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Abstract 

Context: Glucagon is produced and released from the pancreatic alpha-cell to regulate 
glucose levels during periods of fasting. The main target for glucagon action is the liver, 
where it activates gluconeogenesis and glycogen breakdown; however, glucagon is pos-
tulated to have other roles within the body.
Objective: We sought to identify the circulating metabolites that would serve as markers 
of glucagon action in humans.
Methods: In this study (NCT03139305), we performed a continuous 72-hour glucagon in-
fusion in healthy individuals with overweight/obesity. Participants were randomized to re-
ceive glucagon 12.5 ng/kg/min (GCG 12.5), glucagon 25 ng/kg/min (GCG 25), or a placebo 
control. A comprehensive metabolomics analysis was then performed from plasma iso-
lated at several time points during the infusion to identify markers of glucagon activity.
Results: Glucagon (GCG 12.5 and GCG 25) resulted in significant changes in the plasma 
metabolome as soon as 4 hours following infusion. Pathways involved in amino acid me-
tabolism were among the most affected. Rapid and sustained reduction of a broad panel 
of amino acids was observed. Additionally, time-dependent changes in free fatty acids 
and diacylglycerol and triglyceride species were observed.
Conclusion: These results define a distinct signature of glucagon action that is broader 
than the known changes in glucose levels. In particular, the robust changes in amino 
acid levels may prove useful to monitor changes induced by glucagon in the context of 
additional glucagon-like peptide-1 or gastric inhibitory polypeptide treatment, as these 
agents also elicit changes in glucose levels.
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Glucagon is a peptide hormone produced in the pancreatic 
α-cells with a well-established role in hepatic glucose pro-
duction and glucose homeostasis. Glucagon is released from 
the pancreas during the early stage of fasting in response to 
falling plasma glucose levels. The predominant target tissue 
for glucagon action is the liver [1]. Activation of the glucagon 
receptor (GCGR), a Gαs-coupled G-protein coupled receptor, 
leads to a cellular rise in cyclic adenosine monophosphate 
(cAMP). Acutely, this stimulates glycogenolysis through in-
hibition of glycogen synthase and simultaneous activation of 
glycogen phosphorylase, leading to glycogen breakdown and 
glucose release. Early studies demonstrated that exogenous 
glucagon infusion in pancreatic clamped dogs resulted in a 
rapid increase in glycogenolysis and hepatic glucose produc-
tion within 15 minutes [2]. Glucagon infusion in healthy 
human subjects also results in a rapid increase in hepatic glu-
cose production as a result of glycogenolysis [3]. Activation 
of gluconeogenesis through increased gluconeogenic enzyme 
expression is a well-described consequence of glucagon in the 
liver. This effect is mediated through multiple transcriptional 
regulators including the cAMP-response element-binding 
protein (CREB) and the cAMP-regulated transcriptional 
co-activators (CRTCs), among others [4].

Dysregulation of glucagon signaling has also been im-
plicated in the pathogenesis of metabolic disease and dia-
betes. For instance, patients with type 2 diabetes display 
higher glucagon levels throughout the day [5]. Insulin re-
sistance is also associated with poor glucagon suppression 
following an oral glucose tolerance test [6]. In addition, 
diabetics have shown a diminished suppression of glucagon 
in response to insulin [7]. Given this data, inhibition of glu-
cagon signaling has been pursued as a therapeutic target in 
diabetes and metabolic disease. Indeed, several inhibitors of 
the GCGR have been identified and result in lower plasma 
glucose levels [8]. However, in spite of effective blood glu-
cose lowering, GCGR inhibition has resulted in untoward 
side effects, such as elevation of liver enzymes, increases in 
cholesterol, and concerns of pancreatic α -cell hyperplasia.

