
ARTICLE

Effect of the amino acid alanine on glucagon secretion
in non-diabetic and type 1 diabetic subjects during
hyperinsulinaemic euglycaemia, hypoglycaemia
and post-hypoglycaemic hyperglycaemia

F. Porcellati & S. Pampanelli & P. Rossetti &
N. Busciantella Ricci & S. Marzotti & P. Lucidi &
F. Santeusanio & G. B. Bolli & C. G. Fanelli

Received: 3 June 2006 /Accepted: 25 September 2006 / Published online: 12 December 2006
# Springer-Verlag 2006

Abstract
Aims/hypothesis The aim of our study was to establish
whether the well-known defective or absent secretion of
glucagon in type 1 diabetes in response to hypoglycaemia is
selective or includes lack of responses to other stimuli, such
as amino acids.
Materials and methods Responses of glucagon to hypo-
glycaemia were measured in eight patients with type 1
diabetes and six non-diabetic subjects during hyperinsu-
linaemic (insulin infusion 0.5 mU kg−1 min−1) and eu-,
hypo- and hyperglycaemic clamp studies (sequential steps
of plasma glucose 5.0, 2.9, 5.0, 10 mmol/l). Subjects were
studied on three randomised occasions with infusion of
low- or high-dose alanine, or saline.
Results With saline, glucagon increased in hypoglycaemia in
non-diabetic subjects but not in diabetic subjects. Glucagon
increased further with low-dose (181±16 ng l−1 min−1) and
high-dose alanine (238±20 ng l−1 min−1) in non-diabetic
subjects, but only with high-dose alanine in diabetic subjects
(area under curve 112±5 ng l−1 min−1). The alanine-induced
glucagon increase in diabetic subjects paralleled the sponta-
neous glucagon response to hypoglycaemia in non-diabetic
subjects not receiving alanine. The greater responses of
glucagon to hypoglycaemia with alanine infusion were offset
by recovery of eu- or hyperglycaemia.

Conclusions/interpretation In type 1 diabetes, the usually
deficient responses of glucagon to hypoglycaemia may
improve after increasing the concentration of plasma amino
acids. Amino acid-enhanced secretion of glucagon in
response to hypoglycaemia remains under physiological
control since it is regulated primarily by the ambient plasma
glucose concentration. These findings might be relevant to
improving counter-regulatory defences against insulin-
induced hypoglycaemia in type 1 diabetes.

Keywords Hypoglycaemia . Glucagon secretion . Amino
acids . Alanine . Post-hypoglycaemic hyperglycaemia

Abbreviation
iAUC incremental area under the curve

Introduction

In humans, the response of pancreatic alpha cells and the
secretion of adrenaline are the primary lines of defence
against hypoglycaemia [1, 2]. The failure of glucagon
levels to increase leads to more severe hypoglycaemia
despite larger increases in adrenaline in non-diabetic
subjects [3] and subjects with type 1 diabetes [4]. Subjects
with type 1 diabetes exhibit reduced responses of glucagon
to hypoglycaemia shortly after the onset of diabetes [5].
The defect is progressive and becomes total within a few
years of diabetes inception [5]. This counter-regulatory
defect contributes to frequent hypoglycaemia in type 1
diabetes during insulin treatment and may initiate a vicious
circle of recurrent hypoglycaemia. Over time, frequent
episodes of hypoglycaemia induce unawareness of hypo-
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glycaemia as well as impaired counter-regulation, which in
turn predisposes to a high risk of severe hypoglycaemia in
patients with type 1 diabetes [6].

More than 30 years ago, Gerich et al. were the first to
propose that in type 1 diabetes the defect of alpha cells,
which do not release glucagon during hypoglycaemia, is
selective, since it does respond normally to other physio-
logical stimuli of glucagon secretion, such as the amino
acid arginine [7]. However, this conclusion was based on
studies in which diabetic subjects were studied under
conditions of relative insulin deficiency, which might have
exaggerated glucagon responses to arginine. In fact, when
insulin is replaced in type 1 diabetic subjects the response
of glucagon to arginine is smaller [8, 9].

