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SUPPLEMENTARY FIGURES 

 

 

 

Figure S1. Study Protocol  

Breakfast consumption at t=+0min and saline or ghrelin injection at t=+55min. Blood and VAS 

measurements used for the analysis were at t= -15, 0, 40, 70 and 150 min, food picture evaluation 

fMRI task between t=+95 and +115min. Ad libitum lunch given at t=+150min. Abbreviations: AMV, 

auditory-motor-visual fMRI task; fMRI, functional MRI; food, food evaluation fMRI task; MRI, magnetic 

resonance imaging; sc, subcutaneous; T1, structural T1 MRI scan; VAS, visual analogue scales, 
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Study Study N kcal Macronutrient composition of meal Post-prandial 
sampling (mins) 

a Hagemann et al. 2021 18 300 50% CHO, 35% fat, 15% protein 120 

b Mani et al. 2019  20 337 52% CHO, 30% fat, 18% protein 90 
c Mani et al. 2019 20 600 49% CHO, 35% fat, 16% protein 90 

d Hagemann et al. 2022 20 575 49% CHO, 35% fat, 16% protein 120 
e Current study 22 730 55% CHO, 31% fat, 14% protein 150 

 

Figure S2. Correlation of post-prandial plasma LEAP2 with meal size consumed across different 

studies. 

Correlation of post-prandial change in absolute plasma LEAP2 concentrations between fed and fasted 

time points (∆ fed-fasted) and meal size (kcal) consumed across different studies made using 

Spearman’s (rS) correlation coefficient. Black dots indicate participants with obesity (BMI >30kg/m2) 

and open dots participants without obesity (BMI <30kg/m2). Meals are liquid nutritional supplements 

with similar macronutrient composition: carbohydrates 49-55%, fat 30-35% and protein 14-18%. Table 

at bottom indicates details of meal and time of post-prandial blood sample for each study indicated 

by letters a-e: a Hagemann CA et al. J Clin Endocrinol Metab. 2021;106(2):e966-81; b,c Mani BK et al. J 

Clin Invest. 2019;129(9):3909-23; d Hagemann CA et al. Cell Rep Med. 2022;3(4):100582. 

Abbreviations: BMI, body mass index; CHO carbohydrate; kcal, kilocalorie.   
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Figure S3. Plasma LEAP2 at study visits 

(A) Plasma LEAP2 concentration over study visits at Fed-ghrelin and Fed-saline visits. Arrows indicate 

(B) time of breakfast (t=0min) and (Inj) subcutaneous saline/AG injection (t= +55min). Comparisons 

made using 2-way repeated measures ANOVA with post-hoc Tukey’s test: *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 Fed-ghrelin vs. Fed-saline, n=22. (B) Comparison of incremental value of 

area under the curve (iAUC) from t=0 to +150 min for plasma LEAP2 between Fed-ghrelin and Fed-

saline visits with right-hand part of graph showing mean differences between visits (Δ Fed-ghrelin 

minus Fed-saline). Comparisons made using Wilcoxon matched pairs signed rank test: P>0.05, n=22. 

(C) Correlation of change in incremental value of area under the curve (iAUC) from t=0 to +150 min 

between Fed-saline and Fasted-saline visits (Δ fed-fasted) for plasma LEAP2 with change in 

incremental value of area under the curve (iAUC) from t=0 to +150 min between Fed-saline and 

Fasted-saline visits (Δ fed-fasted) for plasma AG using Spearman’s (rS) correlation coefficient. 

Abbreviations: AG, acyl ghrelin.  
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Figure S4. Food appeal ratings between visits for high-energy and low-energy foods 

Ratings of food picture appeal (averaged at t=+70 and +150min) between Fed-saline (730 kcal 

breakfast, grey bars) and Fasted-saline (overnight fast, white bars) visits for high-energy and low-

energy foods. Comparisons made using 2-way repeated measures ANOVA with post-hoc Tukey’s test: 

*P<0.05, **P<0.01, n=22. Data given as mean (bar). Abbreviations: HE, high-energy; LE, low-energy. 
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Figure S5. Correlations of post-prandial change in appeal ratings for high-energy food and high-

energy vs. low-energy food with post-prandial plasma LEAP2, AG and AG/LEAP2 molar ratio 

Correlations of post-prandial change in appeal ratings (average of t=+70 and +150 min time points) 

between Fed-saline and Fasted-saline visits (Δ fed-fasted) for (A,C,E) high-energy food picture appeal 

