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Abstract 

AIMS Glucagon-like peptide 1 (GLP-1) receptor agonists induce body weight loss, and body 

weight loss may reduce bone mineral density. An antiresorptive potential of long-acting 

GLP-1 receptor agonists has been observed in both type 1 and type 2 diabetes, but the effects 

of short-acting GLP-1 receptor agonism on bone metabolism have never been investigated in 

type 1 diabetes. The MAG1C trial evaluated the efficacy of short-acting exenatide added to 

insulin therapy in type 1 diabetes on bone mineral density and bone turnover markers as 

prespecified, secondary endpoints. 

MATERIALS AND METHODS In a randomized, double-blinded, parallel-group trial, 108 

individuals with type 1 diabetes aged ≥18 years on basal-bolus therapy with HbA1c 59–88 

mmol/mol (7.5–10.0%) and body mass index >22.0 kg/m
2
 were randomized (1:1) to 

preprandial subcutaneous injection of 10 µg exenatide (Byetta
®

) before breakfast, lunch and 

dinner over 26 weeks as add-on treatment to regular insulin therapy.  

RESULTS Exenatide elicited a 4.4 kg body weight reduction compared with placebo, but no 

between-group differences in bone mineral density as assessed by whole-body, hip, lumbar 

and forearm dual-energy X-ray absorptiometry following 26 weeks’ treatment were observed. 

Fasting plasma levels of C-terminal telopeptides of type I collagen, a marker of bone 

resorption, and amino-terminal propeptide of type I procollagen, a marker of bone formation, 

were unchanged by exenatide compared with placebo after 26 weeks.  

CONCLUSIONS Despite an exenatide-induced body weight reduction, no changes in bone 

metabolism were observed with exenatide added to insulin therapy in type 1 diabetes after 26 

weeks.  
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Introduction 

Patients with type 1 diabetes exhibit a threefold increase in risk of any fracture and nearly a 

fourfold increase in risk of hip fracture with subsequently increased mortality as compared 

with healthy persons.
1–4

 The risk is possibly dependent on glycaemic control, across all age 

categories and independent of sex.
5–8

 The increased risk of hip fracture in type 1 diabetes is 

only partly explained by decreased bone mineral density.
1
 Also, reduced bone tissue strength 

due to impaired bone mineral content and collagen strength and deficits in the bone matrix 

combined with reduced bone remodelling are likely to contribute.
9–14

 With regard to reduced 

bone remodelling, the marker of bone resorption C-terminal telopeptides of type I collagen 

(CTX) as well as the bone formation marker amino-terminal propeptide of type I procollagen 

(P1NP) appear to be decreased in patients with diabetes as compared with healthy 

controls.
15,16

 Interestingly, incretin hormones such as glucagon-like peptide 1 (GLP-1) seem 

to interact with bone tissue. Putative mechanisms for this interaction remain sparsely 

described, but exogenously administered GLP-1 has been observed to influence plasma levels 

of CTX.
17,18

 

GLP-1 receptor agonists (GLP-1RAs) are commonly used for the treatment of type 2 

diabetes. These agents cause robust reductions of glycated haemoglobin A1c (HbA1c) and 

body weight combined with beneficial effects on cardiovascular and renal outcomes.
19,20

 

Many patients with type 1 diabetes are overweight or obese, and both long-acting and short-

acting GLP-1RAs have been investigated as add-on treatment to insulin therapy in type 1 

diabetes resulting in body weight reductions of 4–6 kg and reductions of total and prandial 

insulin requirements in spite of unchanged or lowered levels of  HbA1c.
21–25

 Body weight 

reductions are under normal circumstances associated with decrements in bone mineral 

density due to an imbalance in bone remodelling favouring  resorption as indicated by 

increased plasma levels of CTX.
26

 Thus, balancing the clinical need for weight loss against 
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the risk of reducing bone mineral density in a population exhibiting a fourfold increase in risk 

of fractures is extremely delicate.
2
 Interestingly, body weight loss caused by treatment with 

the long-acting GLP-1RA liraglutide was recently shown to have neutral effects on bone 

mineral density and bone homeostasis in type 2 diabetes.
27

 A similar pattern was observed 

with  liraglutide added to basal-bolus insulin treatment in type 1 diabetes.
28

 The effects of a 

short-acting GLP-1RA such as exenatide on bone mineral density and markers of bone 

turnover have never been evaluated in type 1 diabetes. 

