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A B S T R A C T   

A physiological feedback system exists between hepatocytes and the alpha cells, termed the liver-alpha cell axis 
and refers to the relationship between amino acid-stimulated glucagon secretion and glucagon-stimulated amino 
acid catabolism. Several reports indicate that non-alcoholic fatty liver disease (NAFLD) disrupts the liver-alpha 
cell axis, because of impaired glucagon receptor signaling (glucagon resistance). However, no experimental test 
exists to assess glucagon resistance in humans. The objective was to develop an experimental test to determine 
glucagon sensitivity with respect to amino acid and glucose metabolism in humans. The proposed glucagon 
sensitivity test (comprising two elements: 1) i.v. injection of 0.2 mg glucagon and 2) infusion of mixed amino 
acids 331 mg/hour/kg) is based on nine pilot studies which are presented. Calculation of a proposed glucagon 
sensitivity index with respect to amino acid catabolism is also described. Secondly, we describe a complete study 
protocol (GLUSENTIC) according to which the glucagon sensitivity test will be applied in a cross-sectional study 
currently taking place. 65 participants including 20 individuals with a BMI 18.6–25 kg/m2, 30 individuals with a 
BMI ≥ 25–40 kg/m2, and 15 individuals with type 1 diabetes with a BMI between 18.6 and 40 kg/m2 will be 
included. Participants will be grouped according to their degree of hepatic steatosis measured by whole-liver 
magnetic resonance imaging (MRI). The primary outcome measure will be differences in the glucagon sensi-
tivity index between individuals with and without hepatic steatosis. Developing a glucagon sensitivity test and 
index may provide insight into the physiological and pathophysiological mechanism of glucagon action and 
glucagon-based therapies.   

☆ Clinical Trial Information: ClinicalTrials.gov no. NCT04907721 
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1. Introduction 

Glucagon regulates amino acid turnover and amino acids may con-
trol glucagon secretion [1–3] in a feedback loop recently termed the 
liver-alpha cell axis [4]. Pharmacological disruption of glucagon re-
ceptor (GCGR) signaling leads to increased plasma concentrations of 
amino acids (hyperaminoacidemia) and glucagon (hyperglucagonemia) 

in animals [5–12]. Similar findings are made in rodents with hepatic 
steatosis [7] and, importantly, in humans with non-alcoholic fatty liver 
disease (NAFLD) [13,14]. Their hyperglucagonemia and hyper-
aminoacidemia are believed to result from a disrupted liver-alpha cell 
axis, where glucagon-stimulated amino acid catabolism is impaired 
leading to hyperaminoacidemia, which stimulates glucagon secretion 
from the alpha cells. Thus, it seems that NAFLD impairs glucagon’s effect 

Fig. 1. Exogenous glucagon administered intravenously (as indicated by vertical dotted line; 1 mg in pilot study 1 and 0.5 mg in pilot study 2; GlucaGen Hypokit 
Novo Nordisk) accelerates the decline in amino acid levels following an amino acid challenge (as indicated by the grey area; 292 mg/hour/kg bw; Vamin 14 g/L 
Electrolyte Free; administered intravenously) in lean and healthy persons. Protocol for A) pilot study 1 and B) pilot study 2 with corresponding plasma amino acid 
levels. C) Plasma levels of amino acids decline more in response to exogenous glucagon following an amino acid challenge during the subsequent 15 min (marked in 
red rectangles) The delta values are shown in the XY plot to the right. The X-line reflects timelines in pilot study 1 30–45 min and 45–60 min in pilot study 2. Two 
healthy individuals completed pilot study 1 (BMI 22 ± 4 kg/m2, f/m 2/0) and pilot study 2 (BMI 21 ± 3 kg/m2, f/m 1/1) with one individual completing both pilot 
studies. Data are shown as mean ± SEM. 
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on amino acid metabolism i.e., reduced glucagon sensitivity, causing 
hyperaminoacidemia and resulting diabetogenic hyperglucagonemia 
[15]. We have previously observed that the disruption of the liver-alpha 
cell axis may co-exist with hepatic insulin resistance 
(=hyperinsulinemia), but may also be present in cases without insulin 
resistance [16] suggesting that impaired glucagon signaling may be an 
individual pathophysiological trait. 

The current available glucagon tests are based on single injection of 
pharmacological dose (1 mg) of glucagon and these test are used for 
diagnosis of insulinomas [17] and growth hormone deficiency (also 
termed the stress test) [18]. However, no experimental test exists to 
assess glucagon resistance in humans. 