If the alpha cell defects in type 1 diabetes are in fact
selective, as suggested by Gerich et al. [7], one might
hypothesise that amino acid stimulation could sustain
glucagon secretion not only in euglycaemia but also in
response to hypoglycaemia. Only two studies have exam-
ined the responses of glucagon to hypoglycaemia during
amino acid stimulation in subjects with type 1 diabetes. In
one study, a mixture of amino acids was given at the end of
hypoglycaemia and no effects were reported [10]. In the
other study, two amino acids (alanine and glutamine) were
reported to stimulate glucagon secretion during insulin-
induced hypoglycaemia, but responses in glucagon were
present also in the placebo study [11]. Thus, at present it is
not definitively established whether the alpha cell in type 1
diabetes has a defect which is selective for glucose under
conditions of insulin replacement, or whether amino acid
stimulation sustains the responses of glucagon to hypogly-
caemia in type 1 diabetic subjects.

The aims of the present study were: (1) to establish
whether, in subjects with type 1 diabetes, who usually lose
responses of glucagon to hypoglycaemia, alanine first
stimulates the secretion of glucagon when insulin is
replaced and euglycaemia is maintained; (2) if so, to
establish whether the effect extends to hypoglycaemia;
and (3) to assess whether hyperglycaemia offsets the
responses of glucagon to antecedent hypoglycaemia. This
equates to establishing a permissive role for alanine in the
restoration of physiological alpha cell responses, i.e. a role
specific to changes in ambient glucose concentration rather
than direct amino acid stimulation. In order to make these
assessments, the results obtained in subjects with type 1
diabetes were compared with those non-diabetic subjects
matched for age, gender and BMI.

Subjects and methods

Subjects Eight subjects with type 1 diabetes mellitus who
were on long-term intensive insulin treatment were

recruited from among those attending the outpatient
Diabetes Clinic of the Department of Internal Medicine,
Endocrinology and Metabolism of the University of
Perugia (Table 1). At the time of the study, all diabetic
subjects were free of any detectable microangiopathic
complication and were negative on screening for autonomic
neuropathy, as judged on the basis of a standard battery of
cardiovascular tests [12]. A group of six healthy, non-
diabetic volunteers were also studied as a control group
(Table 1).

Design of the study The study was approved by the local
ethics committee and carried out after written informed
consent had been given by all subjects. All non-diabetic
and diabetic volunteers were studied on three occasions in
random order at intervals of 2 or 3 weeks. In diabetic
subjects, care was taken to avoid preprandial, postprandial
and nocturnal blood glucose concentrations <4.0 mmol/
l (72 mg/dl) over the week prior to studies, by intensifying
blood glucose monitoring and telephone contacts, as
previously reported [13]. On the day prior to studies,
patients had their usual insulin treatment with the last s.c.
NPH insulin injection at ∼23.00 h, which was chosen on
the basis of experience with nocturnal (03.00 h) and fasting
blood glucose over the previous 2 weeks. On the morning
of the studies, patients were admitted to the General
Clinical Research Centre of the Department of Internal
Medicine at ∼07.00 h. A hand vein of the non-dominant
arm was cannulated retrogradely and maintained in a hot
box (∼60°C) for sampling of arterialised venous blood [14].
A superficial vein of the ipsilateral arm was also cannulated
for infusion of insulin and glucose (see below). The two
veins were maintained patent by means of 0.9% NaCl
infusion (0.5 ml/min). At ∼07:30 h, an i.v. infusion of
human regular insulin was begun in a feedback fashion to
maintain plasma glucose at 5.5 mmol/l (100 mg/dl), as
described previously [15], and continued until 11.00 h (time
0 min).

Table 1 Clinical characteristics of subjects

Non-diabetic
subjects

Diabetic subjects

Sex Three male, three
female

Four male, four
female

Age (years) 32±8 (27–49) 30±11 (18–52)
BMI (kg/m2) 22±2.7 (18–24) 23.4±4.3 (20–30)
HbA1c (%) 5.2±0.4 (4.5–5.7) 6.9±0.9 (5.6–8.3)
Diabetes duration (years) – 12±12 (3–43)
C-peptide (nmol/l) 1.1±0.2 0.03±0.02

