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Abstract

Evidence has been published that -alanine may, under
appropriate conditions, promote insulin secretion in nor-
mal rodent islets and various beta cell lines. Previous results
utilising the clonal beta-cell line BRIN-BD11, demon-
strated that alanine dramatically elevated insulin release
by a mechanism requiring oxidative metabolism. We
demonstrate in this paper that addition of -alanine had
an insulinotropic effect in dispersed primary islet cells.
Addition of -glucose increased -alanine consumption
in both BRIN-BD11 cells and primary islet cells.

-glutamine consumption in the BRIN-BD11 cell line
and primary rat islets was also determined. The consump-
tion rate was in line with that previously reported for cells
of the immune system and other glutamine-utilising cells
or tissues. However, -alanine consumption was at least an
order of magnitude higher than -glutamine consumption.
The metabolism of -alanine in the beta-cell may result in
stimulation of insulin secretion via generation of metabolic
stimulus secretion coupling factors such as -glutamate.
Journal of Endocrinology (2003) 179, 447–454

Introduction

Amino acid metabolism, under appropriate conditions, is
known to enhance insulin secretion from primary islet cells
and beta-cell lines (Bratusch-Marrain et al. 1980, Charles
et al. 1983, Yada 1994, Prentki 1996, Smith et al. 1997).
-alanine metabolism for example, is known to enhance
insulin secretion alone or synergistically enhance glucose-
stimulated insulin secretion from the clonal beta-cell line
BRIN-BD11 (Brennan et al. 2002). Other investigators,
however, have not demonstrated an insulinotropic effect of
-alanine when added to rat islet cells (Sener & Malaisse
2002). -glutamine while readily consumed by beta-cells
does not stimulate insulin secretion in the absence of
allosteric activation of glutamate dehydrogenase (GDH).
-leucine may enhance -glutamine-stimulated insulin
secretion by acting as a GDH allosteric activator (Sener &
Malaisse 1980). In contrast to amino acids the key
mechanism by which glucose enhances insulin secretion is
known in considerable detail. Glucose enters the cell by
facilitated diffusion, is converted by the glycolytic pathway
to pyruvate and subsequently via pyruvate dehydrogenase
(PDH) to acetyl CoA or via pyruvate carboxylase (PC) to
oxaloacetate. Approximately equal amounts of pyruvate
are utlised by the latter two enzymes (MacDonald 1993,

Khan et al. 1996, Schuit et al. 1997). After subsequent
conversion to citrate the glucose carbon can be fully
oxidised to CO2 in the citrate (TCA) cycle (Wollheim
2000). This results in an increase in the ATP/ADP
ratio, closure of ATP-sensitive K+ channels, membrane
depolarisation, opening of voltage-activated Ca2+ chan-
nels, Ca2+ influx, a rise in [Ca2+]i and activation of the
exocytotic machinery (Wollheim 2000). The opening
of Ca2+ channels is intermittent, oscillating with the
membrane potential and therefore results in oscillations of
[Ca2+]i (Santos et al. 1991, Gilon & Henquin 1992) that in
turn trigger oscillations of insulin secretion (Gilon et al.
1993).

To date, little comparative data exists on relative
consumption rates of two key nutrients, -glutamine and
-alanine, in islet cells and beta-cell lines. While transport
and metabolism of -glucose have been extensively
studied, equivalent data for the insulinotropic amino acids
are generally not available. However, we have previously
reported detailed aspects of -alanine metabolism in the
clonal cell line BRIN-BD11 (Brennan et al. 2002). While
we determined routes of metabolism and quantitatively
important end-products, we did not report rates of con-
sumption of this amino acid. The present study has
determined the relative consumption rates of -alanine
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and -glutamine by primary islet cells and the clonal
beta-cell line BRIN-BD11, further examined -alanine
consumption in the presence and absence of -glucose and
assessed the impact of the amino acid on insulin secretion.
-alanine has previously been reported to be oxidised
in islet cells (Sener & Malaisse 2002) and BD11 cells
(Brennan et al. 2002) while the first enzyme responsible for
its metabolism, alanine aminotransferase, has a high ac-
tivity in purified rat islet beta-cells (Sener et al. 2001). It is
likely therefore that -alanine metabolism is functionally
significant in the beta-cell.