(vs. objects) and (B,D,F) high-energy vs. low-energy food picture appeal with change in incremental 

value of area under the curve (iAUC) from t= 0, +40, +70 and +150 min time points (except AG and 
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AG/LEAP2 molar ratio missing t=+40 min time point) between Fed-saline and Fasted-saline visits (Δ 

fed-fasted) or plasma (A,B) LEAP2, (C,D) AG and (E,F) AG/LEAP2 molar ratio, using Pearson’s (rP, linear 

regression line) or Spearman’s (rS) correlation coefficients, n=22. Abbreviations: AG, acyl ghrelin; HE, 

high-energy; LE, low-energy.  
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Figure S6. Plasma glucose, serum insulin and triglyceride concentrations at study visits  

(A,C,E) Concentrations over study visits for (A) plasma glucose, and serum (C) insulin and (E) 

triglycerides at Fasted-saline and Fed-saline visits. Arrows indicate (B) time of breakfast (t=0min) and 
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(Inj) subcutaneous saline/acyl ghrelin injection (t= +55min). (B,D,F) Comparison of incremental value 

of area under the curve (iAUC) from t=0 to +150 min for (B) plasma glucose, and serum (D) insulin and 

(F) triglycerides between Fed-saline and Fasted-saline visits with right-hand part of graph showing 

mean differences between visits (Δ fed-fasted). Comparisons made using (A,C,E) 2-way repeated 

measures ANOVA with post-hoc Tukey’s test, (B) paired Students t-test, and (D,F) Wilcoxon matched-

pairs signed rank test: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 Fed-saline vs. Fasted-saline, 

n=22. All data given as mean ± SEM.  
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SUPPLEMENTARY TABLES 

Table S1. Whole brain analysis for correlations of post-prandial changes in BOLD signal to high-energy foods with plasma hormones. 

Hormone Correlation Cluster 
Number 

of 
voxels 

Z x y z Laterality Brain region 

LEAP2 Positive None        

          

 Negative 1 1462 3.70 0 24 58 B 43% superior frontal gyrus 

    3.49 2 20 46 R 65% paracingulate gyrus, 5% anterior division cingulate gyrus, 5% superior 
frontal gyrus 

    3.35 -4 -12 34 L 22% anterior division cingulate gyrus, 10% posterior division cingulate gyrus 

    3.22 10 -32 38 R 31% posterior division cingulate gyrus, 5% precuneus 

    3.18 2 2 46 R 44% anterior division cingulate gyrus, 27% juxta positional lobule cortex 

    3.17 -2 -42 32 L 98% posterior division cingulate gyrus 

  2 1445 3.55 6 34 26 R 48% paracingulate gyrus, 42% anterior division cingulate gyrus 

    3.45 50 24 10 R 35% inferior frontal gyrus pars triangularis, 19% inferior frontal gyrus pars 
opercularis 

    3.43 42 38 26 R 41% frontal pole, 24% middle frontal gyrus 

    3.32 12 38 24 R 49% paracingulate gyrus, 8% anterior division cingulate gyrus 

    3.29 6 48 26 R 48% paracingulate gyrus, 28% superior frontal gyrus 

    3.27 20 36 24 R 99% right cerebral white matter 

  3 612 3.72 4 -82 54 R 8% precuneus  

    3.31 2 -62 54 R 72% precuneus  

    3.19 30 -60 50 R 52% superior division lateral occipital cortex, 11% superior parietal lobule, 
8% angular gyrus 
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Group level spatial co-ordinates for correlations of post-prandial Δ BOLD signal (Δ fed-fasted) to high-energy foods (vs. objects) with post-prandial 

changes (Δ fed-fasted) in plasma hormones (average 70/150 min) from whole-brain analysis. n=22 adults without obesity, cluster-wise family-wise error 

(FWE) Z>2.3, P<0.05. Abbreviations: B, bilateral; L, left; R, right; Z, Z-statistic. x, y, z coordinates given in Montreal Neurological Institute (MNI) space. 

    3.18 28 -64 46 R 52% superior division lateral occipital cortex 

    3.11 18 -72 62 R 54% superior division lateral occipital cortex 

    3.03 36 -56 58 R 35% superior division lateral occipital cortex, 25% superior parietal lobule, 
5% angular gyrus 

          

AG Positive None        

          

 Negative 1 403 3.59 40 -54 22 R 22% angular gyrus 

    3.52 40 -68 22 R 49% superior division lateral occipital cortex 

    3.49 34 -56 18 R 98% cerebral white matter 

    2.88 52 -52 22 R 72% angular gyrus 

    2.84 46 -52 10 R 24% temporooccipital part middle temporal gyrus 

          

AG/LEAP2 
ratio Positive None        

          

 Negative None        
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Table S2. Whole brain analysis for correlations of post-prandial changes in BOLD signal to low-energy foods with plasma hormones. 