In the Meal-time Administration of exenatide for Glycaemic control in type 1 diabetes Cases 

(MAG1C) trial, 26 weeks’ treatment with the short-acting GLP-1RA exenatide administered 

three times daily within one hour of breakfast, lunch and dinner as add-on to basal-bolus 

insulin treatment in patients with type 1 diabetes did not affect the primary endpoint, HbA1c, 

but lowered prandial insulin requirements by 8.5 units/day (95% confidence interval −11.2 to 

−5.7 units/day; P <0.0001) or 30% and reduced body weight by 4.4 kg (−5.4 to −3.3 kg; P 

<0.0001) as compared with placebo.
25

 As prespecified secondary endpoints, we also 

investigated the effects of exenatide on bone mineral density as assessed by dual-energy X-

ray absorptiometry (DXA) and bone turnover by markers of bone resorption, CTX, and bone 

formation, P1NP.
29

  

Materials and Methods 

Study design and participants 

The MAG1C trial was a 26-week, randomized, double-blinded, placebo-controlled clinical 

trial testing the efficacy and safety of 10 µg short-acting exenatide administered three times 

daily as subcutaneous injections one hour before breakfast, lunch and dinner when added to 

basal-bolus insulin therapy in type 1 diabetes (www.clinicaltrials.gov, NCT03017352). As 
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previously described,
25

 the MAG1C trial was conducted at Steno Diabetes Center 

Copenhagen (Gentofte, Denmark). Participants were recruited from outpatient clinics in the 

Capital Region of Denmark. Eligible participants were ≥18 years with type 1 diabetes 

(according to World Health Organization criteria) ≥1 year, dysregulated with an HbA1c of 

59–88 mmol/mol (7.5–10.0%) and had a body mass index (BMI) >22.0 kg/m
2
. Exclusion 

criteria included insulin pump treatment, hypoglycaemia unawareness, diabetic gastroparesis, 

compromised kidney function and proliferative retinopathy.
29

 The Danish Medicines Agency 

(EudraCT no. 2016-001365-92) and the Regional Scientific Ethics Committee of the Capital 

Region of Denmark (H-16034515) approved the trial, and it was registered at the Danish 

Data Protection Agency and monitored by the Good Clinical Practice Unit for university 

hospitals under University of Copenhagen. All participants provided written informed 

consent. 

Randomization and blinding 

Details about randomization and blinding were reported previously.
25

 Briefly, an independent 

third party created a computer-generated randomization list (50 exenatide; 50 placebo) and 

added further eight slots (4 exenatide; 4 placebo) during trial due to a larger-than-expected 

dropout. Two other persons not involved in the trial consecutively allocated participants on a 

1:1 ratio to 10 µg short-acting exenatide (Byetta
®

, AstraZeneca, Cambridge, UK) or placebo 

(an indistinguishable injectable liquid placebo formulation). Blinded study drug package 

numbers were given to study staff. Study personnel and participants were blinded to 

treatment allocation, and all study drug pens and cartridges were indistinguishable. 

Procedures and measurements  

Four visits were planned at week 0 (randomization), week 4, week 12 and week 26 (end of 

treatment) with preceding overnight fasting from 10 p.m. Bone composition was measured by 
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whole-body, hip, lumbar and forearm DXA scans at week 0 and 26 using a Hologic 

Discovery QDR series 82800 Apex 3.3 scanner (Hologic Canada ULC, Mississauga, 

Canada). Fasting blood samples were taken at all visits for storage in a biobank at -80°C. 

Following study termination, plasma levels of CTX and P1NP were analysed by an 

automated chemiluminescence immunoassay method using an IDS-iSYS Multi-Discipline 

Automated System® (ImmunoDiagnosticSystem, Frankfurt am Main, Germany).  

