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Abstract

Objective: Glucagon and amino acids may be regulated in a feedback loop called the liver- Key Words
alpha-cell axis with alanine or glutamine as suggested signal molecules. We assessed amino acids
this concept in individuals with type 2 diabetes in the fasting state, after ingestion of glucagon

a protein-rich meal, and during weight loss. Moreover, we investigated if postprandial
glucagon secretion and hepatic insulin sensitivity were related.

Methods: This is a secondary analysis of a 12-week weight-loss trial (Paleolithic diet

+ exercise) in 29 individuals with type 2 diabetes. Before and after the intervention,
plasma glucagon and amino acids were measured in the fasting state and during 180
min after a protein-rich mixed meal. Hepatic insulin sensitivity was measured using the
hyperinsulinemic-euglycemic clamp with [6,6-2H,]glucose as a tracer.

Results: The postprandial increase of plasma glucagon was associated with the
postprandial increase of alanine and several other amino acids but not glutamine. In the
fasted state and after the meal, glucagon levels were negatively correlated with hepatic
insulin sensitivity (r¢=—0.51/r = —0.58, respectively; both P < 0.05). Improved hepatic
insulin sensitivity with weight loss was correlated with decreased postprandial glucagon
response (r=-0.78; P < 0.001).

Conclusions: Several amino acids, notably alanine, but not glutamine could be key signals
to the alpha cell to increase glucagon secretion. Amino acids may be part of a feedback
mechanism as glucagon increases endogenous glucose production and ureagenesis in
the liver. Moreover, postprandial glucagon secretion seems to be tightly related to hepatic
insulin sensitivity.
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Introduction

Blood glucose levels are tightly regulated by insulin and
glucagon. In type 2 diabetes, the ability of insulin to
suppress endogenous glucose production is impaired,
and increased fasting and postprandial glucagon levels
stimulate endogenous glucose production even further
(1, 2). Glucagon action is critical for correcting

hypoglycemia but other potent stimulators of glucagon
secretion are high amino acid levels, which may be an even
more effective stimulus than low blood glucose levels (3).
Thus, the concept of a liver-alpha-cell axis has recently been
proposed to describe a feedback loop between amino acids
and glucagon (4). Supporting this concept, inhibition of
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the glucagon receptor decreases amino acid catabolism in
the liver, increases plasma amino acids levels, and causes
alpha-cell proliferation and hypersecretion of glucagon (5).

Itisamatter of debate which aminoacidsareresponsible
for signaling to alpha cells to increase glucagon secretion.
Alanine and glutamine have been suggested to be key signal
molecules within the liver-alpha-cell axis due to their high
concentrations in the glucagon receptor knockout mouse
and because glutamine may cause alpha cell proliferation
(5, 6, 7). Alanine administered intravenously is a potent
stimulator of glucagon secretion (8). In addition, a case
report showed that plasma levels of glucagon and amino
acids, particularly alanine, were increased in a female with
a glucagon receptor mutation (9). Glutamine on the other
hand is known to cause alpha cell proliferation in a cell
culture model (7). In the perfused mouse pancreas, alanine,
arginine, cysteine, glycine, lysine, and proline but not
glutamine stimulated glucagon secretion (10).

Most plasma amino acids are elevated in type 2 diabetes
(11). Moreover, higher fasting alanine levels have been
associated with higher fasting glucose in cross-sectional
studies (11, 12). In contrast, higher fasting glucose is
associated with lower fasting glutamine levels (11). Thus,
an assessment of the role of alanine and glutamine in the
liver-alpha-cell axis in humans and particularly in type 2
diabetes is of obvious interest.

We aimed to evaluate the concept of the liver-alpha-cell
axis in individuals with type 2 diabetes in the fasting state
and after ingestion of a protein-rich meal. We investigated
the association between the rise of the individual
amino acids after the meal and the simultaneous rise in
glucagon levels. We hypothesized that alanine, rather
than glutamine, would be a predominant stimulator of
glucagon secretion in patients with type 2 diabetes. It is well
established that diet-induced weight loss improves hepatic
insulin sensitivity in individuals with type 2 diabetes (13).
However, the effect of weight loss on the liver-alpha-cell
axis has not been investigated. We, therefore, evaluated
the effect of a 12-week weight loss intervention (paleolithic
diet + exercise) on the liver-alpha-cell axis in individuals
with type 2 diabetes. We hypothesized that postprandial
glucagon secretion and hepatic insulin sensitivity are
related and improved simultaneously.