Hormone Correlation Cluster Number of 
voxels Z x y z Laterality Brain region 

LEAP2 Positive None        

          

 Negative 1 637 3.82 12 -30 80 R 32% postcentral gyrus, 16% precentral gyrus 

    3.64 12 -46 76 R 35% postcentral gyrus, 21% superior parietal lobule 

    3.49 -10 -34 82 L 10% postcentral gyrus, 7% precentral gyrus 

    3.46 10 -42 78 R 58% postcentral gyrus, 8% superior parietal lobule 

    3.36 -14 -42 78 L 57% postcentral gyrus, 7% superior parietal lobule 

    3.18 -22 -22 76 L 48% precentral gyrus 

          

AG Positive 1 444 3.65 14 -90 2 R 41% occipital pole, 17% intra calcarine cortex, 9% lingual gyrus 

    3.63 24 -74 -8 R 55% occipital fusiform gyrus, 10% lingual gyrus 

    3.04 2 -82 -2 R 56% lingual gyrus, 25% intra calcarine cortex, 5% supra calcarine 
cortex 

    2.93 2 -84 2 R 39% intra calcarine cortex, 26% lingual gyrus, 23% supra calcarine 
cortex 

    2.86 26 -82 4 R 7% inferior division lateral occipital cortex 

    2.86 12 -92 10 R 52% occipital pole 

          

 Negative None        

          
AG/LEAP2 

ratio Positive None        
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Group level spatial co-ordinates for correlations of post-prandial Δ BOLD signal (Δ fed-fasted) to low-energy foods (vs. objects) with post-prandial 

changes (Δ fed-fasted) in plasma hormones (average 70/150 min) from whole-brain analysis. n=22 adults without obesity, cluster-wise family-wise error 

(FWE) Z>2.3, P<0.05. Abbreviations: L, left; R, right; Z, Z-statistic. x, y, z coordinates given Montreal Neurological Institute (MNI) space. 

 Negative None        
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Table S3. Whole brain analysis for correlations of post-prandial changes in BOLD signal to high-energy or low-energy foods with plasma hormones. 

Hormone Correlation Cluster Number 
of voxels Z x y z Laterality Brain region 

LEAP2 Positive None        

          

 Negative 1 1012 3.55 18 36 24 R 99% cerebral white matter 

    3.42 12 38 24 R 49% paracingulate gyrus, 8% anterior division cingulate gyrus 

    3.25 32 24 26 R 12% middle frontal gyrus 

    3.24 28 36 30 R 23% frontal pole, 17% middle frontal gyrus 

    3.21 42 38 24 R 48% frontal pole, 16% middle frontal gyrus 

    3.21 18 24 12 R 70% right cerebral white matter 

  2 818 4.13 4 -82 54 R 8% precuneus  

    3.66 2 -72 58 R 42% superior division lateral occipital cortex 

    3.59 12 -30 80 R 32% postcentral gyrus, 16% precentral gyrus 

    3.27 20 -72 62 R 48% superior division lateral occipital cortex 

    3.24 8 -36 80 R 36% postcentral gyrus, 9% precentral gyrus 

    3.23 10 -40 76 R 64% postcentral gyrus 

  3 581 3.50 40 -32 40 R 27% anterior division supramarginal gyrus, 27% postcentral gyrus 

    3.22 -2 -42 32 R 98% posterior division cingulate gyrus 

    3.22 10 -32 38 R 31% posterior division cingulate gyrus, 5% precuneus  

    3.17 2 -30 38 R 98% posterior division cingulate gyrus 

    3.16 32 -30 46 R 19% postcentral gyrus 

    3.11 28 -30 46 R 91% right cerebral white matter 
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Group level spatial co-ordinates for correlations of post-prandial Δ BOLD signal (Δ fed-fasted) to high- or low-energy foods (vs. objects) with post-

prandial changes (Δ fed-fasted) in plasma hormones (average 70/150 min) from whole-brain analysis. n=22 adults without obesity, cluster-wise family-

wise error (FWE) Z>2.3, P<0.05. Abbreviations: L, left; R, right, Z, Z-statistic. x, y, z coordinates given Montreal Neurological Institute (MNI) space.

          

AG Positive None        

          

 Negative None        

          

AG/LEAP2 
ratio Positive None        

          

 Negative None        

 



18 
 

SUPPLEMENTARY REFERENCES  

Akhavan T, Anderson GH. Effects of glucose-to-fructose ratios in solutions on subjective satiety, food 

intake, and satiety hormones in young men. Am J ClinNutr. 2007;86(5):1354-1363.  