Statistical analysis 

All reported outcomes in this article were prespecified, secondary endpoints.
29

 The sample 

size of the study population (N=100) was based on a presumed 0.8% (9 mmol/mol) standard 

deviation and enabled detection of an end-of-treatment difference in HbA1c of 0.5% (6 

mmol/mol) between groups with 80% power and 5% significance level. As mentioned in the 

publication of primary results, due to a larger-than-expected dropout of 23 individuals (17 on 

exenatide, 6 on placebo), additional eight participants were enrolled (please see 

Supplementary material of publication of primary results for additional information on 

handling of dropouts).
25

 After study termination, two participants with exenatide (one was a 

dropout) and one participant with placebo were withdrawn from the statistical analysis due to 

reclassification of diagnosis to type 2 diabetes. This was done following analysis of arginine-

stimulated serum C-peptide levels, after which participants with abnormally high C-peptide 

levels had their medical history and patient record closely reviewed.
25

 Altogether, 105 

participants were included in the statistical analyses. Baseline continuous data are presented 

as means with standard deviation or, for categorical variables, numbers with percentage. 

Continuous data not normally distributed were log-transformed. For efficacy analysis, a 

baseline-adjusted linear mixed model based on a likelihood ratio test was used with visit, 

treatment and their interaction as fixed factors and a random effect on participant level in the 

intention-to-treat population.
30

 We used maximum likelihood estimation for missing-data 
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handling (equivalent to multiple imputation). As sensitivity analysis, we compared all 

endpoints with an unstructured covariance pattern. With only secondary endpoints reported, P 

values were not used for assessing statistical significance. However, all reported P values 

were adjusted for multiple testing.
31

 R statistical software package (version 3.4.1) was used 

for all statistical analyses. Figures were designed using GraphPad Prism (version 8.0.2.263). 

Results 

Study population 

As previously described,
25

 participants were on average middle-aged, moderately glycaemic 

dysregulated and overweight. They had longstanding type 1 diabetes with mean total insulin 

requirements of 60 units/day. Around two thirds of participants were men (Table 1). Among 

participants randomized to exenatide, 15% received vitamin D supplementation and 6% 

calcium supplementation as compared with 11% and 11%, respectively, of patients 

randomized to placebo. Two participants randomized to placebo had known osteoporosis and 

were treated with alendronate; none of the patients randomized to exenatide had known 

osteoporosis (Table 1). 

Bone mineral density 

Exenatide did not change bone mineral density (g/cm
2
) in the forearm, hip or columna as 

compared with placebo after 26 weeks’ treatment (Table 2, Supplementary Table 1).  

Biomarkers of bone homeostasis 

Plasma levels of CTX were similar with exenatide and placebo treatment during trial and 

after 26 weeks’ treatment (Table 3, Figure 1). Exenatide did not change plasma levels of 

P1NP as compared with placebo over the trial or at end of treatment (Table 3, Figure 1). 
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Exclusion of 2 participants with alendronate treatment at baseline (both on placebo) did not 

change these results (Supplementary Table 2). Also, when stratifying for above and below 

median BMI, no substantial changes to these observations were observed for CTX or P1NP 

(Supplementary Table 2). 

Discussion 

In this randomized, double-blind, placebo-controlled clinical trial where we tested the 

efficacy of short-acting exenatide administered three times daily within one hour of breakfast, 

lunch and dinner added to basal-bolus insulin therapy in type 1 diabetes, we saw no changes 

in bone mineral density or the circulating bone turnover markers CTX and P1NP despite a 

mean 4.4 kg body weight reduction in the exenatide arm as compared with the placebo arm 

following 26 weeks’ treatment. 