Values are means±SD (range)
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Non-diabetic volunteers were admitted at 07.30 h on the
day of the study. Afterwards, non-diabetic subjects were
cannulated as described for diabetic subjects. Both non-
diabetic and diabetic subjects were studied on three
occasions by the hyperinsulinaemic and eu-, hypo- and
post-hypoglycaemic hyperglycaemic clamp technique. At
09.00 h (time −120 min), diabetic and non-diabetic subjects
were infused with L-alanine (Galenica Senese Pharmaceu-
tical Industry, Siena, Italy), at the rate of 5.6 μmol kg−1

min−1 (low-dose alanine) or 28 μmol kg−1 min−1 (high-
dose alanine) or saline until the end of the studies
(250 min). In both groups of subjects, insulin was infused
i.v. at the rate of 0.5 mU kg−1 min−1 from 11.00 h (time
0 min) until 15.10 h (time 250 min) and glucose was
infused i.v. at a variable rate to decrease plasma glucose
from 5.5 mmol/l (100 mg/dl) to 2.9 mmol/l (50 mg/dl) by
90 min. The hypoglycaemic plateau (2.9 mmol/l) was
maintained until 130 min. After 130 min, in all studies the
rate of glucose infusion was increased in order to restore
euglycaemia (5.5 mmol) in 20 min (time 150 min) and
maintain euglycaemia for 40 until 190 min. Thereafter the rate
of glucose infusion was increased further to produce hyper-
glycaemia (10 mmol/l) until the end of the study (250 min).

Throughout the paper, baseline, initial euglycaemia,
hypoglycaemia, euglycaemia post-hypoglycaemia and
hyperglycaemia denote the following time or time intervals:
−120 min (baseline), 0–30 min (initial euglycaemia), 31–
130 min (hypoglycaemia), 150–190 min (post-hypoglycae-
mic euglycaemia) and 191–250 min (hyperglycaemia),
respectively.

In all studies, blood was drawn at regular intervals for
measurement of plasma concentrations of glucose, insulin,
counter-regulatory hormones (glucagon and catechol-
amines) and non-glucose substrates.

Analytical methods Plasma glucose was measured by
means of a Beckman glucose analyser (Glucose Analyzer
II; Beckman Instruments, Fullerton, CA, USA). Plasma
insulin, glucagon, adrenaline, noradrenaline, glycerol, β-
hydroxybutyrate, lactate and alanine were measured by
previously described assays [15–17]. To remove antibody-
bound insulin, plasma was mixed with an equal volume of
30% polyethylene glycol immediately after blood collection
in both diabetic and non-diabetic subjects [17]. Plasma
levels of insulin (sensitivity 12 pmol/l; intra- and inter-
assay CV values <3.1 and 6%, respectively) and C-peptide
(sensitivity 0.033 nmol/l; intra- and inter-assay <3.4 and
9.3%, respectively) were measured by RIA (Linco Re-
search, St Charles, MO, USA). HbA1c was determined by
high-performance liquid chromatography using a Hi-AUTO
A1C, TM HA 8121 apparatus (DIC, Kyoto Daiichi,
Kogaku Co., Ltd, Kyoto, Japan) (values in non-diabetic
subjects <6.1%, Diabetes Control Complication Trial

aligned). Plasma NEFA concentration was measured using
a commercial kit (Wako NEFA C Test Kit; Wako Chemicals
GmbH, Neuss, Germany).

Statistical analysis All data were subjected to repeated
measures ANOVA with Huynh–Feldt adjustment for non-
sphericity [18]. Post hoc comparisons (Tukey’s test) were
performed to pinpoint specific differences in significant
interaction means. The AUC and the incremental AUC
(iAUC) was calculated for hormones and substrates at the
clamped initial euglycaemia (0–30 min), hypoglycaemia
(90–130 min), post-hypoglycaemic euglycaemia (150–
190 min) and hyperglycaemia (210–250 min) according
to the trapezoidal rule (with subtraction of the basal values
for iAUC) [19] and analysed by paired or unpaired
Student’s t-test as appropriate. Data in the text are given
as mean±SE and were considered to be significantly
different at p<0.05. Statistical analysis was carried out
using NCSS 2004 software (Kaysville, UT, USA) [20].

Results

Plasma glucose and plasma free insulin concentrations, and
glucose infusion rate (Fig. 1) Plasma glucose did not change
from baseline to 0 min in non-diabetic subjects, with no
differences between saline, low-dose and high-dose alanine
studies. Following insulin infusion, plasma glucose de-
creased progressively to a plateau of 2.8±0.1 mmol/l during
hypoglycaemia, with no differences between saline and
alanine studies in non-diabetic and diabetic subjects (p>0.2).
When glucose infusion was increased to restore post-
hypoglycaemic euglycaemia and subsequently to produce
hyperglycaemia, plasma glucose was also not different
between saline and alanine studies in non-diabetic and
diabetic subjects.