A role for glucagon outside of direct glucose homeostasis 
has also been suggested. For instance, glucagon infusion at 
high doses acutely increases energy expenditure [9, 10].  
Glucagon also acts to reduce food intake [11, 12]. The 
effect of glucagon on energy intake and expenditure has 
made it an attractive target to treat obesity and other meta-
bolic disturbances. Many studies are currently underway to 
investigate whether glucagon alone or in combination with 
glucagon-like peptide-1 (GLP-1) agonism can achieve body 
weight reduction superior to pure GLP-1 treatment alone. 
However, in particular, the combination with GLP-1 makes 
it quite difficult to measure isolated glucagon effects, as 
GLP-1 suppresses any glucagon-mediated increase in blood 
glucose. As such, there is a need for other markers of glu-
cagon activity in humans.

We recently performed the longest to date (72-hour) 
glucagon infusion at tolerable doses (12.5 ng/kg/min and 
25  ng/kg/min) on healthy individuals with overweight/
obesity to determine the effects on energy expenditure, en-
ergy balance, and nausea [13]. Using blood samples col-
lected during this infusion, we aimed to use nontargeted 
metabolomics and lipidomic analyses to ascertain markers 
of glucagon action in humans.

Methods

Participants

Healthy participants with overweight/obesity (body mass 
index [BMI] ≥27 to ≤45) were recruited to participate in 
the study. Subjects were nondiabetic (fasting blood glucose 
<126 mg/dL and HbA1c <6.5%) and in good health on the 
basis of medical history, physical examination, electrocar-
diogram, and normal laboratory values at screening. Full 
inclusion/exclusion criteria can be found at ClinicalTrials.
gov (NCT03139305). Thirty-three participants completed 
the study for metabolomics analysis (Placebo, N = 10; 
GCG 12.5 ng/kg/min, N = 12; GCG 25 ng/kg/min, N = 11). 
The study protocol was approved by the AdventHealth 
Institutional Review Board and carried out in accordance 
with the Declaration of Helsinki. All participants provided 
their written consent.

Study Design

This was a prospective, randomized, placebo-controlled, 
3-treatment parallel arm study to determine the effects 
of prolonged (72 hours) glucagon (GCG) administration 
at low and high doses. Study subjects were admitted to 
the Clinical Research Unit at the Translational Research 
Institute at AdventHealth for 5 overnight stays. Details of 
the full clinical protocol can be reviewed at [13]. Briefly, the 
first 2 overnight stays were used as baseline. On the second 
day (Day −1), a baseline blood draw (−24 hours) was per-
formed. On Day 1, a blood draw was again taken approxi-
mately 30 minutes prior to the start of the glucagon infusion. 
The study subjects began a ramped infusion (first 4 hours) of 
either saline (placebo), low dose glucagon (12.5 ng/kg/min),  
or high dose glucagon (25 ng/kg/min) for the next 72 hours 
(Inpatient). The glucagon (GlucaGen, Novo Nordisk, 
Bagsværd Denmark) was administered under an FDA-
approved Investigational New Drug Application (IND 
#136634). Intravenous (IV) bags of the study medication 
were hung together on an IV pole and changed out every 24 
hours to provide a continuous infusion. Blood collections 
were taken as outlined in Fig. 1. With the exception of the 
4-hour time point, all draws were performed in the over-
night fasted state. Participants received 3 meals a day (50% 
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carbohydrate, 35% fat, and 15% protein). Throughout the 
inpatient visit, vital sign measurements, metabolic weight 
assessments, continuous glucose monitoring, adverse event 
assessments, and urine collections were performed. Study 
subjects returned for a follow-up visit 2 to 5 days after dis-
charge from the Clinical Research Unit for measurements 
of weight, vital and basic laboratory assessments, and de-
termination of adverse events.