Strengths and limitations 

All reported outcomes were protocol-specified secondary endpoints and, as such, we cannot 

draw definite conclusions on exenatide’s influence on bone metabolism. The larger-than-

expected differential dropout in the exenatide treatment arm may cause bias; however, our 

handling of missing data took this into account. That is, maximum likelihood estimation 

(equivalent to multiple imputation) inherent in the statistical model was used to impute 

missing data for dropouts according to their designated treatment group (for details of our 

handling of missing data please see the supplementary material of the main publication).
25

 

Also, CTX and P1NP measurements were based on fasting blood samples and, consequently, 

any potential impact of exenatide on postprandial changes in bone turnover in patients with 

type 1 diabetes remains unknown. Our study population consisted of patients with 

longstanding type 1 diabetes and overweight/obesity representative of most patients with type 
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1 diabetes, thus, increasing generalizability. Of note, however, our study population also 

limits generalizability by consisting of Danish patients with Caucasian ethnicity, and male 

sex was overrepresented, including few pre- and post-menopausal women who may have 

varying effects of exenatide on bone metabolism. Finally, our analysis of bone metabolism 

was limited by the lack of other relevant biomarkers such as plasma levels of calcium, 

phosphate, parathyroid hormone and vitamin D. Also, bone mineral density, CTX and P1NP 

are indirect markers of fracture risk, and the reported results are only with short-term follow-

up of 26 weeks. 

Bone mineral density 

Exenatide elicited no changes in bone mineral density as evaluated by DXA despite a 4.4 kg 

body weight reduction as compared with placebo following 26 weeks’ treatment. Our results 

may point towards an antiresorptive effect of exenatide as compared to placebo in type 1 

diabetes as diet-induced body weight reductions (averaging 7 to 11 kg) have been observed to 

decrease total hip bone mineral density by 0.010–0.015 g/cm
2
 following interventions of six 

to 24 months’ duration in overweight and obese individuals without diabetes.
26

 In support of 

this speculation, 24 weeks’ treatment with 1.8 mg liraglutide once-daily as compared with 

placebo in a randomized, double-blinded, placebo-controlled trial (N=100) did not impact 

bone mineral density despite a 6.8 kg body weight reduction as compared with placebo and 

assessed by DXA scanning.
28

 In patients with type 2 diabetes, 44 weeks’ treatment with 10 

μg exenatide twice-daily (N=69) elicited a 3.8 kg body weight reduction but did not change 

total body bone mineral density as compared with insulin glargine treatment in a randomized 

setting.
32

 Also, in a randomized parallel-group trial among newly diagnosed patients with 

type 2 diabetes (N=62) over 24 weeks, 10 μg exenatide twice-daily elicited a 4.7 kg intra-

group body weight reduction but, also, did not change bone mineral density as compared with 

insulin or pioglitazone therapy.
33

 Finally, 1.8 mg liraglutide once-daily (N=60) in a 
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randomized, double-blinded, placebo-controlled trial did not change bone mineral density 

despite a 3.8 kg body weight reduction as compared with placebo after 26 weeks’ treatment.
27

 

It is, however, important to note the short duration of these interventions (24–44 weeks) that 

precludes conclusions on long-term bone mineral density. To our knowledge, the present 

study is the first to report the effects of a short-acting GLP-1RA on bone mineral density in 

type 1 diabetes. 

Biomarkers of bone turnover 

Exenatide elicited no changes in plasma levels of CTX or P1NP despite the 4.4 kg body 

weight reduction after 26 weeks’ treatment as compared with placebo. Interestingly, 24 

weeks’ treatment with 1.8 mg liraglutide once-daily lowered CTX but did not influence 

plasma levels of P1NP despite a 6.8 kg body weight reduction as compared with placebo.
28

 In 

type 2 diabetes, a randomised parallel-group trial among newly diagnosed patients (N=62) 

showed that 24 weeks’ treatment with 10 μg exenatide twice-daily did not change CTX as 

compared with insulin or pioglitazone therapy.
33

 Also, 26 weeks’ treatment with 1.8 mg 

liraglutide did not change plasma levels of CTX (primary endpoint) as compared with 

placebo among patients with type 2 diabetes.
27

 Plasma levels of P1NP initially decreased with 

liraglutide but returned to baseline levels and were similar to placebo at end of treatment.
27