Our results suggest that -alanine is consumed at
extremely high rates by both the clonal beta-cell line and
by rat islets. The functional significance of the high rates of
-alanine consumption is discussed.

Materials and Methods

Culture of BRIN-BD11 cells

Clonal insulin-secreting BRIN-BD11 cells were main-
tained in RPMI-1640 tissue culture medium with 10%
(v/v) foetal calf serum (FCS), 0·1% antibiotics (100 U/ml
penicillin and 0·1 mg/ml streptomycin) and 11·1 mmol/l
-glucose, pH 7·4. The cells were maintained at 37 �C in
a humidified atmosphere of 5% CO2 and 95% air using a
Forma Scientific incubator (Marietta, OH, USA). The
cells were cultured in 50–70 ml of tissue culture medium
in T175 sterile tissue culture flasks.

Culture of rat islets

Female Wistar, 8–10 weeks old, were obtained from the
Biomedical Facility, University College Dublin. Islet cells
were obtained by collagenase digestion of the pancreas as
previously described (Appels et al. 1989). The islets were
kept in culture for 1–3 days in RPMI-1640 medium
supplemented with 10% FCS, 0·1% antibiotics (100 U/ml
penicillin and 0·1 mg/ml streptomycin) and 11·1 mmol/l
-glucose, pH 7·4. Islets were subsequently hand picked
and placed into individual wells of a 24-well plate.

Insulin secretion

For evaluation of insulin secretion, BRIN-BD11 cells or
islets were seeded into 24-well multiplates at 1·0�105

cells/well; islets were seeded at 30 islets/well. After
overnight culture the medium was removed gently and
cells washed twice with 1 ml Krebs Ringer bicarbonate
buffer (KRB; 115 mM NaCl, 4·7 mM KCl, 1·28 mM
CaCl2, 1·2 mM KH2PO4, 1·2 mM MgSO4.7H2O,
10 mM NaHCO3, 5 g/l BSA, pH 7·4). After the final
wash 1 ml KRB was added containing 1·1 mM -glucose.
After a 40 min preincubation at 37 �C, buffer was re-
moved and the cell monolayers were incubated in the

same buffer containing either 1·1 mM -glucose alone or
supplemented with 10 mM -alanine. After 20 min incu-
bation at 37 �C, an aliquot (900 µl) of buffer was removed
from each well and centrifuged at 500 g for 5 min at 4 �C.
The supernatant was stored at – 20 �C for subsequent
measurement of insulin by Mercodia Ultrasensitive rat
insulin ELISA (Uppsala, Sweden), according to the manu-
facturer’s instructions. Cell density and insulin content
were not significantly different for any of the incubation
conditions.

Alanine consumption determination

BRIN-BD11 cells were seeded into T25 sterile tissue
flasks (4�106 cells per flask; final volume 5 ml) and islets
were seeded into 24-well plates (30 islets/well; final
volume 500 µl). The cells were incubated for 24 h after
which time the medium was removed and the cells were
preincubated at 37 �C in KRB supplemented with
1·1 mmol/l glucose for 40 min. The cells were subse-
quently incubated in 1·1 mmol/l -glucose with either
0·5, 1, 5 or 10 mmol/l -alanine for 60 min or
16·7 mmol/l -glucose with 0·5, 1, 5 or 10 mmol/l
-alanine for 60 min (BRIN-BD11 cell incubation
volume 5 ml; islet cell incubation volume 500 µl). The
-alanine concentration was determined before and after
the 60 min incubation period by the oxidation of -alanine
to pyruvate and ammonia in the presence of NAD and
alanine dehydrogenase. The increase in absorbance at
339 nm due to the formation of NADH is a measure of
the amount of -alanine present. The consumption of
-alanine after a 20 min incubation period in KRB
supplemented with 1·1 mmol/l -glucose and 10 mM
-alanine by BRIN-BD11 cells (2�107/T175 flask; final
incubation volume 10 ml) and islets (150 islets/well; final
incubation volume 500 µl) were also determined. The
consumption of -alanine (10 mmol/l) in RPMI-1640-
supplemented medium by BRIN-BD11 cells (4�106/
T25 flask; final volume 5 ml) over 24 h was also
determined.

