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ELECTRONIC SUPPLEMENTARY MATERIAL 

 

PROCEDURES 

Randomization 

A randomization list was generated by an independent researcher prior to the start of the study 

using the website Randomizer.org. Treatment sequences (dapagliflozin:placebo or 

placebo:dapagliflozin) were generated using blocks of equal size to prevent treatment-order 

effects. Both researchers and participants were blinded for treatment sequence. When 

participants were found eligible to participate, randomization codes were assigned strictly 

sequentially by the coordinating investigator to assign each participant to a specific treatment 

sequence. 

 

Blood Sampling 

Blood samples were drawn at 17 timepoints spread 24 hours. Blood was drawn once every two 

hours from 8 am to 10 pm (8 am, 10 am, 12 pm, 2 pm, 4 pm, 6 pm, 8 pm, and 10 pm) and hourly 

between 11 pm and 7 am the next day (11 pm, 12 am, 1 am, 2 am, 3 am, 4 am, 5 am, 6 am, and 

7 am). Participants were not awakened while blood samples were taken during the sleeping 

period.  

 

Meals 

Energy intake for dinner on day 12 was calculated by multiplying resting metabolic rate, 

determined using the Harris-Benedict formula [1] with an activity factor of 1.4. Dinner 

consisted of 46 energy% (E%) carbohydrates, 39 E% fat, and 14 E% protein. For day 13, 

the energy intake was determined from the sleeping metabolic rate (SMR) of the first night, 

multiplied by an activity factor of 1.5. The participants received 3 meals and a snack. Breakfast 
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accounted for 20 E%, lunch for 25 E%, the snack for 10 E% and, dinner for 45 E%. Daily 

macronutrient composition was 38 E% carbohydrates, 45 E% fat and, 15 E% protein. For 

day 14, energy intake was kept the same for all participants, with 52 E% carbohydrates, 33 

E% fat and, 16 E% protein. All meals were completely consumed by the participants. No other 

food or drinks containing calories were consumed.  

 

Muscle Biopsies 

At 9.15 am and 4 pm of day 14, a muscle biopsy was taken from the vastus lateralis muscle 

under local anaesthesia (1% lidocaine, without epinephrine) according to the Bergström method 

[2]. The muscle biopsy was divided into several parts. One part of the muscle was immediately 

placed in ice-cold preservation medium (BIOPS, OROBOROS Instruments, Innsbruck, 

Austria) and used for mitochondrial respiration analysis. The remaining parts were immediately 

frozen in melting isopentane and stored at -80 C until further analysis. 

 

Skeletal Muscle Mitochondrial Respiration 

From the muscle biopsy, permeabilized muscle fibres were prepared as described elsewhere 

[3]. Thereafter, oxygen consumption was measured using high-resolution respirometry 

(Oxygraph, OROBOROS Instruments) upon the addition of several substrates, as described 

previously [4, 5]. To prevent oxygen limitation, the respiration chambers were hyper-

oxygenated up to ∼400 μmol/L O2. Subsequently, two different multi-substrate/inhibition 

protocols were used in which substrates and inhibitors were added consecutively at saturating 

concentrations. State 2 respiration was measured after the addition of malate (4 mmol/L) plus 

octanoyl-carnitine (1 mmol/L) or malate (4 mmol/L) plus glutamate (10 mmol/L). 

Subsequently, an excess of 2 mmol/L of ADP was added to determine coupled (state 3) 

respiration. Coupled respiration was then maximized with convergent electron input through 



 3 

Complex I and Complex II by adding succinate (10 mmol/L). Finally, the chemical uncoupler 

carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) was titrated to assess the 

maximal capacity of the electron transport chain (state 3u respiration) or oligomycin (2 μg/ml) 

was added to assess the respiration not coupled to ATP synthesis (state 4o respiration). The 

integrity of the outer mitochondrial membrane was assessed by the addition of cytochrome C 

(10 μmol/L) upon maximal coupled respiration. If cytochrome C increased oxygen 

consumption ≥ 15%, that measurement was excluded to assure the quality of the muscle 

mitochondrial measurement. All measurements were performed in quadruplicate. 

 

Magnetic Resonance Imaging and Spectroscopy 

Magnetic resonance spectroscopy (MRS) was used to quantify hepatic lipid content and fatty 

acid composition (fraction of hepatic saturated fatty acids (SFA), mono-unsaturated fatty acids 

(MUFA), and poly-unsaturated fatty acids (PUFA)), and hepatic glycogen. Localized STEAM 

proton MRS (1H-MRS) with VAPOR water suppression was used for in-vivo hepatic lipid 

measurements (Voxel: 30x30x30mm³, TE: 20ms, TR: 4500ms, NSA 128, data points: 2048, 

bandwidth: 2000Hz). Water reference spectra for absolute quantification were acquired with 

the same settings as the lipid measurements, however with a NSA of 16 and without VAPOR. 