Average baseline and initial euglycaemia plasma free
insulin values were greater in type 1 diabetic subjects than in
non-diabetic subjects (76±5 vs 22±0.7 pmol/l, p<0.001).
Following insulin infusion, plasma insulin increased to a
plateau of ∼220 pmol/l between 90 and 250 min, with no
differences between saline and alanine studies in non-
diabetic and diabetic subjects.

The rate of glucose infusion in hypoglycaemia in non-
diabetic subjects was not different between saline (9.1±
3.4 μmol kg−1 min−1) and low-dose alanine (9.3±3.2 μmol
kg−1 min−1) studies, but was lower in high-dose alanine
studies (5±3.4 μmol kg−1 min−1; p<0.01). In diabetic
subjects, the glucose infusion rate in hypoglycaemia was
lower in low-dose (11±3.1 μmol kg−1 min−1; p<0.05) and
high-dose alanine studies (4.0±2 μmol kg−1 min−1; p<0.01)
compared with saline studies (17±3.6 μmol kg−1 min−1;
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p=0.04 for low- vs high-dose alanine). The glucose
infusion rate was not different between saline and alanine
studies in hyperglycaemia in both non-diabetic and type 1
diabetic subjects.

Plasma glucagon, adrenaline and noradrenaline concen-
trations (Fig. 2 and Table 2) Plasma glucagon levels were
similar at baseline in diabetic (62±6 ng/l) and non-diabetic
subjects (65±5 ng/l), with no differences between saline
and alanine studies. In saline studies, hypoglycaemia
stimulated glucagon in non-diabetic subjects (124±6 ng
l−1 min−1) but not in diabetic subjects (51±5 ng l−1 min−1;
AUC 90–130 min, p<0.05). In the alanine studies, the
response of glucagon was potentiated in non-diabetic and,
to a lesser extent, in diabetic subjects. In non-diabetic
subjects, plasma glucagon increased from baseline to 0 min

to a greater extent in high-dose (132±12 ng l−1 min−1) than
in low-dose studies (83±5 ng l−1 min−1; AUC 120–0 min,
p<0.05). Afterwards, glucagon continued to increase in
initial euglycaemia (peak value greater with high vs low-
dose alanine, 135±10 vs 94±8.9 ng/l, respectively;
p=0.02) and during subsequent hypoglycaemia. The glu-
cagon response to hypoglycaemia in non-diabetic subjects
was greater in high-dose than in low-dose alanine studies
(AUC 90–130 min, 238±20 vs 181±16 ng l−1 min−1,
respectively; p=0.04).

In diabetic subjects the response of glucagon in initial
euglycaemia to low-dose alanine was not different from the
response to saline (AUC 0–30 min, 57±7 and 52±5 ng l−1

min−1, respectively; p>0.2), but was greater in high-dose
studies (81±6 ng l−1 min−1; p=0.04). In high-dose studies,
the glucagon response also increased in hypoglycaemia

Fig. 1 Plasma glucose and free insulin concentrations and rates of
glucose infusion during saline (open triangles), low-dose alanine
(closed circles, 5.6 μmol kg−1 min−1) and high-dose alanine (open
circles, 28 μmol kg−1 min−1) studies in normal non-diabetic (a, b, c)
and in diabetic (d, e, f) subjects. The stippled areas depict the
hypoglycaemic (Hypo) sessions (31–130 min) of the studies. Eu 1
period of initial euglycaemia (0–30 min); Eu 2 period of post-
hypoglycaemic euglycaemia (150–190 min); Hyper period of post-
hypoglycaemic hyperglycaemia (191–250 min). The p values refer to
study×time interactions from repeated measures ANOVA. a, p=0.41;
b, p=0.34; c, p=0.02; d, p=0.37; e, p=0.18; f, p=0.01