Glutamine consumption determination

For evaluation of -glutamine consumption, BRIN-BD11
cells were seeded into T25 sterile tissue flasks (4�106

cells/flask; final incubation volume 5 ml) and islets were
seeded into 24-well plates (30 islets/well; final incubation
volume 500 µl). The glutamine concentration was deter-
mined at 0 h and then again after a 24 h incubation period
by its hydrolysis to glutamate and ammonium ions in a
reaction catalysed by asparaginase. The ammonium ions
were then reacted with �-ketoglutarate in the presence of
NADH to form glutamate, NAD+ and water. The con-
centration of glutamine in the sample was quantified
indirectly by measuring the decrease in absorbance at
340 nm due to the conversion of NADH to NAD+. The
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amount consumed over 24 h was converted to absolute
amounts and expressed as µmol/mg protein/h.

ATP and glutamate determinations

BRIN-BD11 cells were seeded into T175 sterile tissue
flasks (2�107 cells per flask) and islets were seeded into
24-well plates (150 islets/well). After a 48 h incubation
period the medium was removed and the cells were
preincubated at 37 �C in KRB supplemented with
1·1 mmol/l glucose for 40 min. The cells were subse-
quently incubated in 1·1 mmol/l -glucose with or with-
out 10 mmol/l -alanine for 20 min (BRIN-BD11 cells
final incubation volume 10 ml, islets final incubation
volume 500 µl). Medium was removed and cells were
immediately frozen by brief exposure to liquid nitrogen.
Cells were extracted with 6% PCA and debris was
removed from the flask using a cell scraper. After centri-
fugation, the supernatant was neutralised with KOH. The
ATP concentration in the supernatant was determined
as described by Trautschold et al. (1985). Cellular gluta-
mate concentration was quantified using a glutamate
dehydrogenase-based assay kit supplied by Roche
Diagnostics (Lewes, Sussex, UK).

Protein determination

Protein determination was by the Bradford method
(Bradford 1976). For BRIN-BD11 the conversion factor
for cell number to mg protein was 8·9�106 cells/mg
protein and for islets this was 2·7�103 cells/mg protein.

Statistical analysis and protein determination

Results are expressed as means�S.D. Analysis was per-
formed by Student’s t-test. P,0·05 was considered to be
statistically significant.

Results

Nutrient consumption in BRIN-BD11 beta cells and islets

In the present study the consumption of -glutamine over
24 h (from a standard incubation concentration of
2 mmol/l in RPMI-1640) and -alanine (from an ex-
cepted insulinotropic incubation concentration of
10 mmol/l) over 20 mins by BRIN-BD11 cells or islets
were determined. The consumption of -alanine
was substantially greater than -glutamine for both BRIN-
BD11 cells and rat islets, therefore requiring different
incubation periods to optimise the respective assays so as to
obtain reproducible results. The cellular utilisation of
-glutamine adjusted to a rate describing consumption
over 1 h by islets was substantial (0·288�0·036 µmol/mg

protein/h) and significantly higher (P,0·05) than that
by the clonal BRIN-BD11 cells (0·219�0·024 µmol/mg
protein/h) (Table 1).

A striking finding was that -alanine was consumed
at extremely high rates by both BRIN-BD11 cells
(2·01�0·37 µmol/mg protein/20 mins) and rat islets
(7·79�2·79 µmol/mg protein/20 mins) (Table 1). In
BRIN-BD11 cells -alanine (initial incubation concen-
tration of 10 mM) was consumed at a rate at least an order
of magnitude greater than that of -glutamine (initial
incubation concentration of 2 mM). In islets the rate of
-alanine consumption was also at least an order of
magnitude greater than that of -glutamine. However
preculture of BRIN-BD11 cells for 24 h in RPMI
medium supplemented with 10 mM -alanine substan-
tially reduced -alanine consumption measured over a
subsequent 20 min acute incubation period (results not
shown).

