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Additional Material  
Nutrient composition 
The energy content as well as the macronutrient profile and amino acid composition of the whey protein 
isolate (True Protein; French Vanilla, Brookvale, NSW, Australia) used is shown in Table 1 below. 
Supplementary Table S1. Nutrient composition of the whey protein isolate (French Vanilla) 
 

Nutrition composition Per 100 g 
Energy (kJ) 1525 
Protein (g) 86.9 
Carbohydrate (g) 3.3 
Fat (g) 0.3 
Essential amino acids (g) 
- Leucine 
- Isoleucine 
- Valine 
- Lysine 
- Methionine 
- Threonine 
- Phenylalanine 
- Histidine 
- Tryptophan 

 
11.3 
7.2 
6.4 
10.3 
2.4 
7.4 
3.3 
1.9 
1.9 

Non-essential amino acids (g) 
- Alanine 
- Serine 
- Arginine 
- Aspartic acid 
- Glutamic acid 
- Tyrosine 
- Proline 
- Cysteine 
- Glycine 

 
5.6 
5.1 
2.4 
11.3 
19.0 
3.4 
6.4 
2.9 
1.9 

 
Insulin secretion 
Insulin secretion rates were calculated by C-peptide deconvolution using Insulin SECretion (ISEC) 
software [1]. 
 
Plasma glucose analysis  
Plasma glucose concentrations and [6,6-2H]glucose enrichment were determined via GC-MS using the 
glucose methyloxime pentaproprionate derivative [2, 3]. Briefly, 10 μL of plasma, serially diluted 
unlabelled glucose standards (0-10 mM) and extraction blanks (water) were mixed with 100 μL of 
methanol containing 0.2 mM [U-13C]glucose (Cambridge Isotope Laboratories, Inc., Tewksbury, MA) 
which was used as an internal standard. Samples were vortexed and centrifuged at 15,000 rpm for 10 
min at 4°C after which 80 μL of the supernatant was transferred into 250 µL glass GC inserts (Agilent 
Technologies, Santa Clara, CA, USA) and dried in a speed vacuum at 37°C (Labconco, MO, USA). 
Samples were derivatized by adding 50 μL of methoxyamine hydrochloride (Sigma-Aldrich, St. Louis, 
MO, USA) in pyridine (20 mg/mL; Sigma-Aldrich) followed by incubation at 90°C for 60 min. The 
second derivatization step was performed by adding 100 μL of propionic anhydride (Sigma-Aldrich) 
followed by incubation at 60°C for 30 min. Excess reagent was evaporated in a speed vacuum at 37°C 
and the dry residue resuspended in 100 μL of ethyl acetate for GC-MS analysis  using an Agilent 7890B 
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Gas Chromatography system attached to a VF-5ms capillary column with a 10-m inert EZ-guard (30 
m, 0.25 mm, 0.25 µm, J & W Scientific) and a 5977B Mass Selective Detector (Agilent Technologies) 
via positive chemical ionization using methane as the reagent gas and helium as the carrier. The glucose 
methyloxime pentapropionate derivative was analysed by monitoring the molecular ions of 416-422 
m/z, corresponding to the M0 (naturally occurring glucose; 416 m/z), M+2 ([6,6-2H]glucose; 418 m/z) 
and M+6 ([U-13C]glucose internal standard; 422 m/z) isotopomers respectively. Selective ion monitoring 
(SIM) was performed with a 10 ms dwell time for each ion. Samples (0.5 μL) were injected using a 20:1 
split ratio. The ion abundances were determined using the Quantitative Mass Hunter Workstation 
(Agilent Technologies). The raw isotopomer data were corrected (mole percent excess) for natural 
isotopic background abundance skew using the matrix method [4].  Following correction for isotopic 
background abundance, absolute plasma glucose concentrations were calculated from linear regression 
of the serially diluted external (unlabeled) standards using the isotope dilution technique. The total 
glucose concentration included both the presence of unlabeled natural and infused isotope labeled 
glucose (i.e. sum of M0-M+2). 
 