Metabolomics

The global metabolomics analysis was performed as pre-
viously described [14]. Briefly, samples were homogenized 
and subjected to methanol extraction then split into aliquots 

for analysis by ultrahigh performance liquid chromatog-
raphy/mass spectrometry (UHPLC/MS) in the positive (2 
methods) and negative (2 methods) mode. Metabolites 
were then identified by automated comparison of ion fea-
tures to a reference library of chemical standards, followed 
by visual inspection for quality control, as previously de-
scribed [15]. For statistical analyses and data display, any 
missing values are assumed to be below the limits of detec-
tion; these values were imputed with the compound min-
imum (minimum value imputation). Statistical tests were 
performed in ArrayStudio (Omicsoft) or “R” to compare 
data between experimental groups; P < 0.05 is considered 
significant. An estimate of the false discovery rate (Q-value) 
is also calculated to account for the multiple comparisons 

Figure 1. Glucagon infusion results in a compensatory increase in insulin and suppression of lipolysis. A, Schematic of the protocol overview is 
shown. Blood draws were conducted at −24, −0.5, 4, 23, 47, and 71 hours relative to the beginning of the glucagon or placebo (saline) infusion. B, 
Plasma glucagon, insulin, glucose, and free fatty acids (FFA) were measured at each time point shown. Data points represent mean ± SD. Letters de-
note group differences at the indicated time point. **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs the −24-hour time point for each treatment group.
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that normally occur in metabolomic-based studies, with 
Q < 0.05 used as an indication of high confidence in a 
result.

Quantitative Measurement of Amino Acids

The targeted and quantitative metabolomics of amino acids 
was performed as previously described [16].

Extraction and derivatization of amino acids
A 100  µL aliquot of plasma was spiked with a 10  µL 
mixture of heavy isotope-labeled, amino acid internal 
standards followed by the addition of 800 µL of ice-cold 
methanol. Samples were vortexed and centrifuged at 
18 000g for 5 minutes at 10 °C. A 100 µL aliquot of the 
methanol extract was dried under nitrogen and amino 
acids were reconstituted and derivatized using a MassTrak 
AAA Derivatization Kit (Waters Corp.). The samples 
were incubated at 55 °C for 10 minutes to complete the 
derivatization reaction.

Liquid chromatography
Derivatized amino acids were separated on a 2.1 × 100 mm, 
1.7  µm Waters AccQTag column (T = 55  °C). The mo-
bile phase gradient was 100% A  (Solvent A, Cat# 
186003838-Propriety Waters Corp.) and 0% B (Solvent B, 
Cat# 186003839-Propriety Waters Corp.) to 50% A and 
50% B over 9.54 minutes. The gradient began at 0% B 
(0.7 mL min-1 flow rate) from 0 to 0.54 minutes, was in-
creased from 0% to 9% B (0.7 mL min-1 flow rate) from 
0.54 to 5.74 minutes, was increased from 9% to 21.2% B 
(0.7 mL min-1 flow rate) from 5.74 to 8.24 minutes, was 
increased from 21.2% B to 50% B (0.7 mL min-1 flow rate) 
from 8.24 minutes to 9.54 minutes, was increased from 
50% B to 90% B (0.7 mL min-1 flow rate) from 9.54 min-
utes to 9.55 minutes and was held until 10.14 minutes. 
Re-equilibration was performed at 0% B from 10.14 to 
10.15 minutes (0.7 mL min-1 flow rate) and was held until 
10.15 minutes. The samples were injected (0.5 µL) by the 
autosampler maintained at 10 °C for the entire run.

Mass spectrometry
Quantitation of derivatized amino acids was achieved 
using multiple reaction monitoring of calibration solu-
tions and study samples with an Agilent 1290 HPLC/6490 
triple quadrupole mass spectrometer (Waters Corp.). The 
mass spectrometer was operated in positive ion mode using 
electrospray ionization (ESI) with an ESI capillary voltage 
of 3500V. The electron multiplier voltage was set to 100V. 
The ion transfer tube temperature was 325 °C and vapor-
izer temperature was 325  °C. The ESI source sheath gas 
flow was set at 10  L/min. The mass spectrometer was 

operated with a mass resolution of 0.7 Da, a cycle time of 
1.9 cycles/s, and nitrogen collision gas pressure was 30 psi 
for the generation and detection of product ions of each 
amino acid.