Effect of glucose on -alanine consumption

-alanine consumption increased on addition of -glucose
for both BRIN-BD11 beta-cells (Fig. 1) and islets (Fig. 2).
To gain further insight into the -alanine consumption
rates under these conditions, kinetic experiments were
performed which required the use of -alanine at several
different concentrations including 0·5 mM, therefore the
incubation period was extended to 1 h to ensure repro-
ducibility of results in the -alanine consumption assay.
The Vmax for -alanine consumption by BRIN-BD11
cells increased 60% on addition of 16·7 mM glucose as
determined by intercept on the 1/V axis (Fig. 1).

There was a 26% increase in the Vmax for -alanine
consumption in rat islets following a similar increment in
glucose concentration (Fig. 2). Apparent Km for -alanine
consumption was calculated to be 4·5 mM in the presence
of 1·1 mM glucose and 4·9 mM in the presence of
16·7 mM glucose for BRIN-BD11 cells. In rat islets the
apparent Km for -alanine consumption was 2·8 mM in

Table 1 Consumption rates of -glutamine and -alanine by
BRIN-BD11 beta cell and rat islets. Results are expressed as
means�S.D. for 5–6 independent experiments

BRIN-BD11 cells
(�mol/mg protein)

Islets
(�mol/mg protein)

-Glutamine (2 mmol/l)
Consumption/h

0·219�0·024 0·288�0·036*

-Alanine (10 mmol/l)
Consumption/20 min

2·01�0·37 7·79�2·79§

Statistically significant differences in nutrient consumption rates (Student’s
t-test) between BRIN-BD11 cells and islets are indicated by §P<0·001,
*P<0·05. -glucose concentration was 11·1 mM in the RPMI 1640 medium
used for the -glutamine determinations, whereas -glucose was 1·1 mM in
the incubation medium used for the -alanine determinations.
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the presence of 1·1 mM glucose and 3·0 mM in the
presence of 16·7 mM glucose. These results suggest
that glucose increases -alanine consumption in both
BRIN-BD11 cells and rat islets possibly by increasing
transport rates rather than the apparent Km for the amino
acid.

Effect of -alanine on insulin secretion

In a previous study -alanine was shown to be the
most potent amino acid insulin secretagogue in the
BRIN-BD11 cell line (McClenaghan et al. 1996). In
the present study the basal rate of insulin secretion in
BRIN-BD11 cells at 1·1 mM glucose was 1·32 ng/
1�106 cells/20 min and addition of 10 mM -alanine

produced a significant (P,0·001) 3-fold increase (Fig. 3).
There was also a significant (P,0·05) positive effect on
insulin secretion from dispersed rat islet cells (treated with
trypsin to produce single cells) when treated with 10 mM
-alanine in the presence of 1·1 mM glucose (Fig. 3).

Effect of -alanine on cellular ATP and glutamate
concentration

Addition of 10 mM -alanine significantly reduced the
ATP content of BRIN-BD11 cells (P,0·05) and that
of rat islet cells (P,0·05), determined after 20 min of
incubation (Table 2). However, addition of 10 mM
-alanine significantly increased (P,0·001) the intra-
cellular BRIN-BD11 cellular glutamate concentration by
2·3-fold and the rat islet glutamate concentration by
1·8-fold after 20 min (P,0·01, Table 2).