 

Infusion of native GLP-1 (1 pmol/kg/min) + intravenous glucose infusions in overweight 

men without diabetes was observed to reduce CTX levels to a greater degree as compared 

with a 50-g oral glucose tolerance test resulting in identical glucose excursions.
17

 Also, 

intravenous infusion of short-acting exenatide (2.4 nmol) in the fasting state in normal-weight 

men without diabetes was reported to have inhibitory effects on bone resorption as assessed 

by decreased CTX levels.
18 

P1NP levels were unaltered in both studies.
17,18  

Despite exenatide 

did not reduce CTX levels after 26 weeks’ treatment, our results of unaltered CTX levels as 

compared with placebo may point towards antiresorptive effects of short-acting exenatide 
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added to insulin therapy in type 1 diabetes as body weight reduction has been observed to 

promote bone breakdown (as assessed by increments in circulating CTX) after 2–3 months.
26

 

Taken together, our results of bone mineral density and markers of bone turnover compare 

with the results of both short-acting exenatide and the long-acting GLP-1RA liraglutide in 

both type 1 and type 2 diabetes.
27,28

 As such, the effects of GLP-1RAs on bone mineral 

density and bone turnover appear independent of the differences between short-acting and 

long-acting compounds’ half-life.
17

 

Conclusions 

The short-acting GLP-1RA exenatide administered three times daily before breakfast, lunch 

and dinner as add-on treatment to basal-bolus insulin therapy in type 1 diabetes did not elicit 

any changes in bone mineral density (as assessed by DXA) or bone turnover markers despite 

a 4.4 kg body weight reduction as compared with placebo following 26 weeks’ treatment. 

Longer term studies designed to elucidate the influence of GLP-1 receptor agonist treatment 

on bone health in type 1 diabetes are warranted.   
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Figure legend 

Figure 1. The effect of short-acting exenatide administered three times daily as compared 

with placebo on bone resorption as assessed by CTX and bone formation as assessed by 

P1NP in persons with type 1 diabetes. A) Change in median CTX by week. B) Change in 

median P1NP by week. Values are medians with 95% confidence intervals from a linear 

mixed model incorporating baseline adjustment handling missing data with maximum 

likelihood estimation (equal to multiple imputation) in the intention-to-treat population. CTX 

normal range: men, mean 0.294 (95% CI 0.115 to 0.748) ng/ml; pre-menopausal women, 

mean 0.287 (0.112 to 0.738) ng/ml; post-menopausal women, 0.439 (0.142 to 1.351) ng/ml. 

P1NP normal range: 27.7 to 127.6 ng/ml. CI, confidence interval; CTX, C-terminal 

telopeptides of type I collagen; ETD, estimated treatment difference; P1NP, amino-terminal 

propeptide of type I procollagen. 
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Tables 

Table 1. Baseline information 

 
Exenatide (n = 52) Placebo (n = 53) 

Age (years) 50.1 (14.2) 50.4 (14.0) 

Sex, male† 39 (75%) 37 (70%) 

Sex, female† 13 (25%) 16 (30%) 

Postmeopausal women† 6 (12%) 5 (9%) 

Caucasian ethnicity† 52 (100%) 53 (100%) 

Diabetes duration (years) 21.2 (11.3) 21.0 (12.9) 

HbA1c DCCT (%) 8.3 (0.8) 8.2 (0.6) 

HbA1c IFCC (mmol/mol) 66.8 (7.9) 65.9 (6.5) 

Weight (kg) 89.7 (14.4) 85.8 (14.3) 

BMI (kg/m
2
) 29.0 (4.8) 27.7 (4.1) 

Basal insulin dose (U/day) 31.2 (11.1) 29.7 (13.7) 

Prandial insulin dose (U/day) 30.2 (13.7) 29.6 (19.6) 

Calcium supplementation 8 (15%) 6 (11%) 

D-vitamin supplementation 3 (6%) 6 (11%) 

Alendronate treatment 0 2 (4%) 

Osteoporosis 0 2 (4%) 

