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Abstract 

Aims: Little is known on the effects of glucose-lowering interventions in prediabetes, we therefore 

assessed the effects of dapagliflozin, metformin and exercise treatment on changes in plasma 

glucagon concentrations in individuals with overweight and HbA1c-defined prediabetes.  

Materials and methods: 120 individuals with overweight (BMI ≥25 kg/m2) and prediabetes 

(HbA1c of 39–47 mmol/mol) were randomized to a 13-week intervention with dapagliflozin (10 mg 

once daily), metformin (850 mg twice daily), exercise (interval training 30 min, 5 days/week) or 

control (habitual living). A 75 g oral glucose tolerance test (OGTT) (0, 30, 60 and 120 min) was 

administered at baseline, at 13 weeks (end of intervention) and at 26 weeks (end of follow-up). 

Linear mixed-effects models with participant-specific random intercepts were used to investigate 

associations of the interventions with fasting plasma glucagon concentration, insulin/glucagon ratio 

and glucagon suppression during the OGTT. 

Results: At baseline, the median (Q1;Q3) age was 62 (54;68) years, median fasting plasma 

glucagon concentration was 11 (7;15) pmol/L, mean (SD) HbA1c was 40.9 (2.3) mmol/mol, and 

56% were women. Compared with the control group fasting glucagon did not change in any of the 

groups from baseline to end of intervention (dapagliflozin group: -5% (95%CI:-29;26); exercise 

group: -8% (95%CI:-31;24); metformin group: -2% (95%CI:-27;30)). Likewise, there were no 
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differences in insulin/glucagon ratio and glucagon suppression during the OGTT between the 

groups. 

Conclusions: In individuals with prediabetes 13-weeks of treatment with dapagliflozin, metformin 

or exercise was not associated with changes in fasting or post-OGTT glucagon concentrations. 

Introduction 

Prediabetes is associated with an increased risk of developing type 2 diabetes and cardiovascular 

disease.1,2 Therefore, preventive initiatives aiming to reduce cardiometabolic risk in individuals 

with prediabetes are needed. It has been shown that lifestyle modification, weight loss and 

metformin can reduce the risk of progression from prediabetes defined by impaired glucose 

tolerance to type 2 diabetes.3–5 Glucagon is secreted from pancreatic α-cells and is a central 

regulator of glucose metabolism and plays a role in the pathogenesis of type 2 diabetes.6 Yet little is 

known about the effects of glucose-lowering interventions on glucagon secretion among individuals 

with prediabetes and particularly prediabetes defined by hemoglobin A1c (HbA1c), which represents 

a different high-risk population compared to those defined by impaired fasting glucose (IFG) or 

impaired glucose tolerance (IGT)7.  

Fasting glucagon concentrations are often increased, and early glucose-induced glucagon 

suppression is impaired in individuals with IFG, IGT and type 2 diabetes.6,8 The elevated basal 

plasma glucagon concentration contributes to an increased basal rate of hepatic glucose production.6 

In a large observational population-based study, higher insulin resistence was associated with 

higher fasting glucagon levels.8 Also, individuals with screen-detected diabetes had 30% higher 
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fasting glucagon concentrations than individuals with normal glucose tolerance.8 Some studies 

suggests that lifestyle interventions with weight loss and exercise have glucagon-lowering effects in 

individuals with overweight and obesity9,10, while other studies show no changes or increased 

fasting glucagon concentrations after weight loss11,12. The role of different glucose-lowering 

pharmacological treatments on glucagon concentrations is also not clear. Several studies have 

shown that sodium-glucose cotransporter 2 (SGLT2) inhibitors increase fasting glucagon 

concentrations in individuals with type 2 diabetes13–17 due to lower blood glucose concentrations. 