Discussion

Glucose is consumed at high rates by primary rat islet cells
and BRIN-BD11 cells in vitro (Brennan et al. 2002).
Glucose metabolism is closely correlated with insulin
secretion in the pancreatic beta-cell (Henquin 2000).
-glutamine is known to be an important nutrient fuel for
a number of rapidly dividing cells (e.g. enterocytes,
tumour cells, fibroblasts, reticulocytes; Lund 1980, Krebs
1981) and also resting lymphocytes and thymocytes,
which have the potential for rapid cell division (Ardawi &
Newsholme 1983, Brand et al. 1984). -glutamine is also
an essential nutrient for cells such as macrophages and
neutrophils, which, while they do not have a high
proliferative potential, require high rates of protein syn-
thesis and secretion (Newsholme 2001). In this study, we
report that both rat islets and BRIN-BD11 cells consumed
-glutamine at high rates (Table 1). Islets may have a high
rate of protein turnover even under basal conditions,
which would require -glutamine for purine and pyrimi-
dine synthesis, subsequent mRNA production and in
addition, protein synthesis. Remarkably -alanine was
consumed at significantly higher rates than glutamine in
both BRIN-BD11 cells and rat islets (Table 1). Addition
of 16·7 mM glucose significantly enhanced -alanine con-
sumption in both BRIN-BD11 beta-cells (P,0·01) and
primary islet cells (P,0·05), suggesting a critical role for
-alanine in beta-cell function.

A number of amino acids promote or synergistically
enhance insulin release from pancreatic beta-cells (Fajans
et al. 1967, McClenaghan et al. 1996). The mechanisms by
which amino acids enhance insulin secretion are varied.
The cationically charged amino acid, -arginine, does so
by direct depolarisation of the plasma membrane at neutral
pH but only in the presence of glucose. Other amino
acids, which are co-transported with Na+, can also de-
polarise the cell membrane as a consequence of Na+

Figure 1 Lineweaver–Burk plot of the effect of -glucose on the
consumption of -alanine by BRIN-BD11 beta cells. Rates of
-alanine consumption by BRIN-BD11 cells were measured after
60 min at various concentrations of -alanine (0·5, 1, 5 or 10 mM)
in the presence of 1·1 mM � or 16·7 mM -glucose M. Results
are presented as mean for six separate experiments.

Figure 2 Lineweaver–Burk plot of the effect of -glucose on the
consumption of -alanine by islets. Rates of -alanine consumption
by islets were measured after 60 min at various concentrations of
-alanine (0·5, 1, 5 or 10 mM) in the presence of 1·1 mM � or
16·7 mM -glucose M. Results are presented as mean for six
separate experiments.
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transport and thus induce insulin secretion by activating
voltage-dependent calcium channels. Metabolism of
amino acids, resulting in partial oxidation e.g. -alanine
(Brennan et al. 2002), may initially increase the cellular
content of ATP, leading to closure of the ATP-sensitive
K+ channel, depolarisation of the plasma membrane,
activation of voltage-activated Ca2+ channel, Ca2+ influx
and insulin exocytosis. However it is possible to addition-
ally stimulate insulin secretion via allosteric effects on
regulatory proteins such as GDH (as described for leucine)
(Malaisse-Lagae et al. 1982). After 20 min incubation in
the presence of 10 mM -alanine there was a small but
significant reduction in ATP content of BRIN-BD11 cells
and rat islets (Table 2). This may have been due to
activation of the Na+/K+ ATPase which will be required
to remove the Na+ co-transported with -alanine into the
beta-cell.

A recent study has definitively demonstrated the im-
portance of the oxidative metabolism of -alanine to
insulin secretion (Brennan et al. 2002). The respiratory

poison, oligomycin, dramatically decreased alanine-
stimulated insulin secretion from BRIN-BD11 beta-cells.
These investigators additionally provided 13C-NMR-
based evidence for substantial oxidative -alanine metab-
olism in the BRIN-BD11 cells. While metabolism of
-alanine was required for stimulation of insulin secretion,
-alanine also synergistically enhanced glucose metabolism
and thus insulin secretion in BRIN-BD11 cells. Despite
the many previous reports of the insulinotropic effect of
-alanine, there have been relatively few studies on
utilisation rates of -alanine by beta-cells (Hellman et al.
1971, Prentki & Renold 1983). In the study by Hellman
et al. (1971) the uptake of -[U-14C] alanine from obese-
hyperglycaemic mice was found to be concentration
(1·0–25·0 mM) and time (10–120 min) dependent. We
have demonstrated in this paper, increased -alanine
consumption in the presence of glucose by both BRIN-
BD11 cells and islets. In BRIN-BR11 cells, increasing the
glucose concentration from 1·1 to 16·7 mM in the pres-
ence of various -alanine concentrations increased the

Figure 3 Effect of 10 mM -alanine on insulin secretion from BRIN-BD11 beta cells and single islet
cells in the presence of 1·1 mM -glucose. Results are expressed as means�S.D. for four
independent experiments.***P,0·001 compared with insulin secretion in the absence of 10 mM
-alanine. *P,0·05 compared with insulin secretion in the absence of 10 mM -alanine.