Fig. 2 Plasma glucagon, adrenaline and noradrenaline concentrations
during saline (open triangles), low-dose alanine (closed circles,
5.6 μmol kg−1 min−1) and high-dose alanine (open circles, 28 μmol
kg−1 min−1) studies in normal non-diabetic (a, b, c) and in diabetic
(d, e, f) subjects. The stippled areas depict the hypoglycaemic (Hypo)
sessions (31–130 min) of the studies. Eu 1 period of initial
euglycaemia (0–30 min); Eu 2 period of post-hypoglycaemic
euglycaemia (150–190 min); Hyper period of post-hypoglycaemic
hyperglycaemia (191–250 min). The p values indicate study×time
interactions from repeated measures ANOVA. a, p=0.01; b, p=0.45;
c, p=0.32; d, p=0.03; e, p=0.21; f, p=0.61

Diabetologia (2007) 50:422–430 425



(112±5 ng l−1 min−1), although it remained lower than that
of non-diabetic subjects in both high-dose (p=0.01) and
low-dose alanine studies (p=0.04). Glucagon responses to
high-dose alanine in hypoglycaemia were similar to those
of non-diabetic subjects in the saline study (p>0.2).
However, when responses were examined for increments
compared with pre-hypoglycaemic values, glucagon
responses remained lower in diabetic subjects in high-dose
alanine studies compared with non-diabetic subjects in
saline studies (p=0.04) (Table 2). After hypoglycaemia,
plasma glucagon concentration decreased in post-hypogly-
caemic euglycaemia to values similar to those in initial
euglycaemia, and decreased further in hyperglycaemia in
the high-dose studies both in non-diabetic and diabetic
subjects.

Plasma adrenaline responses to hypoglycaemia increased
in both non-diabetic and diabetic subjects, with no differ-
ences among studies. However, the overall response was
lower in diabetic than in non-diabetic subjects (p=0.03).
Compared with adrenaline, plasma noradrenaline increased
less in hypoglycaemia both in non-diabetic subjects and
diabetic subjects, without differences between studies
(p>0.1).

Plasma non-glucose substrates (Fig. 3) Plasma alanine
concentrations tended to decrease slightly in saline studies in
both diabetic and non-diabetic subjects, but were significantly
higher in the low-dose (0.87±0.6 and 0.84±0.04 mmol/l in
non-diabetic and diabetic subjects, respectively) and high-

dose alanine studies (2.4±0.22 and 2.6±0.21 mmol/l in
diabetic and non-diabetic subjects, respectively; p<0.05 vs
low-dose alanine). Plasma lactate concentration increased
from baseline, with no differences between diabetic (0.85±
0.12 mmol/l) and non-diabetic subjects (1.0±0.15 mmol/l;
p>0.2) in saline studies. In both alanine studies, plasma
lactate concentrations increased further in non-diabetic
subjects (1.33±0.2 and 1.7±0.25 mmol/l, respectively), but
only in the high-dose study in diabetic subjects (1.1±
0.1 mmol/l). At the low dose, the values in diabetic subjects
remained lower than in non-diabetic subjects (p=0.04).
Plasma NEFA concentrations decreased by 60 min in all
studies. Thereafter, in non-diabetic subjects, NEFA increased,
reaching a peak at 120 min which was not different
(0.12±0.03, 0.15±0.04 and 0.16±0.04 mmol/l for saline,
low-dose alanine and high-dose alanine, respectively;

Table 2 Incremental glucagon and adrenaline (incremental area under
curve, iAUC) responses during initial euglycaemia (0–30 min) and
hypoglycaemia (31–130 min) periods

Non-diabetic
subjects

Diabetic
subjects

p value

Glucagon
iAUC0–30 min (ng l−1 min−1)
Saline 0.8±2 −1.3±2 >0.2
Low-dose alanine 3±1.5 −3.7±2.5 0.07
High-dose alanine 11±6 3±2 >0.2
iAUC31–130 min (ng l−1 min−1)
Saline 56±8 −5.5±4.3 <0.01
Low-dose alanine 109±22 7.13±5.2 <0.01
High-dose alanine 131±29 31±5 0.01

Adrenaline
iAUC0–30 min (mmol l−1 min−1)
Saline −0.01±0.1 −0.02±0.01 >0.2
Low-dose alanine 0±0.01 −0.03±0.1 >0.2
High-dose alanine 0.02±0.1 −0.02±0.1 >0.2
iAUC31–130 min (mmol l−1 min−1)
Saline 2.0±0.3 1.1±0.2 0.04
Low-dose alanine 2.3±0.5 0.9±0.2 0.04
High-dose alanine 2.2±0.4 0.9±0.3 0.03

