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Abstract

Objective: Glucagon and glucagon-like peptide-1 (GLP-1) originate from the common 
precursor, proglucagon, and their plasma concentrations have been reported to be 
increased during inflammatory conditions. Increased blood glucose levels are frequently 
observed in septic patients, and therefore we hypothesized that glucagon, but not GLP-1, 
is increased in individuals with inflammation.
Design: Prospective longitudinal cohort study.
Materials and methods: We measured glucagon and GLP-1 in plasma sampled 
consecutively in three cohorts consisting of patients with infective endocarditis  
(n = 16), urosepsis (n = 28) and post-operative inflammation following percutaneous 
aortic valve implantation or thoracic endovascular aortic repair (n = 5). Correlations 
between C-reactive protein (CRP), a marker of systemic inflammation, and glucagon and 
GLP-1 concentrations were investigated. Additionally, glucagon and GLP-1 concentrations 
were measured after a bolus infusion of lipopolysaccharide (LPS, 1 ng/kg) in nine healthy 
young males.
Results: Glucagon and CRP were positively and significantly correlated (r = 0.27;  
P = 0.0003), whereas no significant association between GLP-1 and CRP was found 
(r = 0.08, P = 0.30). LPS infusion resulted in acute systemic inflammation reflected by 
increased temperature, pulse, tumor necrosis factor-α (TNFα), interleukin-6 (IL-6) and 
concomitantly increased concentrations of glucagon (P < 0.05) but not GLP-1.
Conclusions: Systemic inflammation caused by bacterial infections or developed as a non-
infected condition is associated with increased plasma concentration of glucagon, but not 
GLP-1. Hyperglucagonemia may contribute to the impaired glucose control in patients with 
systemic inflammatory diseases.
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Introduction

Glucagon and glucagon-like peptide-1 (GLP-1) are 
processed from the same precursor, proglucagon (Fig. 1), 
and have opposite effects on glucose homeostasis (1, 2, 3). 
In the intestine, proglucagon is cleaved by prohormone 
convertase 1 (PC1) resulting in the formation of GLP-1,  
whereas in the pancreas proglucagon is processed by 
prohormone convertase 2 (PC2) leading to the formation 
of glucagon (4, 5) (Fig. 1).

Glucagon stimulates hepatic glucose production 
and thereby increases blood glucose levels, whereas 
GLP-1 potentiates glucose-induced insulin secretion 
from pancreatic β-cells and inhibits glucagon secretion, 
collectively resulting in a glucose lowering effect. GLP-1 
receptor agonists (GLP-1RA) are therefore used as a 
treatment of type 2 diabetes (T2D) (6). In addition to the 
glycemic effects, it has been suggested that GLP-1 exhibits 
cardio- and neuro-protection, together with inhibition of 
inflammation and apoptosis (6).

An excessive inflammatory response can cause severe 
organ dysfunction (7). Increased blood glucose levels are 
frequently observed in septic patients, independent of 
pre-existing disturbances in glucose metabolism (8, 9), 
and hyperglycemia is significantly associated with their 
increased mortality (10). Some studies have reported that 
glucagon and GLP-1 concentrations are elevated during 
trauma, inflammation and or sepsis (11, 12, 13, 14, 15). 
However, sequence homology between glucagon and 
 GLP-1, close resemblance to other circulating proglucagon-
derived peptides, and the fact that they circulate in low 
(picomolar) concentrations, make accurate measurements 
of these hormones difficult (16, 17, 18, 19).

Elevated blood glucose levels are frequently observed 
in septic patients, and therefore we hypothesized that 

glucagon, rather than GLP-1, would be increased in 
individuals with systemic inflammation. To address 
this, we measured glucagon and GLP-1 in inflamed 
individuals using validated immunoassays (16, 17, 19). 
In three prospective cohort studies including patients 
with (i) infective endocarditis (IE), (ii) urosepsis and 
iii) transcatheter aortic valve implantation/thoracic 
endovascular aortic repair (TAVI/TEVAR procedure), we 
correlated plasma concentrations of glucagon and GLP-1 
to the well-known marker of inflammation, C-reactive 
protein (CRP). In a fourth study, we investigated the effect 
of acute systemic inflammation induced by an i.v. bolus 
infusion of bacterial lipopolysaccharide (LPS) on glucagon 
and GLP-1 concentrations in healthy men.