Hypogonadism 0 0 

Major fracture 0 2 (4%) 

eGFR (ml/min/1.73m
2
) 87.7 (5.8) 86.2 (7.7) 

Drugs with potential beneficial effects on bone metabolism   

Statins 29 (56%) 30 (57%) 

Beta blockers 1 (2%) 3 (6%) 

Nitrates 0 2 (4%) 

Thiazides 3 (6%) 8 (15%) 

Drugs with potential adverse effects on bone metabolism   

Warfarin 0 2 (4%) 

Loop diuretics 2 (4%) 1 (2%) 

Anti-depressants 1 (2%) 1 (2%) 

Anti-convulsive 1 (2%) 1 (2%) 

Oral contraceptive with progesterone* 3 (6%) 3 (6%) 

Hormonal intrauterine device 1 (2%) 2 (4%) 

Proton pump inhibitors 6 (12%) 3 (6%) 

Steroid, single dose (oral or intraarticular) 1 (2%) 1 (2%) 

Methotrexate (low dosage) 0 1 (2%) 

Data are mean with standard deviation in brackets or †n with percentage in brackets. *Oral contraceptives were 

used for the indication of contraception. BMI, body mass index; DCCT, Diabetes Control and Complications 

Trial; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; IFCC, International Federation 

of Clinical Chemistry; SD, standard deviation; U, unit.  
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Table 2. Bone mineral density as measured by dual-energy X-ray absorptiometry  

Data are means with 95% confidence intervals in brackets or mean differences with 95% confidence intervals in 

brackets and P values of estimated treatment differences in squared brackets. ETD, estimated treatment 

difference. 

 
Week 0 Week 26 

 Baseline Exenatide Placebo ETD 

Bone mineral density (g/cm
2
) 

Femoral neck 
0.787 (0.761 to 

0.813) 

0.794 (0.766 to 

0.822) 

0.794 (0.767 to 

0.822) 

0.000 (-0.016 to 

0.016) [0.98] 

Total hip 
0.930 (0.904 to 

0.956) 

0.923 (0.896 to 

0.950) 

0.931 (0.904 to 

0.957) 

-0.008 (-0.018 to 

0.002) [0.29] 

Total lumbar 

columna 

1.000 (0.977 to 

1.023) 

1.023 (0.981 to 

1.032) 

0.998 (0.973 to 

1.022) 

0.009 (-0.008 to 

0.025) [0.41] 
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Table 3. Biomarkers of bone turnover 

 
Week 0 Week 4 Week 12 Week 26 

 Pooled group Exenatide Placebo ETD Exenatide Placebo ETD Exenatide Placebo ETD 

CTX (ng/ml) 0.19 (0.17 to 

0.22) 

0.20 (0.18 to 

0.23) 

0.22 (0.19 to 

0.25) 

0.93 (0.80 to 

1.07) [0.289] 

0.22 (0.19 to 

0.25) 

0.20 (0.18 to 

0.24) 

1.07 (0.92 to 

1.24) [0.365] 

0.22 (0.19 to 

0.26) 

0.19 (0.16 to 

0.22) 

1.17 (1.00 to 

1.36) [0.288] 

P1NP (ng/ml) 47.68 (44.58 to 

50.99) 

44.97 (41.44 

to 48.80) 

49.25 (45.46 

to 53.36) 

0.91 (0.84 to 

1.00) [0.082] 

46.42 (42.62 

to 50.57) 

49.28 (45.45 

to 53.44) 

0.94 (0.86 to 

1.03) [0.365] 

43.76 (40.10 

to 47.75) 

46.57 (42.94 

to 50.52) 

0.94 (0.86 to 

1.03) [0.338] 

Data are medians with 95% confidence intervals in brackets or †relative difference of medians with 95% confidence intervals in brackets and P values of estimated treatment 

difference in squared brackets. CTX, C-terminal telopeptides of type I collagen; ETD, estimated treatment difference; P1NP, amino-terminal propeptide of type I procollagen.
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Figures 

Figure 1. CTX and P1NP 
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