Also, the insulin/glucagon ratio has been reported to increase with SGLT2 inhibitor treatment in 

individuals with type 2 diabetes.14  The role of SGLT2 inhibition on glucagon in prediabetes is less 

clear, because only small, non-randomized, studies have been performed so far.18–20  

Some studies have shown that metformin increases fasting glucagon concentrations compared to 

placebo in healthy men and in individuals with prediabetes or type 2 diabetes21–23, while other 

studies have found decreased fasting glucagon concentrations after treatment with metformin.16,24,25 

Part of metformin’s effect on glucose metabolism lies in its inhibition of hepatic glucose 

production, leading to lower circulating glucose (and insulin) concentrations26,27, which again can 

lead to higher glucagon concentrations.  

We performed a randomized controlled trial comparing the short-term efficacy of three glucose-

lowering interventions (dapagliflozin (an SGLT2 inhibitor), metformin, and exercise) in 

combination with dietary advise on glycemic variability, HbA1c, body composition, and 

cardiometabolic risk in overweight or obese individuals with prediabetes defined by HbA1c.28 Main 

results from the study have been published elsewhere.29 The present study examines whether the 
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three interventions are associated with changes in fasting glucagon concentration and glucagon 

response to an oral glucose tolerance test (OGTT) in overweight individuals with prediabetes 

assessed by HbA1c. We hypothesized that 13-weeks of dapagliflozin or metformin treatment is 

associated with increased fasting glucagon concentrations and insulin/glucagon ratio, but decreased 

glucagon suppression during an OGTT compared to the control group, while exercise would have 

the opposite effects.  

 

Materials and methods 

Study design 

The PRE-D Trial is a randomized, controlled, parallel, 4-arm (1:1:1:1), open label, intervention 

study of 13-weeks of treatment with dapagliflozin (10 mg once daily), metformin (850 mg twice 

daily), exercise (interval training 30 minutes 5 days a week), or control (habitual living) and with a 

mid-intervention visit at 6-weeks and a follow-up visit at 26-weeks. The PRE-D Trial was 

conducted in accordance with the Helsinki II Declaration and Good Clinical Practice as defined by 

the International Conference on Harmonization. The study protocol was approved by the Ethics 

Committee of the Capital Region (H-15011398) and the Danish Medicines Agency (EudraCT: 

2015-001552-30). The Danish Data Protection Board (2012-58-0004) approved the data storage. 

The trial was registered with ClinicalTrials.gov (NCT02695810). The primary outcome was the 

change in glycemic variability (mean amplitude of glycemic excursions) during continuous glucose 

monitoring; the sample size was calculated for the primary outcome.29 The protocol, safety 

parameters, and primary outcome of the PRE-D trial have been described in detail elsewhere.28,29 
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Participants and randomization 

Participants had to be overweight (BMI ≥25 kg/m2), have prediabetes based on the American 

Diabetes Associations HbA1c criterion (HbA1c of 39–47 mmol/mol)30, and be 30 to 70 years of age. 

Exclusion criteria were pregnancy (current or planned), breastfeeding, diabetes, bariatric surgery 

within the last two years, neurogenic bladder disorder, impaired renal function, uncontrolled 

medical issues, allergy to dapagliflozin or metformin, not being able to exercise, using medication 

affecting glucose metabolism, or taking beta blockers, steroids, and loop or thiazide diuretics.  

Participants were recruited through advertisement in local media, and via the outpatient clinic at 

Steno Diabetes Center Copenhagen. The study was conducted from February 24th, 2016 to January 

13th, 2019. All participants provided oral and written consent before any study procedures were 

performed.  Except for reimbursement of travelling expenses, there were no financial incentives to 

participate in the study.  

A total of 404 individuals were screened of which 120 were included. The participants were 

randomly assigned 1:1:1:1 to one of the three interventions or the control group following the 

baseline testing. The randomization was done using an online trial management system (EasyTrial, 

Denmark) in blocks of 16 (4:4:4:4) without stratification at the end of the baseline visit. The 

participants were blinded to their allocation until the end of the 6-days measurement period 

following the baseline visit.  