Materials and methods

Study design and enrolment of patients

Plasma samples were obtained from a prospective 
longitudinal cohort study conducted in the period from 
September 2015 to June 2017 at the Department of 
Urology, Department of Cardiology and Department of 
General Medicine at Herlev Hospital, Denmark, and at the 
Department of Cardiology at Rigshospitalet, Denmark. 
The primary endpoint and the study protocol have been 
described and published previously (20). A total of 49 
hospitalized patients were divided into three cohorts 
based on the type of illness and presence of infection: 
(i) an infective endocarditis cohort (n = 16) comprising 
patients with newly diagnosed definite IE according to 
the modified DUKE criteria (mainly including bacteremia 
with Streptococcus spp., Enterococcus spp. or Staphylococcus 
aureus), (ii) a urosepsis cohort (n = 28) comprising patients 
with urinary tract bacteremia caused by Escherichia coli 
or inflammation: (iii) a TAVI/TEVAR (Transcatheter aortic 
valve implantation/thoracic endoVAscular repair) cohort 
(n = 5) comprising patients who underwent percutaneous 
aortic valve implantation or thoracic endovascular aortic 
repair and developed post-operative inflammation, 
but had no signs of infection. To meet the inclusion 
criteria, all patients were adults (≥18 years), with a CRP 
concentration ≥ 30 mg/L and leucocytes ≥ 10 × 109/L at 
the time of inclusion. Patients with comorbidities such as 
rheumatic disease, cancer, disease- or medication-induced 
immunosuppression, patients with co-infections or 
surgery within 14 days prior to the study inclusion were 
excluded from the study population. All patients provided 
written informed consent. The study protocol was 

Figure 1
Overview of proglucagon molecular processing. Formation of intact active 
GLP-1 (7–36NH2) is mediated by prohormone convertase 1/3 (PC1/3) in 
the intestinal L-cells. Formation of glucagon is mediated by  
prohormone convertase 2 (PC2) in the pancreatic α-cells. GRPP, 
glicentin-related pancreatic polypeptide; IP-1, intervening peptide-1; 
GLP-1, glucagon-like peptide-1.
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approved by the Data Protection Agency (HGH-2015-010,  
I-suite no: 03923) and the Danish Research Ethics 
Committee (H-15009681). All patients were treated 
during the hospitalization where the blood samples 
were collected, and had no relapse during 6 months of 
follow-up.

The experimental LPS study was conducted at Aarhus 
University Hospital, Skejby, Denmark, between December 
2017 and October 2018. Nine healthy male participants 
without regular intake of medication, non-smokers, 
between 20 and 40 years of age, and BMI between 20 to  
30 kg/m2 were included. They received an i.v. bolus  
infusion of bacterial lipopolysaccharide (LPS, 1 ng/kg 
body weight) from E. coli (10,000 USP Endotoxin, Lot 
HOK354; the United States Pharmacopeia Convention, 
Inc., Rockville, Maryland) after a 10-h overnight fast. 
All participants gave written informed consent before 
participating in the study. The study protocol was approved 
by the Danish Research Ethics Committee (1-10-72-240-17)  
and registered on clinical trials (NCT03319550).

All studies were conducted in accordance with the 
Helsinki 2 declaration.

Collection and storage of samples

EDTA blood samples were collected from each patient and 
centrifuged at 3900g for 10 min (as described in (20)). The 
supernatant, plasma, was aliquoted, immediately frozen 
and kept at -80°C until further analyses.

In the experimental LPS study, a total of 42 mL of 
blood was collected from each participant and centrifuged 
at 3600g for 10 min. The supernatant, plasma, was 
aliquoted, immediately frozen and kept at -80°C until 
further analyses.

Biochemical measurement of glucagon, GLP-1 
and CRP

Plasma concentration of glucagon was determined using 
a sandwich ELISA assay employing N- and C-terminus 
glucagon-specific antibody. This assay has previously 
been validated (19). Plasma concentration of total GLP-1 
(7–36NH2 + 9–36NH2) was determined by an in-house 
RIA specific for the amidated C-terminal (codename 
89390). This assay measures not only intact GLP-1 but 
also its primary metabolite, GLP-1 9–36NH2 (Fig. 1), 
which is formed almost immediately due to the actions 
of dipeptidylpeptidase-4 (DPP-4). Due to the rapid 
degradation, it is necessary to include the metabolite 
in the measurements to accurately estimate GLP-1 

secretion (21). Measurements of CRP concentrations were 
performed using a COBAS®8000 modular analyzer series 
(Cobas–Roche).