Methods
Study design

Overweight patients with type 2 diabetes were randomized
to either a Paleolithic diet alone or a Paleolithic diet
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combined with supervised exercise. At baseline and after 12
weeks of intervention, patients were examined with a solid
mixed meal test, hyperinsulinemic-euglycemic clamping,
and liver magnetic resonance spectroscopy. This paper
represents a secondary analysis of hitherto unpublished
data from a previously published study (14, 15). For the
main analyses of this paper, the two intervention groups
are combined and analyzed as one group, but we also
report the effect of the different interventions on body
composition, glucagon, and amino acids.

Participants and randomization

Patients with type 2 diabetes (<10 years duration) and BMI
of 25-40 kg/m? were recruited by advertisements in local
newspapersand postersat Umed University Hospital (Umed,
Sweden) between 2012 and 2014. Study patients were
30-75 years of age, and women had to be postmenopausal.
Exclusion criteria were treatment with glucose-lowering
drugs other than metformin and severeillness. The primary
outcome of the intervention study was a reduction in fat
mass (14). Based on previous results from a similar study
(16), we calculated that 13 individuals in each intervention
group would be sufficient to detect a significant difference
(P < 0.05) with 80% power. The results described in the
present paper are secondary outcome measures. Patients
were randomized to either the diet group or the diet and
exercise group by a statistician not involved in the study,
using biased coin minimization with an allocation ratio of
1:1. All examinations were conducted at Umed University
Hospital. The staff that performed the examinations and
the blood sample analyses were blinded to the protocol and
the dietary counseling. All patients gave written informed
consent before study inclusion. The study protocol was in
accordance with the Helsinki declaration and approved
by the regional ethical committee of Umed University.
The study was registered in advance at ClinicalTrials.gov
(NCT01513798).

Diet intervention

A dietician instructed the patients how to follow a
Paleolithic diet in five group sessions that were held
separately for the two intervention groups. The Paleolithic
diet was consumed without calorie restriction and was
based on lean meat, fish, seafood, eggs, vegetables, fruits,
berries, and nuts. It excluded dairy products, cereals,
refined sugar, and salt. Dietary adherence was assessed
with 4-day self-reported, weighed food records (14).
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Exercise intervention

All patients were recommended to increase their daily
physical activity to at least 30 min of moderate-intensity
activity. In addition, the diet and exercise group underwent
a training protocol containing 1 h sessions of aerobic and
resistance training three times weekly supervised by a
professional trainer at the section of Sports Medicine at
Umea University.

Solid mixed meal test

The study patients were instructed to refrain from
physical exercise for 24 h before the test and to eat a
standardized pre-specified meal at 19:00 h the day before
and to remain fasting from 20:00 h. At 08:00 h the next
day, patients visited the Clinical Research Department of
Umed University Hospital and were served a protein-rich
Paleolithic-style breakfast. The meal included 70 g turkey,
one boiled egg (ca 50 g), one banana (ca 105 g), half an
apple with peel (ca 30 g), and cashew nuts without salt (25
g). The meal contained 419 kcal with 34%E carbohydrates,
41%E fat, and 25%E protein. Of the total protein content
of the meal, 6% was alanine, and 16% was glutamine/
glutamate. The percentage of all amino acids in the protein
part of the mixed meal is shown in Supplementary Table 1
(see section on supplementary materials given at the end
of this article). Blood samples were collected in pre-chilled
tubes with 250 kallikrein inactivation units aprotinin
before and 30, 60, 120, and 180 min after the meal. The
samples were immediately centrifuged at 3000 g for 10 min
at 4°C, and plasma was stored at —80°C until analysis.

Plasma analyses and calculations

Plasma glucose was analyzed with Cobas GLUC3 (Roche
Diagnostics; coefficient of variation 3%) and plasma
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insulin with the Bio-Plex Pro™ Human Diabetes Assay
(Bio-Rad Laboratories; coefficient of variation 7.5%) at
the Department for Clinical Chemistry, Umed University
Hospital. In the same department, hemoglobin Alc was
analyzed with TOSOH G8 (TOSOH Bioscience Inc, San
Francisco, USA; coefficient of variation 3%) and blood
lipids with Cobas Pro (Roche Diagnostics; coefficient of
variation 3-4%). Radioimmunological determination of
glucagon was performed as previously described using an
assay directed against the COOH terminus, which reliably
measures pancreatic glucagon (2, 17, 18). The analytical
detection limit was 1 pmol/L. Normal range for fasting
glucagon is 1-15 pmol/L. The intra assay coefficient of
variation is <6% and the inter-assay variation < 15%. Amino
acid analyses in plasma are described in the Supplementary
Methods. The amount of plasma was limited during the
mixed meal examination and not all analyses could be
conducted in every participant. The area under the curve
(AUC) was calculated using the trapezoidal rule and total
AUC was used.