Data processing
The raw data was processed using Mass hunter quantitative 
analysis software (Agilent). Calibration curves (R2 = 0.99 
or greater) were either fitted with a linear or a quadratic 
curve with a 1/X or 1/X2 weighting.

Blood and Urine Analyses

Blood glucose measurements were obtained bedside with a 
StatStrip glucose meter (Nova Biomedical). Plasma meas-
urements of glucagon (Mercodia, Inc.), free fatty acids 
(FUJIFILM Wako Diagnostics USA), and insulin (Meso 
Scale Discovery) were performed per manufacturers’ in-
structions. Total urinary nitrogen was measured by 
pyrochemiluminescence as previously described [17].

Bioinformatic Analyses

A multistep analysis procedure was applied on the meta-
bolic profile. First, the metabolite profile was log2-
transformed and z-scaled to standardize every metabolite 
so that they were all on the same scale for statistical ana-
lysis. The differentially expressed metabolite analysis was 
then performed using Limma, an R/Bioconductor software 
package [18]. The objective was to identify metabolite 
levels that were significantly affected by glucagon infusion 
when compared to placebo control. The analyses were per-
formed at the timepoints of 4, 23, and 71 hours with the 
low (12.5 ng/kg/min) and high (25 ng/kg/min) glucagon in-
fusion dose. Once differentially expressed metabolite sets 
were identified, overrepresentation analysis was performed 
on the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database [19] to identify significantly enriched biological 
pathways. Lastly, random forest prediction [20] was ap-
plied with split-variable randomization to find metabol-
ites associated with the glucagon infusion and furthermore 
rank them according to their classification significances 

Table 1. Participant characteristics

Variable Placebo GCG 12.5 GCG 25

Age, years 45.5 ± 5.8 43.0 ± 11.0 41.7 ± 9.3
BMI, kg/m2 34.89 ± 5.74 35.09 ± 2.70 34.86 ± 5.13
Height, cm 170.3 ± 9.7 164.0 ± 10.2 168.0 ± 9.5
Weight, kg 101.80 ± 24.26 94.11 ± 14.03 98.23 ± 21.02
Sex, F/M 6/4 10/2 7/4

Abbreviations: BMI, body mass index; GCG, glucagon.
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Figure 2. Glucagon infusion produces dramatic changes in the plasma metabolite profile. Random forest analysis was performed to determine the 
metabolites with the greatest contribution to group separation. The top 10 metabolites for 4, 23, and 71 hours are shown (left panel). The color de-
notes metabolite classification. The top 100 metabolites from the random forest analysis were used for principal component analysis (PCA) at the 
same time points to visualize the separation of the 3 treatment groups (right panel).
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[21]. Principal component analysis was performed on the 
log2-transformed and z-scaled data with all metabolites, 
as well as the top 100 ranked metabolites, to assess the 
impact of glucagon infusion. Heat maps were prepared by 
Morpheus (Broad Institute, https://clue.io/morpheus).

Results

Study Design and Validation

Participants with overweight/obesity were recruited and 
randomized to receive placebo or 12.5 or 25 ng/kg/min glu-
cagon (GCG 12.5 and GCG 25, respectively) infusion. The 
subject characteristics are shown in Table 1. The groups 
did not differ with regards to age, BMI, height, or weight. 
The participants received continually infused glucagon for 
72 hours. Multiple blood draws were performed prior to 
and during the infusion period (Fig. 1). As shown in Fig. 1,  
plasma glucagon levels were rapidly increased and sus-
tained throughout the infusion period in a dose-dependent 
fashion. Consistent with glucagon’s acute stimulatory effect 
on glycogenolysis, there is a sharp rise in plasma glucose 
levels at 4 hours (Fig. 1). As expected, there is concomitant 
rise in plasma insulin levels and suppression of lipolysis evi-
dent by a large decrease in circulating free fatty acids (FFA) 

4 hours after the start of the glucagon infusion. At later 
time points in the infusion, however, glucose and insulin 
levels normalize and are similar to placebo. These results 
demonstrated that the glucagon infusion achieved the ex-
pected effects on hepatic glucose and glycogen metabolism. 
In addition, we see a rise of the FFA levels at the fasted 
time points that shows that glucagon infusion is leading to 
an activation of lipogenesis from adipose tissue under low 
insulin conditions.