Values are means±SE

Fig. 3 Plasma alanine, lactate, NEFA and β-hydroxybutyrate con-
centrations during saline (open triangles), low-dose alanine (closed
circles, 5.6 μmol kg−1 min−1) and high-dose alanine (open circles,
28 μmol kg−1 min−1) studies in normal non-diabetic (a, b, c, d) and in
diabetic (e, f, g, h) subjects. The stippled areas depict the
hypoglycaemic (Hypo) sessions (31–130 min) of the studies. Eu 1
period of initial euglycaemia (0–30 min); Eu 2 period of post-
hypoglycaemic euglycaemia (150–190 min); Hyper period of post-
hypoglycaemic hyperglycaemia (191–250 min). The p values indicate
study×time interactions from repeated measures ANOVA. a, p=0.01;
b, p=0.02; c, p=0.8; d, p=0.04; e, p<0.01; f, p=0.03; g, p=0.01;
h, p=0.03
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p>0.2). In diabetic subjects, the plasma NEFA peak was
higher in the alanine studies (0.34±0.08 and 0.30±
0.06 mmol/l for the low- and high-dose groups, respec-
tively) compared with the saline studies. In post-hypogly-
caemic euglycaemia and hyperglycaemia, plasma NEFA
decreased, reaching similar values by the end of the studies.
Plasma β-hydroxybutyrate concentrations were suppressed
throughout in all studies, both in non-diabetic and in
diabetic subjects. However, in hypoglycaemia β-hydrox-
ybutyrate was more suppressed in alanine studies (0.09±
0.02 and 0.09±0.03 mmol/l in the low- and high-dose
studies in non-diabetic subjects; 0.13±0.05 and 0.11±
0.05 mmol/l in the low- and high-dose studies in diabetic
subjects) than in saline studies (0.19±0.03 and 0.24±
0.08 mmol/l in non-diabetic and diabetic subjects, respec-
tively; p<0.05 for alanine studies). Afterwards, β-hydrox-
ybutyrate concentrations remained suppressed, with no
differences between studies.

Discussion

The present studies demonstrate that the pancreatic alpha cell
is abnormal in subjects with type 1 diabetes both in response
to insulin-induced hypoglycaemia and in response to the
amino acid alanine. In response to hypoglycaemia, plasma
glucagon does not increase as previously reported [7].
During alanine infusion, the response of plasma glucagon
is also impaired. In fact, glucagon did not increase in the
low-dose study, which elicited larger responses in non-
diabetic subjects. However, the present studies indicate that
type 1 diabetic subjects respond to high-dose alanine,
although the response remains subnormal. Notably, the
glucagon response to high-dose alanine in type 1 diabetes is
initiated in euglycaemia, but then increases further in
hypoglycaemia. The response of glucagon to hypoglycae-
mia in type 1 diabetes infused with high-dose alanine
remains clearly subnormal compared with non-diabetic
subjects, but these responses are normal when compared
with those of non-diabetic subjects in the saline studies.
Recovery of hypoglycaemia to euglycaemia and post-
hypoglycaemic hyperglycaemia offsets the responses of
glucagon to infused alanine both in non-diabetic subjects
and in subjects with and type 1 diabetes. This indicates that
the amino acid enhances (normal subjects) or restores, at
least in part (type 1 diabetes), the physiological glucose-
sensing ability of pancreatic alpha cells. The finding that
type 1 diabetic subjects who lack responses of glucagon to
hypoglycaemia [1, 2] may recover their responses to
hypoglycaemia after high-dose amino acid stimulation is,
to the best of our knowledge, a new observation.