Table 2 Intracellular concentrations of -glutamate and ATP in BRIN-BD11 cells and islets after a 20 min
incubation in the presence or absence of 10 mM -alanine

[-glucose]
(mM)

[-alanine]
(mM)

Glutamate
(nmol/mg protein)

ATP
(nmol/mg protein)

Cell type
BRIN-BD-11 1·1 0 63·87�10·42 18·90�1·71
BRIN-BD11 1·1 10 148·90�20·30§ 15·53�1·74*
ISLETS 1·1 0 215·66�30·37 52·96�4·53
ISLETS 1·1 10 393·65�68·09# 44·89�4·34*

Values are means�S.D. for four independent experiments.
§P<0·001, #P<0·01, *P<0·05 compared with same cell type without -alanine.
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Vmax for -alanine consumption by 60% from 3·51 to
5·62 µmol/mg protein/h (Fig. 1). However the increased
consumption of -alanine cannot be correlated with an
increase in alanine oxidation as demonstrated using 13C-
NMR in BRIN-BD11 cells (Brennan et al. 2002). It
is possible -alanine may be converted to metabolic
stimulus-secretion coupling factors which do not require
oxidation. Increased -alanine consumption may increase
the intracellular concentration of specific stimulus-
secretion metabolic coupling factors via enhanced
mitochondrial metabolism due to an elevation in intra-
cellular Ca2+. The Ca2+ dependence of a number of

mitochondrial metabolic steps connected with TCA cycle
activity (McCormack & Denton 1980, Civelek et al. 1996)
would support such a hypothesis. Thus insulin secretion
would be promoted. The most likely metabolic coupling
factor would be -glutamate, generated by the alanine
aminotransferase reaction:

-Alanine+2-oxoglutarate � -Glutamate+pyruvate

The pyruvate produced may subsequently be converted
to oxaloacetate by PC and then enzymes of the TCA cycle
to 2-oxoglutarate to provide substrate for the reaction

Figure 4 L-alanine metabolism in the beta cell. ALT, alanine aminotransferase; GDH, glutamate dehydrogenase; PC, pyruvated carboxylase;
PDH, pyruvate dehydrogenase.
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shown above (see Fig. 4 for further details). Thus, a
significant increase in the cellular content of -glutamate,
originating from -alanine, can occur as reported here
after a 20 min incubation (Table 2) and as previously
described after a 1 h incubation in the presence of
-alanine (Brennan et al. 2002). Glutamate has previously
been shown to act as a metabolic stimulus secretion-
coupling factor in glucose-stimulated insulin secretion in
islet and beta-cell lines (Maechler & Wollheim 1999,
Rubi et al. 2001, Hoy et al. 2002, Broca et al. 2003). While
evidence for a direct stimulatory role of -glutamate on
insulin secretion is controversial (MacDonald & Fahien
2000, Bertrand et al. 2002 ) we have recently reported that
-glutamate can be converted to glutathione in the beta-
cell via reactions of the gamma glutamyl cycle, indirectly
regulating insulin secretion (Brennan et al. 2003).

The results of this study add weight to the hypothesis
that -alanine is an important beta-cell fuel in vitro and in
vivo. In vivo -alanine may be produced from -glutamine
metabolism (primary fuel for intestinal epithelia – News-
holme et al. 2003) and secreted by the intestinal epithelial
cells. It may reach 0·1–1·0 mM concentrations in the
hepatic vein and may thus be important for regulation of
beta cell function by nutrients.
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