Based on several pilot experiments, presented in this manuscript, we 
designed a test for hepatic glucagon sensitivity and describe the calcu-
lation of a glucagon sensitivity index for use in humans. Given the 
importance of glucagon for human metabolism, we believe that esti-
mates of glucagon sensitivity are important in the characterization of 
pathologies associated with obesity and type 2 diabetes. 

The pilot studies were conducted in healthy individuals, where 
different amino acid infusion rates, doses of glucagon infusions and 
sampling times were evaluated. Furthermore, effects of single bolus 
injections of glucagon given during both fasted and non-fasted condi-
tions are also presented in this paper. 

The proposed glucagon test includes two experimental days, 

designed to evaluate the impact of both exogenous and endogenous 
glucagon on amino acid metabolism. The duration and dose of the amino 
acid infusion and glucagon injection included in our study protocol are 
based on previous human studies [19–21] and pilot studies presented 
here. We will apply our newly developed glucagon sensitivity test 
combined with a novel glucagon sensitivity index (calculated using 
variables obtained from our glucagon test) in patients with and without 
NAFLD and in individuals with type 1 diabetes. The latter group will 
serve as a model to investigate the dependency of varying insulin con-
centrations on the results of the test. 

2. Materials and methods 

2.1. Study approvals and ethical considerations 

The study was approved by the scientific-ethical committee of the 
Capital region of Denmark (H-20023717) and registered with Danish 
Data protection Agency (P-2021–39) and ClinicalTrials.gov 
(NCT04907721). Written and oral consent is obtained from all partici-
pants, and the study adheres to the principles of the Declaration of 
Helsinki. 

Fig. 2. A-F) Plasma levels of glucose, insulin and c-peptide for pilot studies 1 and 2. A low amino acid infusion rate of 292 mg/hour/kg bw (as indicated by the grey 
area; Vamin 14 g/L Electrolyte Free) was infused for 30 min in pilot study 1 and 45 min in pilot study 2. As indicated by the vertical dotted line, an i.v. bolus injection 
of glucagon (GlucaGen Hypokit Novo Nordisk) was given 30 min after the amino acid infusion was stopped in pilot study 1 (1 mg) and immediately after the amino 
acid infusion was stopped in pilot study 2 (0.5 mg). Two healthy individuals completed pilot study 1 (BMI 22 ± 4 kg/m2, f/m 2/0) and pilot study 2 (BMI 21 ± 3 kg/ 
m2, f/m 1/1) with one individual completing both pilot studies. Data are shown as mean ± SEM. 
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2.2. Pilot studies: design and results 

The final glucagon sensitivity test is based on the reported nine pilot 
studies (pilot studies 1–9) below investigating dose, time frames, and the 
administration of glucagon and amino acids individually or in 
combination. 

The purpose of pilot study 1 and 2 was to determine whether exog-
enous glucagon would accelerate amino acid disappearance rates, to 
evaluate dosing of glucagon, and to determine conditions for creating a 
steady state plateau for plasma amino acids. 

In the first studies (Fig. 1+2), mixed amino acids (Vamin 14 g/l 
Electrolyte Free, catalog no. B05ABA01; Fresenius Kabi, Copenhagen, 
Denmark, 292 mg/kg BW/hour) were infused intravenously for 30 min 
at a low rate in pilot study 1 (Fig. 1A) and for 45 min in pilot study 2 
(Fig. 1B). A i.v bolus injection of glucagon (1 mg) was administered 30 
min after termination of the amino acid infusion in pilot study 1, while 
in pilot study 2, a bolus injection of glucagon (0.5 mg) was given 
immediately after termination of the amino acid infusion at time 45 min. 

Two healthy individuals participated in pilot study 1 and 2, one of whom 
completed both pilot studies. Amino acid levels increased by 1.7 mmol/ 
L to a peak value of 3.4 mmol/L, while endogenous glucagon levels 
increased by 12 pmol/L (from baseline to 16 pmol/L; data not shown). 
The increase in plasma levels of amino acids was comparable to those 
obtained in previous studies [22] following the ingestion of protein-rich 
meals. 