In the LPS study, the acute systemic inflammatory 
response following LPS exposure was assessed by the 
measurement of TNFα and IL-6 concentrations (Bio-Plex 
48 Pro Human Chemokine Assay, Bio-Rad), and by changes 
in vital parameters (axillary temperature, heart rate, 
and mean arterial blood pressure (MAP = 2/3 × diastolic 
pressure + 1/3 × systolic pressure)). The following 
symptoms: headache, shivering, nausea, back pain and 
muscle pain, were scored (0 = no symptoms, 5 = worst 
symptoms ever experienced) and recorded every hour 
over 6-h period.

Statistical analysis

Distribution of data was assessed by histograms and 
qq plots. The degree of association between CRP and 
glucagon, and between CRP and GLP-1 was determined by 
nonparametric Spearman correlation analysis and simple 
linear regression. T-test was used to determine differences 
in glucagon, GLP-1 and CRP concentrations between 
fasting and non-fasting patients. In the experimental LPS 
study, a mixed effect model was used to determine the 
differences in TNFα, IL-6, axillary temperature, heart rate, 
symptom score, mean arterial blood pressure, glucagon 
and GLP-1 concentrations between baseline (comparator) 
and the subsequent time points.

All statistical calculations were performed with 
GraphPad Prism (version 8.00, GraphPad Software, www.
graphpad.com) and P-values <0.05 were considered 
significant for all analyses.

Results

Study population

Fourty-nine patients were enrolled in the prospective 
longitudinal clinical study. Twenty-seven females and 
22 males with an average age of 69 ± 13 years (Table 1) 
established three cohorts based on the type of illness and 
presence of infection or inflammation.

Cohort 1 consisted of 16 patients (4 females, 12 
males, average age of 66 ± 13 years) with bacterial 
left-sided infective endocarditis. Eighty-three plasma 
samples including 63 samples taken during fasting and 
20 samples taken during non-fasting state were collected  
and analyzed.
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Cohort 2 consisted of 28 patients (20 females, 8 males, 
average age of 72 ± 12 years) with urosepsis. Seventy-one 
plasma samples including 53 samples taken during fasting 
and 18 samples taken during non-fasting states were 
collected and analyzed.

Cohort 3 consisted of five patients (three females, two 
males, average age of 69 ± 15 years) with non-infectious 
inflammation developed after TAVI/TEVAR procedure. 
Nineteen samples obtained during fasting were collected 
and analyzed.

Glucagon, GLP-1 and CRP concentrations in the 
study population

As expected, plasma concentrations of GLP-1 were 
significantly higher (P < 0.0001) in samples obtained during 
non-fasting states compared to samples obtained during 
fasting conditions, whereas no significant differences 
were observed for glucagon concentrations (P = 0.32) 
(Table 2). In addition to the fasting measurements, 
plasma concentrations of glucagon, GLP-1 and CRP were 
longitudinally assessed for each individual patient over 
the length of hospital stay (Fig. 2A, B and C).

Correlation between CRP and glucagon and GLP-1

A positive and significant correlation between CRP and 
glucagon was observed independently of fasting status 
(fasting + non-fasting patients: r = 0.27, P = 0.0003; fasting 
patients: r = 0.28, P = 0.0009) (Fig. 3A and B, respectively). 
Subgroup correlation analyses between CRP and glucagon 
showed a positive correlation in cohort 1 (r = 0.26, 
P = 0.017) (Fig. 3C), borderline significant correlation 
in cohort 2 (r = 0.24, P = 0.04) (Fig. 3D) and positive 
correlation in cohort 3 (r = 0.63, P = 0.004) (Fig. 3E).

In contrast, CRP and GLP-1 did not 
correlate significantly when merged datasets  

(fasting and non-fasting patients) and datasets of fasting 
patients only were analyzed (r = 0.08, P = 0.3 and r = (–)0.02, 
P = 0.79, respectively) (Fig. 4A and B, respectively). 
However, subgroup correlation analysis between CRP and 
GLP-1 revealed a positive correlation in cohort 2 (r = 0.27, 
P = 0.02) (Fig. 4D).