 

Interventions 
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All interventions lasted for 13 weeks followed by a 13-week follow-up period. Dapagliflozin 

(ForxigaTM, AstraZeneca, 10 mg) was administered once daily. Metformin (Aurobindo, Orion 

Pharma A/S, 850 mg) was titrated beginning with one tablet daily for the first week followed by 

two tablets daily (morning and evening) for the remainder of the intervention. The exercise 

intervention consisted of 30 minutes of interval training five days a week with alternating high- and 

low-intensity intervals of 3 minutes each, aiming for intensities of ≥75% and ≤60% of peak heart 

rate by the end of each high-intensity interval.28 To enhance adherence to the exercise intervention, 

the participants in the exercise group were equipped with a heart rate monitor (Polar V800, Polar 

Electro, Kempele, Finland) and asked to record their exercise sessions. These data (heart rate, 

duration, frequency) were uploaded by the participants to an online platform 

(https://flow.polar.com) and were inspected weekly by research staff who gave a brief individual 

feedback to the participants. All participants were given general advice on physical activity and diet 

according to national guidelines.31  

In the active intervention groups, the interventions were started the day after a 6-day free-living test 

period following the baseline visit. In the dapagliflozin and metformin groups, the participants were 

asked to take the last tablet the evening before the 13-week visit. The exercise group was asked to 

perform their last exercise bout 48 hours before the visit, and they returned their heart rate monitor 

at the 13-week visit.  

Study procedures  

A screening visit was conducted to assess eligibility; it consisted of an interview and a medical 

examination. For the other test days, participants arrived at Steno Diabetes Center Copenhagen in 
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Gentofte, Denmark in the morning (between 8 am and 9 am) after an overnight fast of minimum 8 

hours. A 75-gram OGTT with samples at 0, 30, 60 and 120 minutes was performed at baseline, at 

the end of intervention (13-weeks), and at the end of follow-up (26-weeks). Participants were asked 

to abstain from any exercise for 48 hours before the examinations at baseline, and at the 13- and 26-

weeks examinations.  

Biochemical measurements 

Blood for measurement of glucagon was sampled in chilled potassium EDTA coated tubes, put on 

ice immediately, and centrifuged within half an hour after collection for 15 min at 4 °C and stored 

at -80 °C until analysis. After completion of the study, all samples were analyzed within two 

months using identical quality controls and batches for all reagents at the University of 

Copenhagen. Glucagon was measured with a radioimmunoassay using a C-terminal wrapping 

antibody (code 4305) specific for glucagon.32 Samples for measurement of serum insulin were 

centrifuged 30 minutes after collection and stored in a refrigerator for the remainder of the test day. 

Serum insulin was analyzed at the end of each test day using electro-chemiluminescence 

immunoassay (Cobas e411, Roche Diagnostics, Switzerland). Samples for measurement of plasma 

glucose concentration were immediately put on ice following sampling and centrifuged shortly after 

collection for 15 min (Sigma 4K15, Osterode Am Harz, Germany), except for samples used for 

analysis of HbA1c. Plasma glucose concentrations were measured by cholometric analysis (Vitros 

5600, Ortho Clinical Diagnostics, USA). HbA1c was measured by High Performance Liquid 

Chromatography (Tosoh G8, Tosoh Corporation, Japan). Glucose, insulin and HbA1c were analyzed 

in-house at Steno Diabetes Center Copenhagen. 
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Calculations 

The insulin/glucagon ratio was calculated in the fasting state and at 30 min, 60 min and 120 min 

after start of the OGTT. The percentage glucagon suppression during different periods of the OGTT 

was calculated as follows: glucagon supression0-30min = (1 - (glucagon30 min/glucagon0 min)) * 100; 

glucagon suppression0-60 min = (1 - (glucagon60 min/glucagon0 min)) * 100; and full glucagon 

supression0-120 min = (1 - (glucagon120 min/glucagon0 min)) * 100.  