In non-diabetic subjects, in the low-dose study the
nearly threefold increase in the plasma concentration of
alanine was associated with an increase in plasma
glucagon concentration in euglycaemia and, to a larger
extent, in hypoglycaemia (Fig. 2 and Table 2). The fact
that after recovery of euglycaemia following hypoglycae-
mia the response of glucagon decreased to pre-hypoglycae-
mia values indicates that alanine exerts a physiological
‘permissive’ effect on pancreatic alpha cell responses of
glucagon to ambient plasma glucose. Thus, the effect of
alanine on glucagon is specific for hypoglycaemia, since it
appears to be marginal in euglycaemia before and after
hypoglycaemia, and fully suppressed during hyperglycae-
mia. Support for this interpretation derives also from the
study with high-dose alanine, in which the plasma alanine
concentration increased to ∼2.5 mmol/l, i.e. levels com-
monly seen in the postprandial situation after a mixed meal
in terms of total plasma amino acid concentration [21].
Compared with the low-dose alanine studies, in the high-
dose alanine studies the incremental effect on glucagon
secretion was larger in euglycaemia but not in hypoglycae-
mia, indicating that a maximal stimulatory effect can be
achieved with low-dose alanine. Notably, also in the high-
dose studies, euglycaemia and hyperglycaemia after hypo-
glycaemia suppressed the responses of glucagon observed
in hypoglycaemia. Taken together, these observations in
normal subjects indicate that: (1) a modest elevation in
plasma alanine (low-dose studies) exerts a major stimula-
tory effect on pancreatic alpha cell secretion of glucagon in
response to hypoglycaemia; (2) the larger the increase in
plasma alanine (high-dose studies), the larger the glucagon
response in absolute terms; and (3) during stimulation by
either a low or a high dose of alanine, glucagon responses
are physiologically controlled primarily by plasma glucose
concentration.

It is tempting to speculate about the mechanisms of
alanine (amino acid)-induced potentiation of the glucagon
response to hypoglycaemia. It is likely that these include
direct [22, 23] and indirect effects. For example, it is
possible that the initially greater stimulation of beta cell
function by amino acids results in a greater fall in intra-islet
insulin concentration during hypoglycaemia, at least in
normal non-diabetic subjects [24]. In addition, it is possible
that amino acids modulate the glucose-sensing ability of
alpha cells through glucagon-like peptide 1 [25].

Compared with normal, non-diabetic subjects, subjects
with type 1 diabetes do not respond either to hypoglycae-
mia or to low-dose alanine infusion. This indicates that in
type 1 diabetes the abnormality of pancreatic alpha cells is
not limited to responses to hypoglycaemia but extends to
other stimuli, such as the amino acid alanine, which is
normally a glucagon secretagogue [23]. This finding
favours the hypothesis of a non-selective defect of
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pancreatic alpha cells in type 1 diabetes. In a previous
study, the amino acid arginine elicited large responses in
glucagon which were absent in hypoglycaemia and since
then the alpha cell defect in type 1 diabetes has been
assumed to be selective [7]. However, in that study diabetic
subjects were relatively insulin-deficient [7], whereas in the
present studies insulin was replaced and, by current stand-
ards (HbA1c), well controlled. Therefore, it is likely that the
relative insulin deficiency was the cause of the large
glucagon response to arginine in that study [7], as also
indicated by other studies in which subjects with type 1
diabetes were studied under different conditions of insulin
replacement [8, 9]. The difference in prestudy glycaemic
control between the previous [7] and present studies in
terms of the glucagon response to insulin-induced hypo-
glycaemia remains uncertain, but probably does not play a
role [2]. An additional difference between the previous [7]
and the present study is that alanine and not arginine was
infused in the present study. However, it is likely that such a
difference is not relevant, since low-dose alanine in the
present studies was a powerful enhancer of glucagon
secretion in hypoglycaemia in non-diabetic subjects. Indeed,
alanine stimulates glucagon secretion in animals [23, 26]
and in humans under a variety of metabolic states [27].

In the present studies, hypoglycaemia was induced after
an increase in plasma alanine. In a previous study [10]
hypoglycaemia was induced before a mixture of amino
acids was infused and no effect on glucagon response was
found in type 1 diabetes. Although the present studies were
not designed to establish the relation between the time of
amino acid infusion and the glucagon responses to
hypoglycaemia, it is likely that amino acids need to
increase in plasma before hypoglycaemia is induced in
order to elicit responses in glucagon.

The present study also indicates a positive finding in
type 1 diabetes, i.e. the appearance of responses of
glucagon in high-dose studies both in euglycaemia and in
hypoglycaemia. Although the responses of diabetic subjects
were lower than those of non-diabetic subjects with high-
dose alanine, it is notable that they were similar to the
responses of non-diabetic subjects in saline studies (Fig. 2).
One might interpret the response to high-dose alanine in
diabetic subjects and the lack of response to low-dose
alanine as a defect of responsiveness (sensitivity) of
pancreatic alpha cells, with partial maintenance of maximal
response. In line with the finding in non-diabetic subjects,
the response of glucagon to high-dose alanine is specific to
hypoglycaemia since the response is suppressed by recov-
ery of plasma glucose to euglycaemia and subsequent
hyperglycaemia.