LPS study

LPS infusion significantly increased TNFα and IL-6 plasma 
concentrations (P = 0.0001 and P = 0.0027, respectively), 
temperature (P < 0.0001), heart rate (P < 0.0001), symptom 
score (P = 0.0033), and decreased MAP (P = 0.014) (Fig. 
5A, B, C, D, E and F). LPS administration also significantly 
increased plasma concentrations of glucagon (by 
51 ± 12%; P = 0.0065) as compared to baseline (Fig. 6A 
and B) but, in contrast, plasma GLP-1 concentrations 
were significantly decreased (by 55 ± 5%; P = 0.0098)  
(Fig. 6A and C).

Table 1 Demographic and clinical characteristics of study patients.

Variable All patients Cohort 1: infective endocarditis Cohort 2: urosepsis Cohort 3: TAVI/TEVAR P-value

Number of patients n = 49 n = 16 n = 28 n = 5
Sex n (%) n (%) n (%) n (%)
 Female 27 (55.1) 4 (25) 20 (71.4) 3 (60.0)
 Male 22 (44.9) 12 (75) 8 (28.6) 2 (40.0)
Age, mean (s.d.) 69 (13) 66 (13) 72 (12) 69 (15) 0.38
Stratify age n (%) n (%) n (%) n (%)
 ≤49 2 (4.1) 1 (6.25) 1 (3.6) —
 50–65 20 (40.8) 8 (50) 10 (35.7) 2 (40.0) 0.26
 65+ 27 (55.1) 7 (43.8) 17 (60.7) 3 (60.0) 0.95

Cohort 1 includes patients with infective endocarditis, cohort 2 includes patients with urosepsis, and cohort 3 includes patients who underwent 
percutaneous aortic valve implantation/replacement (TAVI/TEVAR, respectively). Nonparametric one-way ANOVA (Kruskal–Wallis) was used.

Table 2 Glucagon, GLP-1 and CRP levels in the study 
populations.

Variable All patients
Fasted 

patients
Non-fasted 

patients

Glucagon (pmol/L)
 Median (95% CI) 5.0 (4.4, 5.6) 5.0 (4.3, 5.9) 5.3 (4.0, 9.1)
 Mean ± s.e.m. 8.1 ± 0.8 7.8 ± 0.8 9.4 ± 2.1
GLP-1 (pmol/L)
 Median (95% CI) 9 (7, 12) 8 (5, 9) 29 (16, 36)
 Mean ± s.e.m. 15 ± 1 11 ± 1 28 ± 3***
CRP (mg/L)
 Median (95% CI) 44 (35, 72) 39 (24, 73) 56 (31, 124)
 Mean ± s.e.m. 80 ± 6 75 ± 7 96 ± 15*

Student’s t-test was used to determine the differences between fasted 
and non-fasted patients.
*Reflects P < 0.05 and ***Reflects P < 0.0001.
CI, confidence intervals; CRP, c-reactive protein; GLP-1, glucagon-like 
peptide-1.
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Discussion

Here, we investigated plasma concentrations of 
glucagon and GLP-1 in patients with infection-induced 
inflammation (infective endocarditis and urosepsis 
cohorts: cohort 1 and 2) and inflammation due to 
percutaneous aortic valve implantation or thoracic 
endovascular aortic repair (TAVI/TEVAR cohort: cohort 
3). We found a positive correlation between glucagon 
and CRP (a well-established biomarker used to assess 
systemic inflammation (22)) in the collective datasets 
including all patients, regardless of their fasting status, as 
well as in each of the three cohorts. In contrast, CRP and 
GLP-1 were not found to be correlated when collective 
datasets were analyzed. However, a subgroup analysis of 
urosepsis cohort (cohort 2) revealed a positive correlation 
between CRP and GLP-1. Administration of LPS increased  

glucagon concentrations by 50% and tended to 
decrease GLP-1 concentrations hours following the LPS  
bolus infusion.