 

Statistical methods 

All available data were included, and the analyses were performed as intention-to-treat. Glucagon 

concentrations were only measured at baseline, 13-weeks and 26-weeks, so the 6-week visit was not 

included in the analyses. The present analyses are secondary exploratory analyses of the trial. 

Linear mixed-effects models with a participant specific random intercept were used to investigate 

the effects of the interventions, with intervention groups and visits included as fixed effects. The 

outcomes investigated were fasting glucagon concentrations, insulin/glucagon ratio at 0, 30, 60 and 

120 min, as well as glucagon suppression from 0-30 min, 0-60 min and 0-120 min. Visual 

inspection was used to assess normality of the model residuals and if needed the outcome variables 

were logarithmically transformed to obtain normally distributed model residuals. Statistical 

analyses were performed in R version 3.6.0. A two-sided 5% level of significance was used. 
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Results 

30 participants were randomized to each group, all of which received the allocated intervention. Of 

these 28 in the dapagliflozin, 29 in the metformin, 27 in the exercise and 28 in the control group 

completed the intervention and participated in the 13-week visit. 27 in the exercise group and 27 in 

the control group, 28 in the dapagliflozin group, and 29 in the metformin group participated in the 

follow-up visit after 26 weeks.29 26 participants in the dapagliflozin and 25 in the metformin group 

took 80% or more of the administered medication. In comparison, 24 of the participants in the 

exercise group performed ≥80% of the prescribed exercise (both volume and intensity).29 

The baseline characteristics stratified by intervention group are shown in Table 1. The mean (SD) 

age was 58.3 (9.3) years, BMI 31.5 (5.1) kg/m2, fasting plasma glucose concentration was 5.6 (0.6) 

mmol/L, and HbA1c was 40.9 (2.3) mmol/mol. At baseline, 17% had elevated alanine transferase 

levels, 3% elevated aspartate aminotransferase levels, and 6% elevated gamma-glutamyl transferase 

levels. 

As previously reported29, all three active interventions resulted in small reductions in HbA1c after 13 

weeks of 1.1-1.3 mmol/mol in the intervention groups compared with the control group. 

Furthermore, dapagliflozin reduced fasting serum insulin and post-load insulin concentrations by 

20-24%. Metformin reduced fasting plasma glucose concentrations by 0.3 mmol/L and fasting 

serum insulin by 20% but was associated with increased glucose concentrations during the OGTT. 

The exercise intervention did not alter glucose or insulin concentrations during the OGTT, but 

increased cardiorespiratory fitness.29   
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The median fasting glucagon concentration was 10.5 pmol/L with small differences between groups 

(Table 1 and Figure 1). In all groups, the maximal suppression of glucagon was observed at 60 to 

120 min after glucose administration. Estimated changes in glucagon measures from baseline to 13 

and 26 weeks by intervention group are depicted in Table 2. Table 3 includes the differences in the 

change in glucagon measures between the three active intervention groups and the control group 

from baseline to 13 and 26 weeks. No differences in change were observed in any of the glucagon 

outcomes for the three intervention groups compared to the control group from 0-13 weeks or from 

0-26 weeks. 

 

Discussion 

Despite effects on glucose and insulin concentrations, 13 weeks of treatment with dapagliflozin, 

metformin, or exercise was not associated with significant changes in fasting glucagon 

concentrations, insulin/glucagon ratio or glucose-stimulated glucagon suppression in a population 

with HbA1c-defined prediabetes.  