Carbon MRS (13C-MRS) FID was used to determine hepatic glycogen. Spectra were acquired 

by using a 21x24cm 13C-quadrature detection surface coil (RAPID Biomedical GmbH, 

Germany). Spectra were acquired with the participant lying in the prone position (FID; TR: 

280ms; NSA: 4096) using a block pulse, calibrated to achieve a 90-degree excitation angle at a 

distance of 8 cm from the coil All measurements were performed on a 3T MRI scanner (Achieva 

3T-X, Philips Healthcare, Best, The Netherlands).  

 

Hepatic Lipid Content and Composition 
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Hepatic lipid content and composition measurements took place on day 14 of each intervention 

period at 8.15 am after an overnight fast. Spectra were acquired and post-processed as described 

previously [6]. Lipid content values are given as a T2 corrected ratio of the CH2 peak relative 

to the sum of the unsuppressed water peak and the CH2 peak, converted to weight/weight 

percentage [7, 8]. Lipid composition is given as a fraction of SFA, MUFA, and PUFA, values 

were calculated as described previously [6]. 

 

Hepatic Glycogen Content 

Hepatic glycogen determination took place on day 14 of each intervention period at 7.30 am 

after an overnight fast and at 5 pm in the postprandial state, 5 hours after lunch (see above). 

Post-processing was performed with an in-house developed MATLAB (MATLAB 2018b, The 

MathWorks, Inc., Natick, Massachusetts, United States) script. The two spectra from the same 

individual that were to be compared, were pre-processed simultaneously to ensure identical 

frequency alignment and phase correction. The area under the curve (AUC) of the glycogen 

signal was determined by integration of ± 5 PPM around the C1 doublet of glycogen at 100.5 

PPM. A B1 map was determined in a phantom measurement with two-dimensional chemical 

shift imaging (multiple slices) and the sensitivity profile was taken into account by manually 

segmenting the liver on cross-sectional MRI images in a custom-written MATLAB script and 

multiplying the weighted amount of pixels in the liver with the respective sensitivity (based on 

the B1 sensitivity map). Thereafter, the AUC of the glycogen signal was divided by the 

weighted number of liver pixels. Coil loading was assumed to be identical between the 

measurements within the same individuals. Therefore, even without correction for coil loading 

the signal difference within an individual is directly proportional to the difference in glycogen 

concentration. Therefore, relative changes in hepatic glycogen were calculated and given as 

percentage change ((hepatic glycogen7.30 am - hepatic glycogen5 pm)/ hepatic glycogen5 pm * 100). 
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Liver volume was measured directly after the hepatic glycogen measurements by MRI. 

Analyses were performed manually on cross-sectional MRI images in MATLAB. Due to 

technical problems, hepatic glycogen and liver volume could not be assessed at all time points; 

therefore, hepatic glycogen analysis could be calculated for 12 participants at 7.30 am and for 

7 participants at 5 pm. 

 

Intramyocellular lipid content 

For intramyocellular lipid (IMCL) content, the lipid area fraction was determined in 5 μm-thick 

muscle sections. Sections were mounted on glass slides and subsequently permeabilized for 5 

min with 0.25% TX-100 in PBS (648466, Merck, Darmstadt, Germany), thereafter sections 

were incubated with primary antibodies against laminin (L9393; Sigma, St Louis, USA) and 

myosin heavy chain type I (A4.840; Developmental Studies Hybridoma Bank, Iowa City, Iowa, 

USA) for 60 min. Subsequently, sections were incubated for 90 minutes with the appropriate 

secondary antibodies conjugated with AlexaFluor350 and AlexaFluor555 and Bodipy 493/503 

(D3922, Invitrogen-ThermoFisher, The Netherlands). Sections were mounted with Mowiol, 

covered with #1.5 coverslips, and stored in the dark until imaging with a Nikon E800 

fluorescence microscope (Nikon, Amsterdam, The Netherlands) coupled to a Nikon DS‐Fi1c 

colour CCD camera (Nikon) using NIS-Elements imaging software (Nikon). Type I fibers were 

identified based on positive myosin heavy chain type I staining, all other fibers were considered 

to be type II fibers. Images were analyzed for lipid area fraction using ImageJ (NIH, Bethesda, 

USA) [9] for all fibers and in a fiber type specific manner. 