Increased concentrations of glucagon and GLP-1 
were recently reported in sepsis (11, 12) and critically ill 
patients (13), in mice following LPS injection (23), and 
in humans with burn lesions (24). Estimation of plasma 
GLP-1 in mice is troublesome due to the rapid degradation 
by neprilysin (25, 26), and the assays employed in the 
current human study and in other previously published 
studies also cross-react with GLP-1 1–36NH2 that is 
co-secreted with glucagon (17). Therefore, one may 
speculate that the reported increases in GLP-1 actually 
reflect increased glucagon secretion from pancreatic alpha 
cells, as captured in the study presented here.

In the present work, significant correlation between 
GLP-1 and CRP was found only in cohort 2, including 

Figure 2
Changes in plasma concentrations of glucagon (A), glucagon-like peptide-1 (GLP-1) (B) and C-reactive protein (CRP) (C), over time in all patients (fasted 
and non-fasted) from the three cohorts. Two time points (t = 135 and 145) in cohort 1 were omitted from the plots. Data are shown as mean + s.e.m.
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Figure 3
Correlation between C-reactive protein (CRP) and glucagon for all patients (A), fasted patients (B), all patients from cohort 1 (C), cohort 2 (D), cohort 3 (E). 
Glucagon variable is log scaled. Nonparametric Spearman correlation and simple linear regression were used.
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patients with urosepsis (Fig. 5D). However, mean GLP-1 
concentrations for all patients combined as well as for 
patients from each cohort separately were within the 
normal range (0–15 pmol/L).

Our LPS infusion demonstrated that an acute induction 
of systemic inflammation was associated with 50% 
increased glucagon but decreased GLP-1 concentrations. A 
lack of GLP-1 involvement in the course of infection was 
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Correlation between C-reactive protein (CRP) and glucagon-like peptide-1 (GLP-1) for all patients (A), fasted patients (B), all patients from cohort 1 (C), 
cohort 2 (D), cohort 3 (E). GLP-1 variable is log scaled. Nonparametric Spearman correlation and simple linear regression were used.
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Figure 5
Inflammatory response upon systemic lipopolysaccharide (LPS, 1 ng/kg body weight) administration. Tumor necrosis factor alpha (TNFα) concentrations 
(A), interleukin 6 (IL-6) concentrations (B), axillary temperature (C), heart rate (D), symptom score (E) and mean arterial blood pressure (F) before (t = 0) 
and after (t = 60, 120, 180, 240, 300, 360) systemic LPS exposure in young healthy males (n = 9). Symptom score (0 = no symptoms, 5 = worst symptoms 
ever experienced shown as a sum of the score for headache, shivering, nausea, back pain and muscle pain). Data are shown as mean ± s.e.m. Mixed effect 
model with baseline (time 0) as comparator was used to test statistical significance over time (* Reflects P < 0.05).
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also reported by Yin and co-workers (24). They showed no 
association between GLP-1 and white blood cell- (WBC), 
neutrophil- or lymphocyte counts.

Kidneys are the primary organ responsible for GLP-1 
elimination (27), and elevated GLP-1 concentrations 
were found in patients with chronic kidney disease and 
renal failure (28). In our study significant correlation 
between GLP-1 and CRP was found exclusively in cohort 
2, including patients with urinary tract infection, which 
could be explained by the decreased kidney efficiency 
due to ongoing inflammation which results in delayed 
elimination of GLP-1. It is important to emphasize that it is 
not known whether or not a urinary tract infection affects 
renal elimination of GLP-1, and hence this explanation of 
increasing plasma levels remains speculative.

Elevated glucagon concentration was reported to 
be associated with disease severity and poorer clinical 
outcomes (multiple organs dysfunction and death) 
in severely ill patients with sepsis (13). As described 
previously, increased plasma concentrations of GLP-1 
have been reported in conditions with sepsis; however, the 
exact mechanism(s) are not known. Increased glucagon 
and GLP-1 secretion might result from sympathicus-
driven alpha cell activity giving rise to glucagon 
but also N-terminally elongated GLP-1 (1–36NH2), a 
proglucagon derived peptide that is co-secreted with 
glucagon from pancreatic alpha cells but can be detected 
by most total GLP-1 assays. Another possibility could 
be increased proteolysis in the case of severe sepsis 
that causes hyperaminoacidemia and consequently 
hyperglucagonemia (1).

In our study, glucagon concentrations were 
significantly correlated with CRP in all three cohorts as well 
as in the merged datasets, independent of fasting status. 
In addition, glucagon concentrations were significantly 
elevated in parallel with increased TNFα, IL-6, heart rate, 

body temperature and symptoms of illness after systemic 
LPS exposure.