The lack of an association between dapagliflozin treatment and fasting glucagon concentration is in 

contrast with studies in individuals with type 2 diabetes. A few studies found approximately 20% 

higher fasting glucagon concentrations when individuals with type 2 diabetes are treated with 

dapagliflozin (10 mg/daily) for 2 weeks14,15, while another study found a non-statistically 

significant increase after 4 weeks of treatment with empagliflozin (25 mg/daily)13. The dosing of 

dapagliflozin in the present study was also 10 mg once daily which is in line with the recommended 
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dosing in type 2 diabetes in Denmark. In line with our results, a study in eight individuals with IFG 

and eight with normal fasting glucose (NFG) treated with an SGLT2 inhibitor, empagliflozin (25 

mg/daily), for 2 weeks found a non-significant increase in the mean (standard error of the mean) 

fasting plasma glucagon from 82 (5) to 92 (8) ng/ml in the IFG group, and no change in the NFG 

group; also, no changes in suppression of plasma glucagon during a hyperglycemic clamp was 

observed.18 In another study, treatment with empagliflozin (25 mg) for 4 weeks in participants with 

IFG showed that an initial small increase in post-meal glucagon concentration after initiating 

treatment was attenuated during the 4 weeks of treatment.20 The difference between studies in 

individuals with prediabetes defined by HbA1c (39–47 mmol/mol) compared to individuals with 

type 2 diabetes could be explained by a lower potential for change in blood glucose concentrations 

in individuals with prediabetes, and thereby the glucose-lowering effect of dapagliflozin might be 

too small to affect fasting glucagon concentration. Furthermore, despite having HbA1c in the 

prediabetes range, our study population overall had relatively normal fasting glucose concentrations 

and a mean BMI just above 30 kg/m2. 

With regard to metformin, previous research has shown both higher and lower fasting glucagon 

concentrations in individuals with type 2 diabetes treated with metformin.16 In a non-randomized 

study of nine individuals with obesity and prediabetes based on plasma glucose concentrations of 

100-125 mg/dL (5.6-6.9 mmol/L) or HbA1c concentrations of 5.7%-6.4% (39-47 mmol/mol) with a 

mean (SD) HbA1c of 5.9 (1.2)%, they found that metformin increased the fasting plasma glucagon 

concentration.22 In that study, the metformin dose was slightly higher than in our study (1,000 mg 

twice daily vs. 850 mg twice daily) and the study population was on average more obese and had 
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higher basal glucagon levels22, which may explain the difference in results between the studies. The 

dosing used in the present study (850 mg twice daily) is the same as used in the Diabetes Prevention 

Program.3 A double blinded, cross-over study in 15 healthy young men treated with 850 mg 

metformin twice daily for 16 days also found increased glucagon levels during a glucose clamp 

after treatment.21 The lack of an association between metformin treatment and glucagon 

concentrations in our study compared to the clamp study21 may be caused by a larger inter-

individual variation in glucagon response during oral compared with iv glucose administration 

because of the many factors affecting post-OGTT glucagon concentrations, e.g. gastric emptying 

rate, incretin hormones, etc. Additionally, the concentration of metformin at the time of 

examination was slightly lower in our participants, because they took the last tablet in the evening 

before the OGTT.    

Based on previous studies9,10, we expected to find lower fasting glucagon concentrations after the 

exercise intervention compared with the control group. We did not find this, which could be due to 

the relatively low intensity and volume of the exercise intervention, albeit the cardiorespiratory 

fitness (peak oxygen uptake) was increased.29 On the other side, the adherence to the exercise 

intervention in the present study was relatively high with 24 of the 30 individuals performing ≥80% 

of the prescribed exercise. In one of the previous studies sedentary individuals with obesity were 

randomized to one of three exercise interventions (active commuting, leisure-time moderate 

intensity exercise and leisure-time vigorous intensity exercise) or control. Here a lower fasting 

glucagon concentration compared to the control group was only found in the active commuting and 

vigorous intensity groups9, suggesting that a certain intensity of exercise is needed to affect fasting 
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glucagon concentrations. So perhaps the intensity and volume of the exercise intervention in the 

current study was not high enough to result in changes in glucagon measures. A study of 64 healthy 

20-40 year old men with a BMI of 25-30 kg/m2 randomized to one of three groups (a sedentary 

control group, a moderate intensity group and a high intensity group) did not find a change in 

fasting glucagon or glucagon response to a meal test33, which is in line with our results. Similarly, 

studies in individuals with type 2 diabetes found no effect of exercise on fasting glucagon or 

glucagon during an OGTT.34,35  

The head-to-head comparison of three different glucose lowering treatments with a control group is 

a strength of the study. The relatively small number of participants is a limitation, especially 

because of a relatively high inter- and intra-group variation in glucagon concentrations at baseline. 