Andarini S, Kangsaputra FB, Handayani D. Pre- and postprandial acylated ghrelin in obese and normal 

weight men. Asia Pac J Clin Nutr. 2017;26(Suppl 1):S85-S91.  

Blom WA, de Graaf C, Lluch A, et al. Postprandial ghrelin responses are associated with the intermeal 

interval in time-blinded normal weight men, but not in obese men. Physiol Behav. 2009;96(4-

5):742-8. 

Blom WA, Stafleu A, de Graaf C, et al. Ghrelin response to carbohydrate-enriched breakfast is related 

to insulin. Am J Clin Nutr. 2005;81(2):367-75.  

Bowen J, Noakes M, Trenerry C, et al. Energy intake, ghrelin, and cholecystokinin after different 

carbohydrate and protein preloads in overweight men. J Clin Endocrinol Metab. 

2006;91(4):1477-83.  

Bryant EJ, King NA, Falken Y, et al. Relationships among tonic and episodic aspects of motivation to 

eat, gut peptides, and weight before and after bariatric surgery. Surg Obes Relat Dis. 

2013;9(5):802-8.  

Cooper JA, Watras AC, Paton CM, et al. Impact of exercise and dietary fatty acid composition from a 

high-fat diet on markers of hunger and satiety. Appetite. 2011;56(1):171-8.  

Costabile G, Griffo E, Cipriano P, et al. Subjective satiety and plasma PYY concentration after 

wholemeal pasta. Appetite. 2018;125:172-181.  

Cummings DE, Frayo RS, Marmonier C, et al. Plasma ghrelin levels and hunger scores among humans 

initiating meals voluntarily in the absence of time- and food-related cues. Am J Physiol 

Endocrinol Metab. 2004.  

Deighton K, Batterham RL, Stensel DJ. Appetite and gut peptide responses to exercise and calorie 

restriction. The effect of modest energy deficits. Appetite. 2014;81:52-9.  

Di Francesco V, Zamboni M, Zoico E, et al. Unbalanced serum leptin and ghrelin dynamics prolong 

postprandial satiety and inhibit hunger in healthy elderly: another reason for the "anorexia of 

aging". Am J Clin Nutr. 2006;83(5):1149-52.  

Doucet E, Laviolette M, Imbeault P,et al. Total peptide YY is a correlate of postprandial energy 

expenditure but not of appetite or energy intake in healthy women. Metabolism. 

2008;57(10):1458-64.  

Doucet E, Pomerleau M, Harper ME. Fasting and postprandial total ghrelin remain unchanged after 

short-term energy restriction. J Clin Endo Metab. 2004;89(4):1727-1732.  

Duszka K, Gregor A, Reichel MW, et al. Visual stimulation with food pictures in the regulation of hunger 



19 
 

hormones and nutrient deposition, a potential contributor to the obesity crisis. PLoS One. 

2020;15(4):e0232099. 

Erdmann J, Hebeisen Y, Lippl F, et al. Food intake and plasma ghrelin response during potato-, rice- 

and pasta-rich test meals. Eur J Nutrition. 2007;46(4):196-203.  

Erdmann J, Topsch R, Lippl F, et al. Postprandial response of plasma ghrelin levels to various test meals 

in relation to food intake, plasma insulin, and glucose. J Clin Endocrinol Metab. 2004;89(6):3048-

3054.  

Frecka JM, Mattes RD. Possible entrainment of ghrelin to habitual meal patterns in humans. Am J 

Physiol Gastrointest Liver Physiol. 2008;294(3):G699-707. 

Gibbons C, Caudwell P, Finlayson G, et al. Comparison of postprandial profiles of ghrelin, active GLP-

1, and total PYY to meals varying in fat and carbohydrate and their association with hunger and 

the phases of satiety. J Clin Endocrinol Metab. 2013;98(5):E847-55.  

Giezenaar C, Lange K, Hausken T, et al. Acute Effects of Substitution, and Addition, of Carbohydrates 

and Fat to Protein on Gastric Emptying, Blood Glucose, Gut Hormones, Appetite, and Energy 

Intake. Nutrients. 2018;10(10). 

Giezenaar C, Luscombe-Marsh ND, Hutchison AT, et al. Dose-Dependent Effects of Randomized 

Intraduodenal Whey-Protein Loads on Glucose, Gut Hormone, and Amino Acid Concentrations 

in Healthy Older and Younger Men. Nutrients. 2018;10(1) 

Japur CC, Diez-Garcia RW, de Oliveira Penaforte FR, et al. Insulin, ghrelin and early return of hunger in 

women with obesity and polycystic ovary syndrome. Physiol Behav. 2019;206:252-258. 