To evaluate whether exogenous glucagon may accelerate amino acid 
disappearance we compared the slopes of concentration declines during 
the first 15 min after termination of the amino acid infusion in pilot 
study 1 and study 2. As glucagon was administered 30 min after the 
amino acid infusion was stopped in pilot study 1 (time point 60 min) we 
used the preceeding period as comparator to that of glucagon adminis-
tration which in pilot study 2 was given after the amino acid infusion 
was stopped (time point 45 min) (Fig. 1C). Based on this, we conclude 
that a bolus injection of glucagon may accelerate the fall in plasma levels 
of amino acids during a state of high substrate availability (Fig. 1C). The 
time points used as ‘baseline’ evaluating amino acid disappearance were 

Fig. 3. Pilot study protocols for pilot studies 
3–6. The same three healthy participants (BMI 
23 ± 2 kg /m2, f/m 1/2) completed pilot 
studies 3–6 (A-D). In pilot studies 3–5 (A-C), a 
high rate amino acid infusion (Vamin 14 g/L 
Electrolyte Free) of 370 mg/hour/kg bw was 
administered over 90 min, and in pilot study 6 
(D) amino acids were infused at a rate of 
331 mg/hour/kg bw. An i.v. bolus injection of 
glucagon (0.2 mg; Novo Nordisk GlucaGen 
Hypokit) was administered during the amino 
acid infusion at time 60 in pilot study 3 (A), 
while the bolus injection of glucagon was given 
immediately after the infusion was stopped in 
pilot study 4 (B).   
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the last time point of the amino acid infusion (30 min for pilot study 1 
and 45 min for pilot study 2). As we did not include a saline control the 
generalizability of the potential effect of glucagon on amino acid 
disappearance in that setting may be limited. In pilot study 2, but not in 
pilot study 1, an apparent plateau phase was reached suggesting that at 
least 45 min duration of amino acid infusion is necessary to reach a 
steady state. 

As expected, plasma levels of glucose, insulin and C-peptide 

increased in response to exogenous glucagon in pilot study 1 and 2 
(Fig. 2A-F). Based on the results of pilot study 1 and 2, we decided to 
further explore optimal dosing of amino acids and timing of glucagon 
injection. We decided to lower the dose of exogenous glucagon from 
1 mg to 0,2 mg due to side-effects (nausea) and because the obtained 
circulating plasma levels of glucagon would reach supraphysiological 
levels anyway. 

In pilot studies 3–5, subjects received a high rate amino acid infusion 

Fig. 4. A-P) Plasma levels of amino acids, glucagon, glucose and insulin for pilot studies 3A–3D. In 3 A, 3B and 3 C (A-L) amino acids were infused at a rate of 
370 mg/hour/kg bw over 90 min (as indicated by the grey area; Vamin 14 g/L Electrolyte Free) while a lower infusion rate of 331 mg/hour/kg bw was employed for 
90 min in 3D (M-P). A bolus injection of glucagon (as indicated by the vertical dotted line; GlucaGen Hypokit Novo Nordisk) was given at time 60 min in pilot study 
3 A (A-D) and immediately after the amino acid infusion was stopped at time 90 min in pilot study 3B (E-H). Data are shown as mean ± SEM. 
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of 370 mg/kg bw/hour comparable to a previous study [23] from time 
0–90 min. A bolus i.v. injection of glucagon (0.2 mg, reduction in dose 
due to mild nausea) was given at time 60 min (during the amino acid 
infusion) in pilot study 3 (Fig. 3A) and at time 90 min (immediately after 
the amino acid infusion was stopped) in pilot study 4 (Fig. 3B). Pilot 
study 5 was used as comparator to pilot study 3 and 4 and did therefore 
not include a glucagon i.v. injection (Fig. 3C). In pilot study 6 (Fig. 3D), 
amino acids were infused at a lower rate (331 mg/kg BW/hour) from 
0 to 90 min 

The same three individuals completed pilot studies 3–6. 
Plasma levels of amino acids, glucagon, glucose, and insulin for pilot 

study 3 (Fig. 4A, B, C and D), pilot study 4 (Fig. 4E, F, G and H), pilot 
study 5 (Fig. 4I, J, K and L) and pilot study 6 (Fig. 4M, N, O and P) are 
presented. 

Exogenous glucagon administered i.v. during (time 60 min; Fig. 4A), 
but also immediately after (time 90 min; Fig. 4E) the amino acid infu-
sion (infused from time 0–90 min), did not alter plasma levels of amino 
acids when compared to the amino acid infusion alone (Fig. 4I) inter-
preted to indicate that the amino acid clearance had reached a maximal 
rate. 

Next, we evaluated differences in metabolic parameters with the 
three amino acid infusion rates used in pilot studies 1, 2, 5 and 6 shown 
as baseline-subtracted (delta) values (Fig. 5A-E). 