Other examinations

Hepatic insulin sensitivity was measured using the
hyperinsulinemic-euglycemic clamp technique combined
with [6,6-2H,]glucose infusion and liver fat with proton
magnetic resonance spectroscopy as described previously
(15).

Statistical analysis

All variables were investigated with histograms to evaluate
the pattern of distribution. None of the analyzed variables
were normally distributed except for AUC glucagon at
baseline and for the change during the intervention
but not for the measurements at 12 weeks. Endogenous

Table 1 Participants’ characteristics. Data are reported as the median (interquartile range).

All
n (Male/female) 29 (19/10)
Age, years 61 (57-65)
BMI, kg/m? 31.4(29.1-33.7)
Diabetes duration, years 3(1-8)
HbA1c, mmol/mol (ref 31-47) 55 (48-58)
HbA1c, % (ref 5.0-7.7) 7.2 (6.5-7.5)
Systolic blood pressure, mmHg 133 (127-146)
Diastolic blood pressure, mmHg 84 (77-92)
Total cholesterol, mmol/L (ref 3.9-7.8) 4.3 (3.6-4.9)
LDL, mmol/L (ref 2.0-5.3) 2.2(1.7-2.8)
Triglycerides, mmol/L (ref < 2.6) 1.9 (1.2-2.8)
Metformin therapy 20
Statin therapy 14
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Table 2 Effect of 12 weeks of weight loss intervention on weight, hepatic insulin sensitivity, and fasting and postprandial plasma
levels of glucagon, amino acids, glucose, and insulin. Data are reported as the median (interquartile range) except for suppression
of endogenous glucose production/insulin which is normally distributed and, therefore, depicted as mean + s.o.; weight, liver fat,
and suppression of endogenous glucose production reported in this table have been published previously (14, 15).

12 weeks

Weight, kg, n =29
Liver fat, %, n = 24

Suppression of endogenous glucose production/insulin,

% per mIU/L, n =25

Fasting glucagon, pmol/L, n = 22

AUC glucagon, 180 min x pmol/L, n =19
Fasting amino acids, pmol/L, n =12

AUC amino acids, 180 min x pmol/L, n =12
Fasting glutamine, ymol/L, n =13

AUC glutamine, 180 min x pmol/L,n =12
Fasting alanine, pmol/L, n =13

AUC alanine, 180 min x pmol/L, n =13
Fasting glucose, mmol/L, n = 28

AUC glucose, 180 min x mmol/L, n =27

Fasting insulin, mIU/L, n = 29

AUC insulin, 180 min x mIU/L, n = 28

95.1 (83.3-103.2)
16.0(11.2-26.2)
1.24£0.53

2(10-16)
2955 (2325-3825)
2103 (1816-2365)
429,856 (378,168-444,777)
479 (426-538)
88,415 (74,369-108,977)
320 (257-391)
69, 578 (58,299-82,306)
2(7.0-9.5)
1456 (1254-1766)
15.6 (10.5-24.5)
5495 (3347-7003)

85.1 (76.8-97.6)?
6.0 (1.7-12.9)
1.49 + 0.58¢

9 (8-12)¢
2235 (1920-2700)°
2036 (1912-2430)
402,751 (418,795-457,965)
497 (456-585)
89,734 (83,127-96,935)
294 (246-357)
67, 689 (55,963-83,446)
5(6.0-7.5)
1191 (1082-1317)?
10.4 (6.7-15.2)°
4251 (2351-5587)°

ap < 0.001 for the intervention effect from baseline to 12 weeks; P < 0.01; °P < 0.05.