Kroemer NB, Krebs L, Kobiella A, et al. Fasting levels of ghrelin covary with the brain response to food 

pictures. Addict Biol. 2013;18(5):855-862.  

Larson-Meyer DE, Willis KS, Willis LM, et al. Effect of honey versus sucrose on appetite, appetite-

regulating hormones, and postmeal thermogenesis. J Am Coll Nutr. 2010;29(5):482-93. 

Lioger D, Fardet A, Foassert P, et al. Influence of sourdough prefermentation, of steam cooking 

suppression and of decreased sucrose content during wheat flakes processing on the plasma 

glucose and insulin responses and satiety of healthy subjects. J Am Coll Nutr. 2009;28(1):30-6.  

Mackelvie KJ, Meneilly GS, Elahi D, et al. Regulation of appetite in lean and obese adolescents after 

exercise: role of acylated and desacyl ghrelin. J Clin Endocrinol Metab. 2007;92(2):648-54.  

Martens MJ, Lemmens SG, Born JM, et al. Satiating capacity and post-prandial relationships between 

appetite parameters and gut-peptide concentrations with solid and liquefied carbohydrate. 

PLoS One. 2012;7(7):e42110.  

Massolt ET, van Haard PM, Rehfeld JF,et al. Appetite suppression through smelling of dark chocolate 

correlates with changes in ghrelin in young women. Regul Pept. 2010;161(1-3):81-86.  



20 
 

McVeay C, Fitzgerald PCE, Ullrich SS, et al. Effects of intraduodenal administration of lauric acid and L-

tryptophan, alone and combined, on gut hormones, pyloric pressures, and energy intake in 

healthy men. Am J Clin Nutr. 2019;109(5):1335-1343.  

Monteleone P, Bencivenga R, Longobardi N, et al. Differential responses of circulating ghrelin to high-

fat or high-carbohydrate meal in healthy women. J Clin Endocrinol Metab. 2003;88(11):5510-4.  

Monteleone P, Piscitelli F, Scognamiglio P, et al. Hedonic eating is associated with increased peripheral 

levels of ghrelin and the endocannabinoid 2-arachidonoyl-glycerol in healthy humans: a pilot 

study. J Clin Endocrinol Metab. 2012;97(6):E917-24. 

Monteleone P, Scognamiglio P, Monteleone AM, et al. Gastroenteric hormone responses to hedonic 

eating in healthy humans. Psychoneuroendocrinology. 2013;38(8):1435-41.  

Moran LJ, Noakes M, Clifton PM, et al. Ghrelin and measures of satiety are altered in polycystic ovary 

syndrome but not differentially affected by diet composition. J Clin Endocrinol Metab. 

2004;89(7):3337-44.  

Nymo S, Coutinho SR, Eknes PH, et al. Investigation of the long-term sustainability of changes in 

appetite after weight loss. Int J Obes (Lond). 2018;42(8):1489-1499.  

Rosen LA, Ostman EM, Bjorck IM. Effects of cereal breakfasts on postprandial glucose, appetite 

regulation and voluntary energy intake at a subsequent standardized lunch; focusing on rye 

products. Nutr J.  2011;10:7.  

Serra-Prat M, Palomera E, Clave P, et al. Effect of age and frailty on ghrelin and cholecystokinin 

responses to a meal test. Am J Clin Nutr. 2009;89(5):1410-7.  

Sinha R, Gu P, Hart R, et al. Food craving, cortisol and ghrelin responses in modeling highly palatable 

snack intake in the laboratory. Physiol Behav. 2019;208:112563.  

Stock S, Leichner P, Wong AC, et al. Ghrelin, Peptide YY, Glucose-Dependent Insulinotropic 

Polypeptide, and Hunger Responses to a Mixed Meal in Anorexic, Obese, and Control Female 

Adolescents. J Clin Endocrinol Metab. 2005;90(4):2161-2168.  

St-Onge MP, Mayrsohn B, O'Keeffe M, et al. Impact of medium and long chain triglycerides 

consumption on appetite and food intake in overweight men. Eur J Clin Nutr. 2014;68(10):1134-

40.  

Unick JL, Otto AD, Goodpaster BH, et al. Acute effect of walking on energy intake in overweight/obese 

women. Appetite. 2010;55(3):413-9.  

Zhu L, Huang Y, Edirisinghe I, et al. Using the Avocado to Test the Satiety Effects of a Fat-Fiber 

Combination in Place of Carbohydrate Energy in a Breakfast Meal in Overweight and Obese Men 

and Women: A Randomized Clinical Trial. Nutrients. 2019;11(5). 