 

Skeletal muscle glycogen 

Muscle tissue (∼30 mg) was freeze-dried overnight and dissected at room temperature under a 

microscope to remove collagen and blood. HCl (1M) was added to the isolated muscle fibers 
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(∼5-7mg) followed by heating for 3 hours at 100°C. Thereafter the samples were neutralized 

with Tris-KOH (119 mM Tris, 2.14M KOH) and centrifuged at 1000g for 10 min at 4°C. 

Finally, glucose concentration in mmol/L (HORIBA, Montpellier, France) was measured in the 

supernatant using a Pentra C400 (HORIBA, Montpellier, France) and values were corrected for 

dry tissue weight. 

 

Body Composition 

Total mass, fat mass, and lean mass were measured as part of the baseline characteristics by 

DXA using the Hologic Discovery scanner (Hologic).  

 

Biochemical analysis 

EDTA-plasma glucose (Horiba, Montpellier, France), free fatty acids (WAKO, Neuss, 

Germany), and ß-hydroxybutyrate (Randox, Crumlin, UK) levels were measured 

colorimetrically using a Cobas Pentra C400 analyzer (Horiba, Montpellier, France). Free 

glycerol was measured in EDTA-plasma on a spectrophotometer using the free glycerol reagent 

(Sigma, St Louis, USA). Insulin levels were measured in EDTA-plasma using an ELISA 

(Crystal Chem, Els Grove Village, USA). Urea (Roch, Mannheim, Germany) was measured in 

serum using the Roche/Hitachi Cobas c systems Urinary nitrogen levels were measured using 

the Vario Max (Elementar Analysensysteme GmbH, Langenselbold, Germany), and urinary 

glucose levels (Roche, Mannheim, Germany) using the Roche/Hitachi Cobas c systems. All 

samples from one participant were analysed within the same run. 

 

Western Blots 

PGC-1aα and OXPHOS protein expression was determined using Western blot analyses in 

Bioplex lysates (Bio-Rad Laboratories, Veenendaal, The Netherlands) of human muscle tissue 
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as previously described [10]. Equal amounts of protein were loaded on Bolt 4–12%, Bis-Tris 

Plus, gels (Invitrogen by Thermo Fisher Scientific, Bleiswijk, The Netherlands) or on 4-15% 

Criterion TGX Stain-Free Protein Gels (BioRad Laboratories). Proteins were transferred to a 

nitrocellulose membrane with the Trans-Blot Turbo transfer system (Bio-Rad Laboratories). 

Blots were incubated with primary antibodies against PGC-1α (dilution 1:10.000, 516557, 

Calbiochem, Darmstadt, Germany) or a cocktail of mouse monoclonal antibodies directed 

against human OXPHOS proteins (dilution 1:10,000; ab110411, Abcam, Cambridge, UK). The 

target proteins were detected using secondary antibodies conjugated with IRDye800 and were 

quantified with the CLx Odyssey Near-Infrared Imager (Li-COR, Homburg, Germany). 

 

Calculations 

Sleeping metabolic rate was defined as three consecutive hours with the lowest energy 

expenditure during the sleeping period, calculated using Weir et al. formula [11]. Twenty-four-

hour energy expenditure, carbohydrate oxidation, and fat oxidation were calculated based on 

the measured average oxygen and carbon dioxide concentrations from the last 24-hour in the 

respiration chamber starting at 5.30 am using the Brouwer et al. methodology [12]. Protein 

oxidation was calculated as 24-hour urinary nitrogen excretion * 6.25. Daytime energy 

metabolism was calculated from 7 am to 10.30 pm and night-time from 12 am to 5.30 am. Due 

to practical problems, energy metabolism during the second night in the respiration chamber 

could not be assessed for 3 participants; therefore, for those participants, 24 hour energy 

metabolism was based on 24 hours in the respiration chamber starting on the first night at 10 

pm.  

Sample size was determined based on a difference in nocturnal RER measured by whole-

chamber indirect calorimetry. We expected a nocturnal RER upon dapagliflozin and placebo of 

0.82 ± 0.04 and 0.85 ± 0.04, respectively, based on previous studies performed in our research 
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facilities [4] and upon dapagliflozin treatment [13]. With a two-sided statistical significance 

level (α) of 0.05 and power (1-β) of 0.80 in a cross-over design with a correlation between 

groups of 0.6, the required number of participants would be n=14. 
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Figure 1: Study protocol with an overview of the in-house stay (day 12, 13, and 14). 1H-

MRS, proton magnetic resonance spectroscopy; 13C-MRS, carbon magnetic resonance 

spectroscopy 
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RESULTS 

 