Plasma amino acid and urea analyses  
Plasma urea and amino acid concentrations were measured via GC-MS. Specifically, 100 µL of plasma, 
serially diluted unlabeled external standards containing urea (0-10 mM; Bio-Rad Laboratories Pty. Ltd., 
Gladesville, NSW, AU; 1610730), primary amino acid mix (0-1 mM; Cambridge Isotope Laboratories; 
MSK-A2-US-1.2) and L-glutamine (0-1 mM; Sigma-Aldrich; G8540-25G) and extraction blanks 
(water) were spiked with 5 μL of a stable isotope labeled internal standard mix containing 1.25 mM 
uniformly 13C and 15N labelled urea (Cambridge Isotope Laboratories, Inc.; CNLM-234-PK), 1.25 mM 
primary amino acid mix (Cambridge Isotope Laboratories, Inc.; MSK-A2-1.2) and 1.25 mM 13C5 
glutamine (Cambridge Isotope Laboratories, Inc.; CLM-1822-H-0.5), after which all samples were 
vortexed and placed on ice. Working in batches of six samples at a time, 100 μL of 20 mM HCl in 10% 
N-propanol (reagent one) was added to each sample to lower the pH for subsequent clean-up via a 
modified solid-phase cation-exchange chromatography procedure using EZ:Faast™ Amino Acid 
Analysis sorbent tips (Phenomenex, Lane Cove, NSW, Australia). The pH-adjusted samples were passed 
through the resin using 1.5 mL syringes. After discarding reagent one, the resin-filled tips were washed 
by passing 200 μL of 30% N-propanol solution (reagent two) as with the previous step. The resin-bound 
amino acids were eluted from the tip by drawing up 200 μL of 2N NH4OH and expelling the resin into 
1.5 mL Eppendorf tubes using 0.6 mL syringes. Samples were thoroughly vortexed, centrifuged at 
15,000 rpm for 5 min at 4°C and then 150 μL of resin-free NH4OH supernatant transferred into 250 µL 
glass GC inserts. After complete evaporation at 37°C in a speed vacuum, the dry residue was derivatized 
by adding 25 μL of pyridine (Sigma-Aldrich) and 25 μL of N-methyl-N-(tert-
butyldimethylsilyl)trifluoroacetamide with 1% tertbutyldimethylchlorosilane (Sigma-Aldrich), followed 
by incubation at 60°C for 30 min. The tert-butyldimethylsilyl (TBDMS) derivatized samples were 
injected (2 µL splitless; 50 mL/min purge flow; 0.5 min purge time) into an Agilent 6890N GC system 
connected to a VF-5ms capillary column with a 10-m inert EZ-guard (30 m, 0.25 mm, 0.25 µm) and 
Agilent 5975C MSD (Agilent Technologies). Samples were analysed in the electron ionization (EI) 
mode, with helium as the carrier gas. The GC front inlet was set to 250°C and transfer line to 270°C, 
while the MS quadrupole and source temperatures were set to 150°C and 230°C, respectively. The oven 
temperature gradient was set to 100°C (0 min hold), with a 12.5°C/min increase to 300°C, followed by a 
30°C/min increase to 320°C (2 min hold). The MS was operated in the time-shared SIM mode 
whereby closely eluting amino acids were analysed in SIM blocks.  Based on the well characterised 
EI fragmentation patterns of TBDMS derivatized molecules (see: National Institute of Standards and 
Technology (NIST) database) and [5]), the following ions were monitored as detailed in Table 2. 
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Supplementary Table S2. TBDMS derivatized amino acids monitored by EI GC-MS 
 

Metabolite Retention Time (min) 
Base Ion 
(m/z) 

Internal Standard 
Ion (m/z) 

Alanine 7.59 158 161 
Glycine 7.83 246 249 
Valine 8.64 186 191 
Urea 8.66 231 234 
Leucine 8.98 274 280 
Isoleucine 9.27 274 280 
Proline 9.67 184 189 
Methionine 11.27 218 223 
Serine 11.37 390 394 
Threonine 11.61 404 409 
Phenylalanine 12.24 234 243 
Aspartate 12.62 418 423 
Glutamate 13.46 432 438 
Lysine 14.20 329 336 
Glutamine 14.50 431 436 
Arginine 14.90 442 451 
Histidine 15.57 440 449 
Tyrosine 15.86 302 305 
Cystine  18.78 348 352 

 
Chromatograph peaks were integrated using the Quantitative Mass Hunter Workstation. Absolute 
plasma urea and amino acid concentrations were calculated from linear regression of the serially diluted 
external (unlabeled) standards using the isotope dilution technique. As we did not have isotope labelled 
internal standards for asparagine and tryptophan, these amino acids were omitted from analysis. 
 