Due to the molecular heterogeneity of proglucagon 
derived molecules (Fig. 1), and because of the low 
(picomolar) concentrations of glucagon and GLP-1 in 
the systemic circulation, accurate measurements of 
both hormones are challenging in terms of accuracy 
and specificity (16, 17, 29). Glucagon concentrations 
in response to hypoglycemia are typically ranging from 
20 to 40 pmol/L, but could decline down to 1–2 pmol/L 
in response to hyperglycemia. Therefore, only assays 
with high sensitivity (0–1 pmol/L) are suitable for the 
measurements of these low-abundant peptides. Based on 
our previous studies it is unlikely that we underestimated 
concentrations of glucagon or GLP-1 since the analytical 
methods employed in the present work are very sensitive 
and have been thoroughly validated (16, 17, 19).

Many commercial kits available for glucagon and 
GLP-1 are far from being precise and accurate (16, 17), 
and the sensitivity and specificity may be different 
even between different batches (different LOT number) 
of the same kind. Moreover, protocols supplied by 
the manufacturer often miss essential information for 
example, about cross-reactions. Since the amino acid 
sequence of glucagon is also present in other peptides 
including oxyntomodulin or glicentin, and since the 
amino acid sequence of GLP-1 shows approximately 50% 
homology with glucagon, it is important to choose the 
most appropriate assays for a given project (18). Analytical 
methods based on antibodies’ ability to recognize 
particular regions of the analyzed molecule require high 
specificity and sufficient binding energy. For example, 
antibodies against the mid-region of glucagon will also 
recognize oxyntomodulin and glicentin leading to cross-
reactions that compromise the specificity of the applied 
assay. Only simultaneous use of two different antibodies 
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Changes in plasma concentrations of glucagon and glucagon-like peptide-1 (GLP-1) combined (A), glucagon (B) and GLP-1 (C) before (t = 0) and after 
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targeting both termini (i.e. sandwich ELISA) allows 
specific detection of glucagon molecule (19). In addition, 
interferences with highly abundant plasma components 
like albumin and immunoglobulin, may cause additional 
obstacles (18).

Another possible explanation for the results 
discrepancy between the cohorts could be the different 
origin of inflammation (i.e. bacterial infective 
endocarditis in cohort 1, bacterial urosepsis in cohort 2 
and inflammation without signs of infection in cohort 3). 
Moreover, even though cohort 1 and 2 were characterized 
by bacterial infection, the nature and the course of the 
diseases are different. Urosepsis is a short-term infection, 
often with a rapid disease progression and relatively rapid 
recovery, whereas infective endocarditis is an infection 
where patients often have a long period of disease before 
diagnosis, and a long period of treatment and recovery. 
Each cohort could therefore has a distinct host-response 
pattern including different pattern of immune response 
and, eventually, distinct clinical outcomes.

Strengths and limitations

We exploited the strength of a longitudinal design 
where the individuals served as their own control. This 
approach enhances the power to identify statistically 
significant changes in plasma concentrations of glucagon, 
GLP-1 and CRP over time and helps to avoid potentially 
confounding inter-individual clinical variabilities. 
However, the observational nature of the study of the 
inflamed cohorts means that residual confounding 
cannot be excluded. However, the LPS study was an 
attempt to more directly evaluate the influence of acute 
inflammation on GLP-1 secretion. Another limitation is 
the relatively small sample size, and therefore additional 
investigations in larger cohorts are needed to further 
explore the association between GLP-1 and various 
inflammatory conditions. Our subgroup analysis of 
correlations between GLP-1 and CRP may therefore  
be underpowered.

Conclusion

In this study, we show that plasma glucagon  
concentrations correlated with CRP in patients with 
inflammation, whereas a similar correlation could not be 
identified for GLP-1. LPS infusion resulted in significantly 
increased glucagon, but not GLP-1 concentrations. 

Inflammation and bacteremia may therefore be 
associated with increased glucagon, but not GLP-1 in 
humans. Increased plasma glucagon concentration 
(hyperglucagonemia) may potentially contribute to the 
hyperglycemia observed during inflammatory conditions, 
therefore antagonizing glucagon in such cases may be 
relevant (30).
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