Changes in the Plasma Metabolome With 
Glucagon Infusion

To gain a greater understanding of the effect of an extended 
glucagon exposure, we performed global metabolomic and 
lipidomic analysis. Metabolomic analysis of plasma sam-
ples obtained during the glucagon infusion confirmed the 
changes in glucose levels (Supplemental Figure 1 [22]). 
In addition, pyruvate and lactate levels were diminished 
at 23 hours and later, consistent with the activation of 
gluconeogenesis by glucagon. At the final time point of 
71 hours, both GCG 12.5 and GCG 25 produced marked 
changes in the metabolomic profile as compared with the 
placebo group (Supplemental Figure 2 [22]). Strikingly, 

Figure 3. Glucagon infusion results in a marked reduction in amino acids. The heat map represents the change in plasma amino acid levels during 
the study period for all 3 treatment groups. The data displayed are log2-transformed of the z-scaled values normalized to the placebo at the −24-hour 
time point. The rows were Euclidian distance clustered.

https://clue.io/morpheus
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Figure 4. Regulation of urea cycle, arginine, and proline metabolites by glucagon. A, The heat map represents change in the indicated plasma me-
tabolite during the study period for all 3 treatment groups. The data displayed are log2-transformed of the z-scaled values normalized to the placebo 
at the −24-hour time point. The rows were Euclidian distance clustered. B, Detailed changes in ornithine, citrulline, and urea are shown. Data points 
represent mean ± SD. Letters denote group differences at the indicated time point. ***P < 0.001, and ****P < 0.0001 vs the −24-hour time point for 
each treatment group.



8  Journal of the Endocrine Society, 2021, Vol. 5, No. 9

a large majority of metabolites were downregulated in 
the glucagon-treated samples, compared with placebo. 
Random forest algorithm was used at each time point to 
determine the metabolites with the greatest contribution 
to the distinction of the groups (Fig. 2). Principal compo-
nent analysis (PCA) using the top 100 metabolites from the 
random forest analysis reveals that as soon as the 4-hour 
time point, separation of the glucagon groups from the pla-
cebo is evident (Fig. 2). Consistent with the FFA measure-
ments, the top metabolites at 4 hours are fatty acids. At 23 
and 71 hours, however, amino acids and peptides (namely 
gamma-glutamyl amino acids) predominate (Fig. 2).  
Examination of all essential amino acids revealed broad 
time-dependent decreases with both glucagon dose groups 
(Fig. 3). The magnitude of diminishment varied, with ro-
bust decreases of certain amino acids, such as proline and 
threonine, while others (eg, phenylalanine and tryptophan) 
displayed little change during the infusion period. We next 
used a quantitative and targeted metabolomic approach to 
confirm these findings in amino acid levels. As shown in 
Supplemental Figure 3 [22], the results confirmed the initial 
findings of a marked decrease in most amino acids at the 
71-hour time point.

The decrease in amino acid levels during the glu-
cagon infusion may be a consequence of increased 
gluconeogenesis from amino acids. The liver disposes of 
excess nitrogen from amino acid catabolism through the 
urea cycle. Therefore, we examined metabolites comprising 
and related to the urea cycle. Similar to the amino acid pro-
file, there was a broad decrease in most of the metabol-
ites examined, including ornithine and citrulline (Fig. 4A 
and 4B). Interestingly, plasma urea concentration changed 
very little with glucagon infusion. However, total urinary 
nitrogen did increase over time with glucagon infusion 
(Table 2).