A low infusion rate of amino acids (292 mg/hour/kg bw) was used in 
pilot studies 1 and 2, while an intermediate (331 mg/hour/kg bw) and 
high (370 mg/hour/kg bw) infusion rate was used in pilot studies 6 and 
5. Plasma levels of amino acids increased dose-dependently, however, 
only a minor (if any) increase was observed when comparing the me-
dium and high infusion rate (Fig. 5A). A biphasic glucose response was 
observed for the medium and high amino acid infusion rates with an 
initial increase followed by a drop below baseline (Fig. 5B). Glucagon 
increased dose-dependently with the amino acid infusion rates, with 
little to no additional effect from the medium to high infusion rate 
(Fig. 5C). Finally, insulin and c-peptide increased dose-dependently with 

the amino acid infusion rates (Fig. 5D-E). 
The data presented so far suggest that adding a glucagon injection 

during amino acid infusions is unlikely to enable further assessment of 
glucagon sensitivity asendogenous glucagon may already have induced 
a maximum of acutely stimulated amino acid turnover. Secondly, with 
the intermediate infusion rate of amino acids(331 mg/hour/kg bw), 
plasma concentration of amino acids may reach steady state at around 
45 min after start. 

We therefore decided to separate the glucagon injection from the 
amino acid infusion resulting in two separate experimental days. The 
final pilot studies [7–9] focused on optimizing the setup for the glucagon 
injection day. 

Pilot studies 7–9, consisted of a bolus injection of saline (pilot study 
7) or glucagon (pilot study 8) after an overnight fast or glucagon two 
hours after a breakfast meal (pilot study 9) (Fig. 6). Three individuals 
completed the final pilot studies 7–9 in different order. 

Plasma levels of amino acids fell following exogenous glucagon 
independently of the fed and fasted state (Fig. 6A-B). Plasma glucose 
levels increased following exogenous glucagon (Fig. 6C-D); however, 
this increase was almost abolished following the breakfast meal, pre-
sumably because of the increased plasma insulin levels at baseline 
(Fig. 6E-F). Plasma levels of urea were not significantly affected by 
exogenous glucagon (Fig. 6G). 

2.3. Summary of observations and conclusions from pilot studies 

Based on the nine pilot studies we may conclude the following 
points. Plasma levels of amino acids decreased following a bolus i.v. 
injection of glucagon compared to saline (Fig. 6). Bolus injection of 
0.2 mg glucagon caused a supra-physiological plasma glucagon level of 
2000 pmol/L (Fig. 4B and F) and maximum responses to glucagon are 
likely reached at exogenous glucagon doses of 0.2 mg or lower. 

Plasma levels of glucose increased more in response to glucagon 
when plasma levels of amino acids were low (43–50 %; in pilot study 1 

Fig. 5. Comparing amino acid infusion rates from pilot studies 1, 2, 5 and 6. Plasma levels of A) amino acids, B) glucose, C) glucagon, D) insulin and E) c-peptide 
when comparing different amino acid infusion rates for pilot studies 1 and 2 (combined, n = 3; 292 mg/hour/kg bw), pilot study 5 (n = 3; 370 mg/hour/kg bw) and 
pilot study 6 (n = 3; 331 mg/hour/kg bw). Amino acids (Vamin 14 g/L Electrolyte Free) were infused for 30–45 min in pilot studies 1 and 2, and for 90 min in pilot 
studies 5 and 6. Data are shown as mean ± SEM. 
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and 7) compared to high (21–33 %; in pilot study 2, 3 and 4), presum-
ably due to the amino acid-stimulated increase in insulin levels and 
subsequent insulin-stimulated tissue uptake of glucose. An increased 
glucagon dose did not change this since pilot study 2 (0.5 mg glucagon) 
elicited a 21 % increase in glucose, while pilot study 4 (0.2 mg glucagon) 
elicited a 43 % increase in glucose. 

When evaluating changes in plasma amino acid levels with exoge-
nous glucagon, amino acids only decreased when individuals had not 
been subjected to a very high amino acid infusion rate. Pilot study 3 and 
4 show that exogenous glucagon had no effect on amino acid clearance 
both during and following a high amino acid infusion rate, while a 
reduction in plasma amino acid levels was evident in pilot study 1, 2, 7 

and 9 following a low amino acid infusion rate or no amino acid infusion 
at all. This difference may be the result of saturation of the GCGR, i.e., 
maximal acute stimulation of ureagenesis by the amino acid-stimulated 
secretion of endogenous glucagon rendering additional exogenous 
glucagon incapable of further increasing ureagenesis. 