Plasma β-hydroxybutyrate analysis  
Plasma β-hydroxybutyrate concentrations were determined using the same EI GC-MS instrumentation 
and settings as above for amino acids and urea. Briefly, 20 μL of plasma, serially diluted unlabelled β-
hydroxybutyrate (D-3-hydroxybutyrate) external standards (0-1 mM; Sigma-Aldrich; 54920-1G-F), and 
extraction blanks (water) were mixed with 200 μL of methanol containing 25 µM [13C4]sodium D-3-
hydroxybutyrate (Cambridge Isotope Laboratories, Inc.; CLM-3853-0.25) internal standard. Samples 
were vortexed and centrifuged at 15,000 rpm for 10 min at 4°C after which 160 μL of the supernatant 
was transferred into 250 µL glass GC inserts and evaporated in a speed vacuum at 37°C. Samples were 
then derivatized by adding 25 μL of pyridine (Sigma-Aldrich) and 25 μL of N,O-
bis(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane (Sigma-Aldrich) followed by 
incubation at 60°C for 30 min. Samples were injected (1 µL splitless; 50 mL/min purge flow; 0.5 min 
purge time) with the trimethylsilyl β-hydroxybutyrate derivative analysed by SIM of the 233 m/z 
(naturally occurring; M0) and 237 m/z (internal standard; M+4) ions, with a 10 ms dwell time per ion. 
Chromatograph peaks were integrated using the Quantitative Mass Hunter Workstation.  Absolute 
plasma β-hydroxybutyrate concentrations were calculated from linear regression of the serially diluted 
external (unlabeled) standards using the isotope dilution technique. 
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Plasma glycerol analysis  
Plasma glycerol concentrations were determined via GC-MS using the glycerol triacetate derivative [6]. 
Briefly, 20 μL of plasma, serially diluted unlabeled glucose standards (0-500 µM) and extraction blanks 
(water) were mixed with 200 μL of methanol containing 10 µM [13C3D5]glycerol (Cambridge Isotope 
Laboratories, Inc.) internal standard. Samples were vortexed and centrifuged at 15,000 rpm for 10 min at 
4°C after which 160 μL of the supernatant was transferred into 250 µL glass GC inserts (Agilent 
Technologies) and dried in a speed vacuum at 37°C. Samples were then derivatized by adding 25 μL of 
pyridine (Sigma-Aldrich) and 25 μL of acetic anhydride (Sigma-Aldrich) followed by incubation at 
60°C for 30 min. To remove excess unreacted acetic anhydride while preventing loss of the volatile 
glycerol triacetate derivative, 75 μL of methanol was added to each sample without drying in a speed 
vacuum followed by incubation at 70°C for 15 min, thus reacting all remaining acetic anhydride to form 
unreactive methyl acetate, after which samples were ready for GC-MS analysis via positive chemical 
ionization using the same instrumentation as described above for glucose analysis. Glycerol triacetate 
was analysed via SIM of the M0 (naturally occurring glycerol; 159 m/z) and M+8 ([13C3D5]glycerol; 
167 m/z) ions with a 10 ms dwell time for each. Samples (5 μL) were injected in the splitless mode (50 
mL/min purge flow; 0.5 min purge time). The ion abundances were determined using the Quantitative 
Mass Hunter Workstation (Agilent Technologies) and absolute plasma glycerol concentrations were 
calculated from linear regression of the serially diluted external (unlabeled) standards using the isotope 
dilution technique.  
 
Calculation of glucose fluxes 
Glucose fluxes were modelled using the non-steady state equations of Steele (see below), whereby the 
volume of distribution (V) and pool fraction (p) were assumed to equal 200 ml/kg and 0.65 respectively 
[7, 8], and Inf refers to the [6,6-2H]glucose tracer infusion rate, Gend1 and Gend2 are endogenous glucose 
concentrations (mM) at times t1 and t2, TTR1 and TTR2 are the ratios between absolute [6,6-2H]glucose 
tracer concentrations (mM) and Gend at times t1 and t2:  
  

 
( ) ( )

( )
Inf  pV 1  2 / 2 TTR2 TTR1 / (t2  t1)

EGP  ( ) Inf
TTR2 TTR1 / 2

Gend Gend⎡ ⎤− + × − −⎣ ⎦= −
−

 

The rate of glucose disposal (Rd) was calculated by the following equation: 

  ( ) (G2 G1)Rd EGP Inf pV
(t2 t1)

−
= + −

−
 

where G represents the total plasma glucose concentration (tracee + tracer) at times t1 and t2. Curve 
fitting of the change in glucose mass over time was used to improve accuracy of the model [7]. Total 
glucose production per subject was calculated via integration of the EGP rate (µmol/kg/min) over the 
experimental period (0-240 min AUC) multiplied by bodyweight. 
 
Special note: plasma glucagon assay 
Given the well documented problems with measuring plasma glucagon concentrations via 
immunoassays due to cross-reactivity with other related glucagon gene products (e.g. the proglucagon 
fragments glicentin and oxyntomodulin [9]), we used the commercially available glucagon ELISA from 
Mercodia due to its extensive validation including comparisons to quantification via isotope dilution 
tandem mass spectrometry [10-15].  
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