As noted in Fig. 2, plasma levels of a large panel of the 
gamma-glutamyl amino acid derivatives were markedly di-
minished in both glucagon treatment groups (Supplemental 
Figure 4 [22]). Several of these specific dipeptides are 
also known to be present in the Meister cycle, important 

in glutathione metabolism. In addition to the gamma-
glutamyl amino acids, levels of the Meister cycle inter-
mediate 5-oxoproline were also reduced (Supplemental 
Figure 4 [22]). These results suggest that the effects on 
gamma-glutamyl amino acids and the Meister cycle may 
have impacts on glutathione metabolism.

Changes in the Plasma Lipidome With Glucagon 
Infusion

Lipidomic analysis was also performed at the identical time 
points during the infusion. This revealed dynamic regula-
tion of plasma fatty acids and lipids. Clear separation of 
the glucagon treatment groups from placebo was observed 
as early as the 4-hour time point (Fig. 5). Random forest 
classification analysis identified a number of FFA as the 
largest contributors to the group classification. These data 
are consistent with the decrease in total FFA (Fig. 1) as a 
consequence of insulin-dependent suppression of lipolysis 
in the fed state and an increase in FFA levels under fasted 
conditions. Again, consistent with the total FFA data, the 
reduction of these species was restricted to the early time 
point and not evident at the later time points. A different 
pattern emerges in the analysis of the later time points. At 
23 and 71 hours, suppression of almost all diacylglycerol 
and triacylglycerol species were observed (Fig. 5). This is 
consistent with glucagon’s inhibitory effect on lipogenesis 
and stimulation of fatty acid oxidation.

Discussion

Glucagon, secreted from pancreatic alpha cells during 
periods of hypoglycemia and fasting, is a key regulator of 
glucose homeostasis, mainly through its action in the liver 
[23]. These actions include stimulation of glycogenolysis 
and gluconeogenesis to increase hepatic glucose produc-
tion. The activation of glycogenolysis occurs acutely with 
glucagon stimulation while gluconeogenesis is activated 
through acute inhibition of glycolysis as well as increased 
expression of gluconeogenic enzymes. Amino acids are 
a predominant metabolic precursor for gluconeogenesis 
in the liver. Glucagon is also a well-known regulator of 
lipid metabolism in the liver. Glucagon stimulates fatty 
acid β -oxidation while inhibiting lipogenesis and secre-
tion of triglycerides and very-low-density lipoproteins. 
The various actions of glucagon on hepatic metabolism 
results in overt changes in circulating metabolite levels. 
However, no broad and unbiased survey of circulating 
metabolites resultant from glucagon signaling has been 
performed in humans. Here we infuse 2 concentrations of 
glucagon and a placebo control for 72 hours to healthy 
individuals with overweight/obesity. Metabolomics and 

Table 2. Total urinary nitrogen (TUN)

Study day Placebo GCG 12.5 GCG 25

TUN (g/day) Day −2 14.28 ± 4.5a 10.81 ± 2.9a 12.35 ± 2.7a

Day −1 12.17 ± 4.1a 11.14 ± 3.3a 12.66 ± 1.8a

Day 1 11.47 ± 4.9a 15.58 ± 3.6b 15.95 ± 4.1a,b

Day 2 12.68 ± 4.8a 15.48 ± 4.0b 17.77 ± 4.4b

Day 3 13.41 ± 6.0a 14.62 ± 3.8a,b 15.58 ± 3.8a,b

Annotations show within-subject comparisons. Days with different letters 
differ significantly in TUN (g/day) within each group.
Abbreviation: GCG, glucagon.
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Figure 5. Differentiation of glucagon effects on the plasma lipidomic profile. Random forest analysis was performed to determine the lipids with the 
greatest contribution to group separation. The top 10 lipids for 4, 23, and 71 hours are shown (left panel). The color denotes lipid classification. The 
top 100 lipids from the random forest analysis were used for principal component analysis (PCA) at the same time points to visualize separation of 
the 3 treatment groups (right panel).
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lipidomics analysis performed on plasma collected at 
various time points before and during the infusion period 
reveals substantial changes in human participants con-
sistent with the known actions of glucagon in previous 
murine studies. First, we observe a broad and dramatic 
reduction in circulating amino acids. Second, there were 
significant reductions in urea cycle intermediates con-
sistent with the effects on amino acid catabolism. Finally, 
dynamic changes in FFA and triglycerides were observed 
with glucagon infusion.