The finding of the present studies that a several-fold
elevation of alanine in plasma to the range of the
postprandial plasma amino acid state [21] may match the

responses of glucagon in type 1 diabetic subjects to those
seen in non-diabetic subjects with hypoglycaemia alone
opens new questions.

In a recent study [21], plasma glucagon increased in type
1 diabetic subjects in response to hypoglycaemia induced
after a mixed meal. In the present studies, in the fasting
state, alanine was given intravenously and responses of
glucagon to hypoglycaemia qualitatively similar to those in
that study [21] were observed. Although ingestion of a
mixed meal [21] (which contains several amino acids,
metabolites, etc.) differs from the infusion of only one
amino acid in the present study, it is conceivable that, if
plasma amino acids were increased to the concentration
demonstrated to be effective in the present as well as
previous studies [21] before hypoglycaemia, the responses
of glucagon could be recovered in type 1 diabetes and
counter-regulatory defences improved. Although alanine,
being an amino acid, may have its own metabolic glucose-
sparing effect [28], its glucagon-promoter activity may
account, at least in part, for the lower glucose infusion rates
observed in hypoglycaemia in type 1 diabetes (Fig. 1).
From this consideration it may be predicted that, in the
clinical situation of impending hypoglycaemia, subjects
with type 1 diabetes might improve their defences against
hypoglycaemia whenever glucagon responses are stimulat-
ed by antecedent increases in plasma amino acids to the
high physiological range of the postprandial situation [21].
Notably, smaller increases in plasma amino acids do not
elicit an appreciable response in glucagon [29]. However,
this hypothesis, as well as the relative contribution of
alanine (and amino acids) per se to better counter-reg-
ulatory responses to insulin-induced hypoglycaemia versus
that of the effects mediated by glucagon stimulation, remain
to be tested with appropriate studies.

In the present studies, alanine had no effects on plasma
adrenaline responses. Plasma adrenaline responses were lower
in diabetic than in non-diabetic subjects (Fig. 2), in line with
previous observations [27]. Alanine resulted in a proportion-
ally higher plasma lactate concentration, probably as a result
of metabolic inter-relationships triggered by higher plasma
alanine concentrations via the Cori (glucose–lactate) and
alanine–glucose cycles. An intriguing but unexplained
finding is the greater plasma NEFA concentration in both
alanine studies during hypoglycaemia in diabetic subjects.
Although NEFA may suppress glucagon secretion [30],
whether this was the case in the present studies cannot be
established. However, the results of the present studies are
concordant with earlier data indicating that the formation of
ketone bodies is reduced by the elevation of plasma alanine,
as shown in rats [31, 32] and man [33]. These studies point
towards a clear anti-ketogenic effect of alanine in the setting
of a reciprocal relationship between alanine and ketone
bodies (alanine–ketone body cycle) [33, 34]. In addition, the
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higher plasma lactate concentration seen in the alanine
studies might have contributed to decreased ketone body
levels because lactate has anti-ketogenic effects in vitro [35].

In conclusion, the present studies indicate that an
increase in the plasma concentration of the amino acid
alanine, either moderate or in the postprandial range,
largely stimulates glucagon secretion in normal, non-
diabetic subjects, primarily during hypoglycaemia. Because
the plasma glucose concentration continues to be the
primary regulator of glucagon secretion, the amino acid
alanine enhances the physiological glucose-sensing ability
of pancreatic alpha cells. In type 1 diabetes the sensitivity
of alpha cells to alanine is markedly reduced, and a lower
than normal glucagon response is seen only when a high
dose of alanine is infused. Nevertheless, subjects with type
1 diabetes recover glucagon responses during high-dose
alanine infusion, reproducing the response of non-diabetic
subjects not receiving concurrent alanine (i.e. receiving
saline alone). Additional studies are required to establish
the mechanisms of the counter-regulatory role of alanine
direct versus stimulation of glucagon during hypoglycaemia
in type 1 diabetes, as well as the possibility of improving
defences against hypoglycaemia in subjects with type 1
diabetes by elevating the plasma amino acid concentration.
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