.002; Fig. 4A) and insulin content was augmented by
10% (P=0.014; Fig. 4B) and 20% (P=0.003; Fig. 4B) compared
with those in the cells that were maintained in the leucine
treatment for 24 or 48 h, respectively.

Effects on PDX-1 and GLUT?2 expression of a 24 h recovery in
standard medium. The results demonstrated that in contrast to
the control, a 24-h leucine treatment decreased PDX-1 (Fig. 5A)
and GLUT?2 (Fig. 5B) protein expression and the effects were
statistically significant in cells that were treated with leucine
for 48 h. The reduced PDX-1 and GLUT2 protein expression,
which was induced by a 24-h leucine treatment almost recov-
ered to normal in cells that were initially treated with leucine
for 24 h and subsequently allowed a 24-h recovery in standard
medium (P=0.013, Fig. 5A; P=0.015, Fig. 5B). In comparison
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Figure 4. Effect on insulin secretion and content of 24 h recovery in standard
medium. (A) Insulin secretion at 3 mmol/l glucose and 27.8 mmol/l glucose.
(B) Intracellular insulin content. Each value represents the mean + standard.
*P=0.026, °P=0.003, °P=0.008 and ‘P=0.002 vs. the corresponding control
group; *P=0.032 and "P=0.002 vs. the 24 h recovery group; ‘P=0.014 and
9P=0.003, vs. 24 h recovery group; n=4.

with cells that were maintained in the leucine treatment for
48 h, the PDX-1 and GLUT?2 protein bands in the cells with a
24-h recovery in standard medium were significantly strength-
ened (P=0.005, Fig. 5A; P=0.006, Fig. 5B).

Discussion

In the present study, it was demonstrated that a 24-h incuba-
tion of elevated-concentration leucine treatment resulted in
a dose-dependent decrease of GSIS and intracellular insulin
content in INS-1 cells, accompanied by an impaired protein
expression of PDX-1 and its downstream target, GLUT2.
It was identified that in the INS-1 cells, which were able to
recover for a further 24 h in a standard medium following the
24-h high leucine incubation, the impaired protein expression
of PDX-1 and GLUT?2 was completely reversed.

With regard to the effects of leucine on GSIS, Anello ef al (9)
reported that leucine decreased GSIS in a dose-dependent
manner and 20 mmol/l leucine significantly reduced GSIS in
islets. The present study demonstrated that a 24-h incubation
with increasing concentrations of leucine decreased high GSIS
in a dose-dependent manner and the effect was significant at
40 mmol/l leucine. Furthermore, elevated concentrations of
leucine decreased the insulin content in a dose-dependent
manner, which further verified the results. The results were
partially in agreement with the study by Anello et al (9) and
the disparity may be due to different experimental conditions,
including the type of cells. Furthermore, additional studies were
found that used 40 mmol/I leucine (24-26). In our previous study,
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Figure 5. Effect on PDX-1 and GLUT?2 expression of 24 h recovery in standard
medium. Western blotting was performed to detect the protein expression
of (A) PDX-1 and (B) GLUT?2. *P=0.013, "P=0.005, °P=0.015 and ‘P=0.006
vs. the 24 h recovery group; n=3. PDX-1, pancreatic/duodenal homeobox-1;
GLUT2, glucose transporter 2.

it was identified via CCK-8 assay that 40 mM leucine did not
significantly inhibit cell viability, compared with corresponding
controls, in INS-1 cells (27). Although data resulting from high
leucine concentrations have limited physiological significance,
the high concentration may alter pancreatic beta cell function.
Furthermore, the data may provide insight into the signaling
pathway of gene regulation in beta cells, including PDX-1, GCK
and GLUT?2, which are important in beta cell function and in
the development of diabetes.

The role of PDX-1 in pancreatic beta-cell insulin secretion
is due to its effect on transactivating the expression of insulin
and other beta cell-specific genes, including GCK and GLUT2.
That is to say, either PDX-1 or GLUT?2 is closely correlated with
insulin and may, therefore, be an index of insulin measure-
ment. Numerous studies in vitro and in vivo indicated that
prolonged exposure to glucose or FFA may induce a marked
decrease in PDX-1 expression (21,22,23). However, to the best
of our knowledge, a study that focuses on the effect of leucine
on PDX-1 has not yet been reported. In the present study, it
was demonstrated that prolonged exposure to leucine down-
regulated the protein expression of PDX-1 and its downstream
target, GLUT?2, in INS-1 cells indicating a possible role of
leucine in PDX-1 protein expression. These data indicate that
sustained exposure to leucine decreased high GSIS and insulin
content, which was accompanied by the impairment of PDX-1



2558

and GLUT?2 protein expression. Furthermore, variations in
PDX-1 and GLUT?2 protein expression were closely correlated
with the leucine concentration. The concordant changes of
PDX-1 and insulin content observed in the present study were
in agreement with the results from Sun et al (3).

An additional finding of the present study was that all of
the detrimental effects associated with decreased GSIS, insulin
content, PDX-1 and GLUT?2 protein expression were completely
recovered to normal once INS-1 cells were allowed a 24-h
recovery in standard medium following the 24-h exposure to
leucine. The detrimental effects that occurred in the cells, which
were treated with leucine continuously for 48 h, were more
serious compared with those observed in cells that had under-
gone a 24-h leucine incubation. All results demonstrated that
40 mmol/l leucine impaired GSIS and insulin content, which
accompanied PDX-1 and GLUT2 protein alterations. It appeared
that the impairment of GSIS, PDX-1 and GLUT?2 protein
expression that was induced by the sustained leucine exposure
was reversible. At present, the environment is considered to be
an independent factor for the pathogenesis of diabetes. From
the present study, it was hypothesized that eliminating harmful
environmental factors may enable the recovery of the impaired
insulin secretion levels. However, it remains unclear whether
the effect of sustained leucine exposure on PDX-1 is direct or
indirect. Furthermore, whether leucine requires metaboliza-
tion for its effect requires further investigation, which could be
conducted via a comparison between leucine and nonmetabo-
lized leucine analog 2-amino-2-norbornane-carboxylic acid.

In conclusion, the present study demonstrates that sustained
high concentrations of leucine exposure for 24 h induces the
reversible impairment of high GSIS, insulin content, PDX-1
and GLUT?2 expression in INS-1 cells. At present, environ-
mental factors are deemed independent. The present study
demonstrates a novel approach to the prevention and treatment
of diabetes by reducing high concentrations of amino acid and
mediating the PDX-1 and GLUT?2 signaling pathway.
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