Previous studies have shown reductions in plasma 
amino acid levels with glucagon signaling [24-27]. In 
mice, either genetic deletion of the glucagon receptor or 
an inhibitory glucagon receptor antibody increased serum 
amino acids [28, 29]. However, not all amino acids were 
affected by the loss of glucagon signaling, as amino acids 
such as tryptophan and phenylalanine were minimally 
affected. Interestingly, excellent correlation is observed 
in our study where the levels of tryptophan and phenyl-
alanine are not significantly altered by glucagon. Likewise, 
other amino acids, including alanine and threonine were 
among the most highly regulated in both the mouse and 
our study presented here. Flux measurements with isotopic 
tracers are necessary to determine the specific pathway of 
these diminished amino acids.

The increased amino acid catabolism produces a ni-
trogen excess that is eliminated largely through the urea 
cycle. In agreement, mice with glucagon receptor antag-
onist had reduced amino acid clearance concomitant 
with reduced urea production [30]. Consistent with the 
reduction of circulating amino acids, we also observed 
decreased levels of citrulline and ornithine. Although 
plasma urea concentrations are largely unchanged 
during the infusion period, total urinary nitrogen levels, 
however, are increased with glucagon. This is con-
sistent with increased amino acid catabolism to support 
gluconeogenesis.

Finally, our lipidomic analysis demonstrated marked 
reduction of triacylglycerol and diacylglycerol species 
at the later time points (Fig. 5). Glucagon is known to 
stimulate fatty acid β-oxidation in the liver while sup-
pressing lipogenesis. In mice, glucagon administration 
also diminishes hepatic triglyceride secretion while glu-
cagon receptor knockout mice (Gcgr-/-) show an opposite 
pattern with increased triglyceride secretion following 
a fasting period [31]. This coincides with activation of 
PPARα signaling and increased β -oxidation. Chronic ad-
ministration of glucagon in rats has similar effects with 
a 70% reduction of plasma triglycerides after 3 weeks 
[32]. Similar findings on triglyceride metabolism have 
also been observed in settings of hyperglucagonemia in 
human subjects [33].

Due to its central role in glucose homeostasis, glucagon 
signaling has also been an area of intense focus for thera-
peutic intervention. Multiple glucagon receptor antagon-
ists have been identified and tested in humans for glucose 
lowering effects. These compounds have been shown to re-
duce fasting blood glucose and HbA1c levels in patients 
with type 2 diabetes [34, 35]. However, the other actions 
of glucagon, including its action on fatty acid oxidation 
and lipid metabolism have resulted in untoward side effects 
such as hepatosteatosis [36]. Activation of the glucagon re-
ceptor has also been pursued as a therapeutic intervention, 
based on observations that glucagon decreases food intake. 
Rationale for this approach is provided by oxyntomodulin, 
a naturally occurring peptide produced in the colon, that ac-
tivates the GLP-1 and glucagon receptors and reduces both 
food intake and body weight in human subjects [37, 38].  
Synthetic GLP-1/glucagon dual agonists have been devel-
oped and demonstrated robust weight loss and glucose 
lowering in mice and cynomolgus monkeys [39]. Dual agon-
ists also demonstrated weight loss and glucose lowering in 
healthy subjects [40, 41]. Collectively, these studies show 
the promise and limitations of targeting the glucagon 
pathway in metabolic disease. Our results here provide 
additional information and data to help guide those efforts 
and monitor the pharmacodynamic actions of glucagon-
targeting therapies in individuals with overweight/obesity.
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