AUC, area under the curve.

glucose production/insulin was normally distributed
in the study population as a whole but not in the two
separate intervention groups. We conducted dependent/
independent t-tests for normally distributed variables.
For the other variables, we used the Wilcoxon signed-
rank test to analyze the change over time and the Mann-
Whitney U-test to compare the two groups. Correlation
analyses were performed using Pearson correlation (r) for
the normally distributed variables and Spearman’s rho
(r¢) for the remaining variables. A two-sided P value < 0.05
was considered statistically significant. SPSS 25.0 for Mac
was used for statistical analysis (IBM Corp). In one single
multivariate analysis, all plasma amino acid levels were
compared to plasma glucagon levels. Results for the fasting
state are presented in Fig. 1 and the postprandial state in
Fig. 2. For the postprandial analysis, the increase in all
plasma amino acid levels between 0 and 60 min after the
mixed meal was compared to the glucagon change during
the same time. Here, individual measures before the mixed
meal were subtracted from their measures 60 min after the
mixed meal to minimize the influence of inter-individual
variation. We applied a variant of orthogonal partial least
squares (OPLS), for example, OPLS-effect projection for
the analysis (19). The OPLS model was validated based on
ANOVA of the cross-validated OPLS scores for significance
testing (20). In each analysis, 25 mixed meal tests
(performed before or after the 12-week intervention) of 14

different study patients were included. The OPLS model
can cope with the multicollinearity of the data (11 patients
contributed with two mixed meal tests to the analysis) and
with the high number of variables (20 amino acids and
glucagon) compared to the number of observations (25
mixed meal tests). Jack-knifing was used to calculate 95%
CIs (21). X-variables (=amino acids) with a 95% CI that
does not include zero are significantly associated with the
Y-variable (=glucagon). All multivariate analyses were done
using SIMCA 15.0 software (Sartorius, Umed, Sweden).

Results

Participants’ characteristics are given in Table 1. Despite
the different inclusion criteria between men and women
with regard to age, there was no significant difference in
age between sexes. Women had a median age of 61 years
(95% CI 59-66) and men of 59 years (95% CI 57-64). We
evaluated the effects of the intervention on the liver-
alpha-cell axis combining both intervention groups, as
the effect on weight loss for the different analyses did not
differ and because of insufficient power for doing separate
analyses within the study groups. Effects of the different
interventions on body composition, glucagon, and amino
acids are presented at the end of the results section and in
the supplement.
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Figure 1

Association between fasting plasma glucagon levels and 20 different
fasting plasma amino acids. Data are presented as multivariate
regression coefficients (w*[1] according to OPLS) with 95% Cls. X-variables
(=amino acids) with a 95% Cl that does not include zero are significantly
associated with the Y-variable (=glucagon). The amino acids are arranged
depending on their strength of correlation to glucagon. Results are based
on 27 fasting samples in altogether 13 different patients.
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Figure 2

Association between the increase of postprandial plasma glucagon 0-60
min after a protein-rich mixed meal and the change of 20 different amino
acids during the same time period. Data are presented as multivariate
regression coefficients (w*[1] according to OPLS) with 95 % Cls. X-variables
(=amino acids) with a 95% Cl that does not include zero are significantly
associated with the Y-variable (=glucagon). A positive value implies that the
increase of this amino acid 0-60 min after the mixed meal is correlated to
the increase of glucagon 0-60 min after the mixed meal. The amino acids
are arranged depending on their strength of correlation to glucagon.
Results are based on 25 mixed meal tests in altogether 14 study patients.
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The liver-alpha-cell axis in the fasted state

At baseline, fasting glucagon was correlated to total fasting
amino acid levels (rg=0.67, P < 0.05). When analyzing all
fasting amino acids individually with the multivariate
model, isoleucine, leucine, phenylalanine, and glutamate
were significantly and positively associated with fasting
glucagon but that was not the case for fasting alanine
and glutamine (Fig. 1). Fasting arginine and serine were
negatively associated with fasting glucagon.

Fasting glucagon levels at baseline were associated with
body weight (r=0.56, P < 0.01) and with hepatic insulin
sensitivity, measured as suppression of endogenous glucose
production during the euglycemic-hyperinsulinemic
clamp, normalized by insulin (r;=-0.51, P < 0.05).

The liver-alpha-cell axis after a protein-rich
mixed meal

Analyzed with the multivariate model, we found a
significant association between the postprandial increase
of plasma glucagon from O to 60 min and the postprandial
increase of the following plasma amino acids (ordered
according to the strength of the association to glucagon):
alanine, leucine, asparagine, glutamate, serine, tryptophan,
methionine, valine, lysine,
phenylalanine, threonine, glycine, and tyrosine (Fig. 2).
Notably, glutamine was not associated with postprandial
glucagon levels. Hepatic insulin sensitivity, measured as
suppression of endogenous glucose production normalized
by insulin, was negatively associated with the postprandial
response of glucagon to the mixed meal (r=-0.58, P < 0.05;

isoleucine, arginine,

Fig. 3A). The postprandial glucagon response was positively
associated with body weight (r;=0.49, P < 0.05).