Furthermore, to reduce examination of acute effects of the medications, the participants were 

instructed not to take the study medication on the day of the 13-week visit. Therefore, the 

concentration of the medication was lower on this day than it would have been if the medication 

had not been stopped. Lastly, the potential for improvements in the glucagon measures may have 

been small, as indicated by the metabolic profile of our participants; class 1 obesity, relatively 

normal fasting and 2-hour glucose concentrations, and largely normal levels of markers of liver 

function. 

In conclusion, we found no associations of 13 weeks of treatment with dapagliflozin, metformin or 

exercise with changes in circulating glucagon concentrations in a population of individuals with 

overweight and HbA1c-defined prediabetes. Accordingly, the previously observed improvements in 

the PRE-D trial, e.g. a small improvement in HbA1c, glucose and insulin concentrations were 
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obtained without concomitant changes in glucagon concentrations. The potential for improving 

markers of glycemia in our study population with HbA1c-defined prediabetes was limited, which 

may partly contribute to the lack of changes in glucagon concentrations in response to the 

interventions. 
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Figure legend: 

Figure 1. Observed plasma glucagon concentrations (pmol/L) during the oral glucose tolerance test for the 
four groups, by visit. Data are medians with interquartile ranges.    
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Table 1. Baseline characteristics by intervention group. 

 Dapagliflozin Metformin Exercise Control 
n 30 30 30 30 
Males (n (%))  13 (43.3) 13 (43.3) 15 (50.0) 12 (40.0) 
Age (years)  61.4 (8.5) 56.7 (8.4) 57.8 (9.9) 57.2 (9.9) 
BMI (kg/m2) 30.9 (4.5) 30.1 (4.1) 32.6 (3.9) 32.6 (6.9) 
Hip circumference (cm) 111.4 (11.2) 109.1 (7.6) 111.6 (7.0) 113.0 (15.2) 
Waist circumference (cm) 103.8 (15.1) 102.6 (13.1) 107.7 (9.5) 105.7 (14.4) 
Nonsmoker (n (%)) 28 (93.3) 27 (90.0) 22 (75.9) 28 (93.3) 
SBP (mmHg) 134.1 (14.2) 129.4 (16.8) 132.7 (16.7) 135.0 (17.1) 
DBP (mmHg) 84.7 (7.3) 83.6 (8.8) 85.9 (9.3) 86.6 (8.0) 
Family history of diabetes (n (%)) 16 (53.3) 16 (53.3) 14 (48.3) 17 (56.7) 
HbA1c (mmol/mol)  41.2 (2.0) 40.5 (2.2) 41.1 (2.2) 40.9 (2.8) 
Fasting glucose (mmol/L)  5.6 (0.5) 5.6 (0.8) 5.7 (0.6) 5.5 (0.4) 
Fasting insulin (pmol/L)  60.5 (46.2, 94.0) 61.0 (46.0, 84.5) 86.5 (67.8, 115.0) 70.0 (43.5, 101.8) 
Fasting glucagon  
(pmol/L) 

9 (8,14) 11 (7,15) 12 (7,16) 9 (6,14) 

Glucagon suppression 0-30  
min (%) 

0 (-10,21) 10 (-12,38) 4 (-19,26) 14 (0,25) 

Glucagon suppression 0-60  
min (%) 

44 (28,50) 38 (25,49) 38 (29,58) 47 (25,58) 

Glucagon suppression 0-120  
min (%) 

54 (39,66) 50 (37,73) 60 (31,73) 50 (38,62) 