 

Figure 2: Consort flow diagram of this trail. 
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Figure 3: A: Body weight; B: HbA1c; C: Systolic blood pressure; D: Diastolic blood 

pressure; E: Heart rate. White bars represent placebo (P), and black bars represent 

dapagliflozin (D). * indicates statistical significance (p<0.05). Data are expressed as mean ± 

SEM. 
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Figure 4: Effect of dapagliflozin on hepatic lipid content and composition. A: Hepatic 

lipid content; B: Saturated fatty acids; C: Monounsaturated fatty acids; D: Polyunsaturated 

fatty acids. For A, n = 14; for B, n = 12; for C and D, n = 8. White bars represent placebo (P), 

and black bars represent dapagliflozin (D). Data are expressed as mean ± SEM. 

  



 13 

 

Figure 5: Effect of dapagliflozin on intramyocellular lipid (IMCL) content. n = 13. White 

bars represent placebo, and black bars represent dapagliflozin. Data are expressed as mean ± 

SEM. 
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Figure 6: Effect of dapagliflozin on food preferences. A: Relative preference for sweet 

products; B: Relative preference for macronutrients; C: Liking for macronutrients. n = 12. 

White bars represent placebo (P), and black bars represent dapagliflozin (D). Data are 

expressed as mean ± SEM. 
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Table 1: Inclusion and exclusion criteria of the trail 

Inclusion criteria  

1 Provision of signed and dated informed consent prior to any study specific procedures 

2 Men aged ≥ 40 and ≤ 75 years and post-menopausal women (defined as at least 1 year 

post cessation of menses) aged ≥ 50 and ≤ 75 years 

3 BMI ≥ 27 and ≤ 38 kg/m2 

4 Sedentary lifestyle (not more than 2 hours of vigorous exercise per week) 

5 Stable dietary habits 

6 Impaired glucose homeostasis based on one or a combination of the following criteria: 

• Impaired Fasting Glucose (IFG): fasting plasma glucose ≥ 6.1 mmol/l and ≤ 

6.9 mmol/l; 

• Impaired Glucose Tolerance (IGT): plasma glucose values ≥ 7.8 mmol/l and 

≤ 11.1 mmol/l 120 minutes after consumption of the glucose drink during the 

2h, 3-point OGTT; 

• HbA1c ≥ 39 and ≤ 46 mmol/mol / ≥ 5.7 and ≤ 6.4%; 

• Insulin Resistance: glucose clearance rate ≤ 360 ml/min/m2, as calculated by 

Oral Glucose Insulin Sensitivity 120 (OGIS120) model [14] based on the 2h, 

3-point OGTT 

Exclusion criteria  

1 Clinical diagnosis of Type 1 or 2 Diabetes Mellitus 

2 Active cardiovascular disease: participants who experienced a heart attack in the last 

year, or participants who are currently under regular control of a physician for a heart 

condition 

3 Weight gain or loss > 5 kg in the last 3 months, ongoing weight-loss diet (hypocaloric 

diet) or use of weight loss agents 

4 Regular smoking and other regular nicotine use 

5 Anaemia. 

6 Uncontrolled hypertension 
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7 Clinically significant out of range values of serum levels of either alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) in the Investigator’s 

opinion 

8 Unstable/rapidly progressing renal disease or estimated glomerular filtration rate <60 

mL/min (Cockcroft-Gault formula). 

Males: 

Creatine clearance (mL/ min) =
Weight(kg) x (140 - Age)

Serum creatine (μmol/L)
x 1.23 

Females: 

Creatine clearance (mL/ min) =
Weight(kg) x (140 - Age)

Serum creatine (μmol/L)
x 1.04 

9 Use of anti-coagulant treatment and other concomitant medication will be evaluated on 

a case-to-case basis with a general physician 

10 Use of medication such as oral glucocorticoids, anti-estrogens or other medications 

that are known to markedly influence insulin sensitivity 

11 Use of loop diuretics 

12 Intake of dietary supplements except multi-vitamins and minerals 

13 Alcohol consumption of > 14 drinks per week for women and > 21 drinks per week for 

men (1 drink = 35 cl beer, 14 cl wine or 4 cl hard liquor) 

14 Known hypersensitivity to dapagliflozin or any of the excipients of the product 

15 For women only - currently pregnant (confirmed with positive pregnancy test) or 

breast-feeding 

16 Participation in another biomedical study within 1 month before the screening visit 

17 Any contraindication for MRI scanning 

18 Participants who do not want to be informed about unexpected medical findings, or do 

not wish that their physician be informed about coincidental findings, cannot 

participate in the study 
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