The liver-alpha-cell axis during 12 weeks of
weight loss

The main results of the 12-week intervention on body
composition, liver fat, and hepatic insulin sensitivity and
the validation of the intervention have been published
previously (14, 15). Regarding the intervention with the
Paleolithic diet, both study groups similarly decreased
their intake of carbohydrates, saturated fat and sodium and
report compliance to the Paleolithic diet for 94% of their
energy intake (14, 22). Median weight loss was similar (7
kg) in both intervention groups (Supplementary Table 3).
In the combined intervention group, fasting and
postprandial glucagon decreased during 12 weeks of
intervention (Fig. 4 and Table 2). In contrast, fasting and
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Association between postprandial glucagon and suppression of
endogenous glucose production at baseline (A) and during 12 weeks of
intervention with diet or diet and exercise (B). The correlation analyses
were performed using Pearson correlation (r).

postprandial amino acids did not change after weight loss
(Table 2).

Weight loss was associated with decreasing fasting
glucagon levels during the intervention (r;=0.45, P < 0.05).
No correlation was found between the change in fasting
glucagon during the intervention and the change in total
fasting amino acids, fasting glutamine, or fasting alanine
(rg=0.18, P=0.61 and 1;=0.13, P=0.71 and r;=0.33,
P=0.32, respectively).

Weight loss correlated with decreasing postprandial
glucagon levels during the intervention (r;=0.46, P < 0.05).

Hepatic insulin sensitivity measured as suppression
of endogenous glucose production normalized for
plasma insulin levels improved after weight loss (Table 2)
(15). The improvement in hepatic insulin sensitivity
was associated with decreased postprandial glucagon
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Postprandial plasma levels of glucagon during 12 weeks weight loss. Data
are presented as mean # s.e.m.

response to the mixed meal after the interventions
(r=-0.78, P < 0.001; Fig. 3B).

The liver-alpha-cell axis and liver fat

Liver fat content was not associated with glucagon, alanine,
glutamine, or total amino acid levels in the fasted or
postprandial state. Liver fat decreased during the 12-week
intervention (Table 2), but this change was not associated
with intervention effects on the liver-alpha-cell axis (data
not shown).

Effect of the 12-week intervention with either diet
alone or diet combined with exercise and baseline
characteristics of both intervention groups

Baseline characteristics for each intervention group are
found in Supplementary Tables 2 and 3. At the study start,
fasting glucose was higher and postprandial amino acids
were lower in the diet and exercise group compared to the
diet group (Supplementary Table 3).

The liver-alpha-cell axis in type
2 diabetes

Fasting glutamine significantly increased in the diet
and exercise group (Supplementary Table 3; P < 0.05),
without significant group differences over time.

Postprandial glucagon levels, after intake of the mixed
meal, decreased by 22% in the diet group (P < 0.001) and by
18% in the diet and exercise group (P=0.15; Supplementary
Fig. 1 and Supplementary Table 3).

The postprandial alanine response decreased in the
diet group only (group difference over time P < 0.05;
Supplementary Fig. 2 and Supplementary Table 3). In
contrast, postprandial glutamine was not changed by the
diet only intervention but increased in the diet and exercise
group (P < 0.05; Supplementary Fig. 2 and Supplementary
Table 3). The postprandial levels of the remaining 18
amino acids during the intervention are reported in
Supplementary Fig. 2.

Discussion

The concept of a liver-alpha-cell axis implies that glucagon
andaminoacidsaretightlyregulatedinafeedbackloop (23).
After the ingestion of a protein-rich meal, rising glucagon
levels were not associated with glutamine but with several
other amino acids including alanine. Moreover, hepatic
insulin sensitivity was negatively associated with fasting
and postprandial glucagon levels. The inverse association
between hepatic insulin sensitivity and postprandial
glucagon could be confirmed during weight loss. We
conclude that postprandial glucagon secretion seems to be
tightly related to hepatic insulin sensitivity.