Insulin/glucagon ratio 0 min 7 (5,9) 6 (4,8) 8 (6,12) 7 (5,12) 
Insulin/glucagon ratio 30 min 34 (28,55) 44 (33,92) 39 (31,66) 53 (41,88) 
Insulin/glucagon ratio 60 min 112 (53,213) 86 (45,132) 116 (76,179) 122 (85,181) 
Insulin/glucagon ratio 120 min 112 (71,193) 85 (38,134) 102 (55,213) 923 (59,210) 
Alanine transferase (U/l) 39 (34,42) 36 (31,46) 41 (34,49) 36 (29,41) 
Aspartate aminotransferase (U/l) 26 (22,29) 26 (22,29) 24 (20,28) 20 (18,25) 
Gamma-glutamyl transferase (U/l) 30 (20,39) 25 (19,42) 26 (18,36) 23 (15,41) 
Data are shown as means (SD) or medians (Q1, Q3) unless otherwise noted. BMI – body mass index, SBP – systolic 
blood pressure, DBP – diastolic blood pressure, Q1 – quartile 1, Q3 – quartile 3. 
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Table 2. Estimated changes in glucagon measures from baseline to 13 and 26 weeks by intervention group.  

  0-13 weeks 0-26 weeks 
  Difference (95% CI) Difference (95% CI) 
Fasting glucagon  
(% diff) † 

Dapagliflozin -7 (-24;14) -16 (-32;3) 
Metformin -4 (-21;18) -8 (-25;13) 
Exercise -9 (-26;12) -14 (-31;6) 

 Control -2 (-20;21) 3 (-17;27) 
Glucagon suppression 0-30  
min (%) 

Dapagliflozin -4 (-23;14) -11 (-30;8) 
Metformin 5 (-13;24) -4 (-23;15) 
Exercise -2 (-21;17) 2 (-17;22) 

 Control -11 (-29;8) 3 (-16;22) 
Glucagon suppression 0-60  
min (%) 

Dapagliflozin -7 (-21;8) 0 (-15;15) 
Metformin 9 (-5;24) -4 (-19;11) 
Exercise -10 (-25;5) -14 (-29;1) 

 Control -6 (-21;9) 7 (-8;22) 
Glucagon suppression 0-120 
min (%) 

Dapagliflozin 2 (-25;29) 2 (-25;28) 
Metformin 7 (-20;33) -33 (-60;-6) 

Exercise -8 (-35;20) -5 (-33;22) 
 Control -7 (- 33;20) 0 (-27;28) 
Insulin/glucagon ratio 0 min 
(% diff) † 

Dapagliflozin -13 (-32;11) 1 (-21;29) 
Metformin -10 (-30;14) -3 (-24;23) 
Exercise 0 (-22; 29) 13 (-13;45) 

 Control 9 (-15;39) 11 (-14;42) 
Insulin/glucagon ratio 30 min 
(% diff) † 

Dapagliflozin -2 (-25;29) 2 (-22;35) 
Metformin 0 (-24;31) 0 (-24;32) 
Exercise -1 (-26;31) -1 (-25;32) 

 Control -25 (-43;-1) -7 (-30;23) 
Insulin/glucagon ratio 60 min 
(% diff) † 

Dapagliflozin -27 (-47;1) -8 (-33;26) 
Metformin 23 (-10;68) -9 (-34;26) 
Exercise -19 (-42;12) -29 (-49;-1) 

 Control -3 (-29;34) 3 (-26;43) 
Insulin/glucagon ratio 120 min 
(% diff) † 

Dapagliflozin -28 (-51;6) -5 (-35;40) 
Metformin -25 (-49;10) -30 (-52;4) 
Exercise -22 (-48;15) -11 (-40;33) 

 Control -7 (-37;37) 11 (-26;64) 
Differences are estimated mean changes (95% CI) from baseline based on linear mixed-effects models. For glucagon 
suppression, differences are estimated mean changes (95% CI) in %-points from baseline. The remaining outcomes 
were log-transformed prior to analysis and here differences are presented as relative (percentage changes from baseline 
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† Log-transformed outcomes. Glucagon supression0-30min = (1-( glucagon30 min/glucagon0 min))*100; glucagon 
suppression0-60 min =(1-( glucagon60 min / glucagon0 min))*100; and full glucagon supression0-120 min = (1-(glucagon120 

min/glucagon0 min))*100 
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Table 3. Differences in change in glucagon measures between the three active groups and the 
control group from baseline to 13 and 26 weeks.  