Based on the presented pilot data, we conclude that the effect 
(sensitivity) of exogenous glucagon on amino acid catabolism may be 
evaluated by a simple bolus injection of 0.2 mg glucagon but to also 
evaluate the effect of endogenous alpha cell function (endogenous 
glucagon) another experimental day is required using i.v infusion of 
mixed amino acids. The final glucagon sensitivity test is shown in Fig. 7 
and will be formally evaluated in the GLUSENTIC trial as briefly 

Fig. 6. Plasma levels of A-B) amino acids, C-D) glucose, E) insulin, F) c-peptide and G) urea for pilot studies 7–9, completed by the same three healthy individuals 
(BMI 24 ± 1 kg /m2, f/m 3/0) on three separate days. A bolus injection of 0.2mg glucagon (GlucaGen Hypokit Novo Nordisk; as indicated by the vertical dotted line) 
was administered at time 0 after an overnight fast (black circles, Pilot study 7) or following a breakfast (80–100 g of oats, 220 ml skimmed milk and 30 g raisins) 2 h 
prior (black triangles, Pilot study 9). On a third day, individuals received saline (open circles, Pilot study 8) at time 0 min after an overnight fast. Data are shown as 
mean ± SEM. 
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described in the supplementary file. Our proposed glucagon sensitivity 
test consists of two experimental days with the aim of examining the 
effect of both exogenous (day 1) and endogenous (amino acid- 
stimulated) glucagon (day 2) in individuals with and without NAFLD 
(Fig. 7) hypothesizing that liver disease may desensitize glucagon re-
ceptor signaling towards hepatic amino acids catabolism by both tran-
scriptional and non-transcriptional (acute) mechanism(s) [4]. 

To evaluate the potential role of insulin in the glucagon sensitivity 
index we will in the GLUSENTIC trial also include a group of patients 
with type 1 diabetes on insulin pump therapy thereby circumventing the 

glucagon and amino acid induced insulin secretion. 
To transform and compare data obtained from the proposed 

glucagon sensitivity test, we here propose a novel glucagon sensitivity 
index based on four variables obtained during the two-day test. The 
formula is conceptually based on the prior studies on insulin sensitivity 
indices such as the Matsuda Index [24,25], 

100
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fAA ∗ fGCG ∗ ivAA ∗ ivGCG

√

Fig. 7. The GLUSENTIC study protocol. Final study protocol based on pilot studies 1–9. Three groups of individuals will complete two experimental study days. On 
the first study day, an i.v. bolus injection of glucagon (0.2 mg; Novo Nordisk GlucaGen Hypokit) will be administered at time 0 min; while on the second study day, 
an amino acid mixture (331 mg/hour/kg bw; Vamin 14 g/L Electrolyte Free) will be infused for 45 min from time 0–45 min. Participants will be scanned by magnetic 
resonance imaging (MRI) and bioelectrical impedance analysis (BIA) and a blood sample for gene analysis will be obtained on the first experimental day. 
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fAA = Plasma levels of amino acids after an overnight fast (mean 
value at time − 10 and 0). 
fGCG = Plasma levels of glucagon after an overnight fast (mean value at 
time − 10 and 0). 
ivAA = Plasma levels of amino acids during the amino acid infusion 
(mean value at time 40 and 45). 
ivGCG = Plasma levels of glucagon during the amino acid infusion (mean 
value at time 40 and 45). 

The formula consists of four parameters as shown above and is based 
on the expanding literature [10, 26, 27] on the relationship between 
amino acid-dependent glucagon levels and the glucagon-dependent 
levels of plasma amino acids, also known as the liver-alpha cell axis 
[4,12]. 

The first two parameters: Fasting plasma levels of total amino acids 
(fAA) and glucagon (fGCG), have in numerous studies been reported to 
be increased in conditions in which we hypothesize that glucagon 
resistance may exist including fatty liver disease [13, 28, 29]. They are 
included in this formula to reflect the potential attenuated actions of 
hepatic glucagon signaling at a fasting condition as also recently shown 
to be the case in mimicry experiments in mice [12]. 

The second two parameters: plasma levels of amino acids (ivAA) and 
glucagon (ivGCG) during the intravenous amino acid infusion, reflect 
the dynamic changes of amino acid disappearance (catabolism/clear-
ance) and alpha cell function (secretion of glucagon) during a stan-
dardized challenge. Both are expected to be increased in individuals 
with glucagon resistance towards amino acid metabolism. We anticipate 
this index to be a useful novel marker for glucagon sensitivity. and hence 
proper reference to this paper should be given when employed. How-
ever, it may turn out in prospective studies that glucagon sensitivity may 
be adequately evaluated based on a single glucagon injection. 

Strengths and limitations of this study  

• The glucagon sensitivity test is based on several pilot experiments.  
• Liver fat in the GLUSENTIC trial is based on whole-liver imaging and 

not region of interest (ROI).  
• The described test will address glucagon sensitivity with respect to 

amino acid catabolism and glucose production, but not lipid 
metabolism.  

• The proposed glucagon sensitivity test does not involve tracers which 
provides general applicability but may impair its accuracy and 
sensitivity. 
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