Glucagon receptors are almost exclusively found in
the liver (and in the kidney) where glucagon increases
endogenous glucose production and ureagenesis (23).
In response to a glucagon receptor antagonist, plasma
amino acid levels rise within hours (24). It has, therefore,
been proposed that glucagon plays an important role in
acute amino acid metabolism (i.e. ureagenesis) in the liver
(23). This regulatory cycle is thought to be important for
maintaining normal amino acid and ammonia levels during
protein abundance for example, after protein-rich meals.

In the fasted state, we found that individuals with
higher total amino acid levels also had higher glucagon
levels, in accordance with the concept of the liver-alpha-
cell axis. In the fasted state, neither alanine nor glutamine
was associated with glucagon. One possible explanation is
that low glucagon levels in the fasting state are regulated
by other factors including glucose levels (23). Thus,
decreasing levels of glucose and amino acids during fasting
will influence glucagon secretion in opposite directions in
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healthy individuals. However, in our patients with type
2 diabetes, it is more likely that the fasting glucose levels
are maintained by (elevated) glucagon levels, as clearly
demonstrated in experiments with glucagon receptor
antagonists (25, 26). Notably, this study was only powered
to investigate changes, for example, after a mixed meal
and after weight loss and had, therefore, not enough
participants to investigate any steady state, which would
need a larger epidemiological sample.

Based on our results after the protein-rich meal,
glutamine seems not to be a relevant signal molecule in
the liver-alpha-cell axis. According to our postprandial
analyses, alanine and 14 other amino acids could be the
possible signal to the alpha cell to increase glucagon
secretion. Based on earlier studies, some of these 15 amino
acids are more likely to be a signal to the alpha cell than
others. We propose alanine as a main signal molecule to
the alpha cell because if administered intravenously, it is a
potent stimulator of glucagon secretion (8). In the perfused
mouse pancreas, alanine and five otheramino acids but not
glutamine were able to stimulate glucagon secretion (10).
However, we also found a significant correlation between
postprandial glucagon and the branched-chain amino
acids leucine, isoleucine, and valine. Branched-chain
amino acids are increased in plasma to a major extent after
protein intake (27). These amino acids are metabolized in
the muscle and not in the liver, and the glucagon receptor
is expressed in the liver and not in muscle. Moreover,
branched-chain amino acids do not stimulate glucagon
secretion (3, 10) but are associated with insulin secretion
in type 2 diabetes. Therefore, we regard the association
between postprandial branched-chain amino acids and
glucagon levels as related to beta-cell rather than alpha
cell function.

Weight loss during our study was associated with
decreasing fasting and postprandial glucagon levels. Our
results are in line with two other studies that showed
decreased fasting and postprandial glucagon levels after a
mean weight loss of 10 kg in individuals with type 2 diabetes
(28, 29). Thus, body weight may be one of the determinants
of postprandial glucagon levels in type 2 diabetes.

Weight loss in our study decreased postprandial
glucagon levels. Notably, we found a clear relationship
between the ability of the weight loss to lower postprandial
glucagon and the improved ability of the clamp to
suppress endogenous glucose production. Already at the
study start, hepatic insulin sensitivity was associated with
postprandial glucagon levels. Thus, postprandial glucagon
secretion seems to be tightly related to hepatic insulin
sensitivity (30).
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Nonalcoholic fatty liver disease has been proposed to
impair hepatic sensitivity to glucagon signaling, causing
higher levels of fasting amino acid and glucagon levels (23,
31). In our study, liver fat was not associated with amino
acid levels or glucagon, neither at baseline nor during the
intervention. The previous studies included participants
with a higher degree of hepatic steatosis compared to our
patients, which may explain these inconsistencies (31).

There were limitations to our study. First, this was a
secondary analysis of outcomes not pre-defined before
the study start. Therefore, analyses are exploratory, and
results should be interpreted with caution. Secondly,
the study population was small and amino acid analyses
were only available for a subgroup in our study. Thirdly,
the two intervention groups had different baseline values
for fasting glucose and postprandial amino acids, which
makes it difficult to compare intervention effects between
study groups. Finally, we did not have a control group that
was weight stable.

To conclude, several amino acids, notably alanine
but not glutamine, could be the important signal to the
alpha cell to increase glucagon secretion. Amino acids may
be part of a feedback mechanism as glucagon increases
endogenous glucose production and ureagenesis in the
liver. Weight loss decreases postprandial glucagon levels,
associated with decreased endogenous glucose production.
This may indicate improved regulation of the liver-alpha-
cell axis.
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