  0-13 weeks  0-26 weeks 

  
Estimate  
(95% CI) P value  

Estimate 
(95% CI) P value 

Fasting glucagon  
(% diff)) † 

Dapagliflozin -5 (-29;26) 0.707  -19 (-39;9) 0.168 
Metformin -2 (-27;30) 0.872  -10 (-33;20) 0.470 

 Exercise -8 (-31;24) 0.601  -17 (-38;13) 0.235 
Glucagon 
suppression 0-30  
min (%) 

Dapagliflozin 6 (-20;33) 0.641  -14 (-41;13) 0.301 
Metformin 16 (-11;42) 0.239  -7 (-34;20) 0.621 
Exercise 8 (-18;35) 0.534  -1 (-28;26) 0.963 

Glucagon 
suppression 0-60  
min (%) 

Dapagliflozin -1 (-22;20) 0.932  -7 (-28;14) 0.499 
Metformin 15 (-6;36) 0.164  -11 (-32;10) 0.302 
Exercise -4 (-25;17) 0.712  -21 (-43;0) 0.050 

Glucagon 
suppression 0-120 
min (%) 

Dapagliflozin 9 (-29;47) 0.656  1 (-37;39) 0.954 
Metformin 13 (-24;51) 0.488  -34 (-72;5) 0.088 
Exercise -1 (-39;37) 0.952  -6 (-45;33) 0.774 

Insulin/glucagon 
ratio 0 min (% diff) † 

Dapagliflozin -20 (-44;13) 0.197  -9 (-36;29) 0.603 
Metformin -18 (-42;16) 0.263  -13 (-38;24) 0.447 
Exercise -8 (-35;31) 0.637  2 (-29;46) 0.924 

Insulin/glucagon 
ratio 30 min (% diff) 
† 

Dapagliflozin 31 (-11;93) 0.173  10 (-26;63) 0.637 
Metformin 33 (-10;95) 0.154  8 (-28;60) 0.717 
Exercise 32 (-11;95) 0.172  7 (-29;60) 0.750 

Insulin/glucagon 
ratio 60 min (% diff) 
† 

Dapagliflozin -25 (-52;18) 0.214  -11 (-43;40) 0.616 
Metformin 26 (-19;98) 0.305  -12 (-44;40) 0.598 
Exercise -17 (-47;31) 0.427  -31 (-56;10) 0.120 

Insulin/glucagon 
ratio 120 min (% 
diff) † 

Dapagliflozin -23 (-55;33) 0.355  -14 (-50;50) 0.598 
Metformin -19 (-53;39) 0.444  -36 (-63;11) 0.112 
Exercise -17 (-52;45) 0.521  -19 (-54;42) 0.453 

Based on the linear mixed-effects models with participant-specific random intercept and intervention group and visits as 
fixed effects. Data are estimated mean changes (95% CI) from baseline compared with the control group. The results 
for the transformed outcomes are presented as relative changes and were calculated as the ratio of mean (95% CI) 
change from baseline in one group versus the other in percentage term; i.e. if group A changed 20% between visit 1 and 
2 (A2/A1 = 1.2) and group B changed 10% (B2/B1 = 1.1), then the relative change between group A and B is 1.2/1.1 = 
9.1%. † Log-transformed before analysis and back-transformed for presentation. 
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Figure 1. Observed plasma glucagon concentrations (pmol/L) during the oral glucose tolerance test for the 
four groups, by visit. Data are medians with interquartile ranges.    
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