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Abstract 45 

Acute exercise is associated with a transient suppression of appetite. Effects of regular exercise on 46 

appetite are not well understood. We aimed to determine effects of active commuting and leisure-47 

time exercise on appetite. 130 physically inactive women and men (20-45 years) with overweight 48 

and obesity were randomized to 6 months of habitual lifestyle (CON, n=18), active commuting (BIKE, 49 

n=35), or leisure-time exercise of moderate (MOD, 50% VO2peak-reserve, n=39) or vigorous intensity 50 

(VIG, 70% VO2peak-reserve, n=38). Appetite ratings, acylated ghrelin, cholecystokinin (CCK), 51 

glucagon-like peptide-1 (GLP-1), peptide YY (PYY) and glucagon were assessed in the basal state and 52 

in response to meal and exercise challenges at baseline, 3, and 6 months. Ad libitum energy intake 53 

was determined during test meals. Data from 90 participants (per protocol) were available and 54 

results are comparisons with CON. At 3 months, ad libitum energy intake was lower in VIG (-22%, 55 

p<0.01), basal glucagon was lower in BIKE (p<0.05) and VIG (p=0.01), and postprandial ratings of 56 

prospective food consumption were lower in MOD (p=0.02) and VIG (p<0.001). In VIG, ratings of 57 

hunger (p=0.01) and prospective food consumption (p=0.03) were lower following acute exercise at 58 

3 months. At 6 months, basal and postprandial GLP-1 were higher (p≤0.04) whereas post-exercise 59 

PYY was lower (p=0.03) in VIG, and post-exercise CCK was lower in BIKE (p=0.03). Vigorous intensity 60 

exercise training leads to a transient suppression of energy intake and subjective appetite (3 61 

months) but a more long-term increase in basal and postprandial GLP-1 (6 months) in individuals 62 

with overweight and obesity.  63 

 64 

  65 
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New & Noteworthy 66 

This is the first randomized controlled trial investigating long-term effects of exercise domain and 67 

intensity on subjective and hormonal markers of appetite and ad libitum energy intake in individuals 68 

with overweight and obesity. Appetite was assessed in response to meal and exercise challenges at 69 

baseline, 3 and 6 months. Anorexigenic effects of exercise vary with the duration of intervention and 70 

are restricted to regular leisure-time exercise of vigorous intensity in individuals with overweight and 71 

obesity. 72 

Keywords: Exercise, appetite, energy intake, overweight, obesity.  73 

 74 

75 
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Introduction 76 

Regular aerobic exercise promotes body weight management (4), but exercise alone is considered 77 

less efficient than dietary restrictions for weight loss in individuals with overweight and obesity (23, 78 

35). It has been hypothesized that engagement in regular exercise will increase the motivation to eat 79 

and drive up physiological markers of hunger. However, the biological response to an acute bout of 80 

exercise includes a transient suppression of the orexigenic hormone ghrelin and increases in 81 

concentrations of anorexigenic hormones such as glucagon-like peptide-1 (GLP-1) and peptide YY 82 

(PYY) (34) contributing to the phenomenon known as ‘exercise-induced anorexia’ (17). A partial 83 

compensation in the form of increased energy intake has been demonstrated in lean individuals 84 

after exercise interventions of short duration (36, 46). This suggests some upregulation of appetite, 85 

but whether this phenomenon persists after regular exercise is still unclear. However, in a previous 86 

randomized controlled trial we showed increased basal and postprandial ratings of fullness as well as 87 

increased postprandial concentrations of PYY in men with overweight after 12 weeks of daily 88 

vigorous intensity exercise (32), suggesting that exercise may have some favorable effects on 89 

appetite regulation in individuals with overweight. To our knowledge, no previous randomized 90 

controlled trials have determined markers of appetite repeatedly in exercise interventions of longer 91 

duration. Furthermore, it is unknown whether long-term exercise of different intensities or 92 

modalities exerts differential effects on appetite. The aim of the present study was to evaluate the 93 

efficacy of different types of exercise on hormonal and subjective markers of appetite and ad libitum 94 

energy intake. Thus, we performed a 6-month randomized controlled trial to investigate the effects 95 

of active commuting and leisure-time exercise of different intensities in physically inactive women 96 

and men with overweight and obesity with ad libitum energy intake during a test meal as main 97 

outcome and subjective and physiological markers of appetite as secondary outcomes for the 98 

present manuscript.  99 
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Materials and methods 100 

The data presented are part of a larger interdisciplinary research project, Governing Obesity – Active 101 

Commuting To Improve health and Wellbeing of Everyday life (GO-ACTIWE). GO-ACTIWE addresses 102 

the health effects of exercise in adults with overweight and class 1 obesity, and the potentials and 103 

barriers towards exercise becoming a daily routine. The study was performed at the Department of 104 

Biomedical Sciences, Faculty of Health and Medical Sciences, University of Copenhagen, from 105 

November 2013 to June 2016.  106 

Participants 107 

We recruited healthy, physically inactive (structured physical activity ≤2 hours/week and bicycling 108 

≤25 km/week), Caucasian adults aged 20-45 years with overweight or obesity (body mass index: 25-109 

35 kg/m2). Eligible participants received written and oral information and signed informed consent 110 

before a screening session. The study was approved by the ethical committee of The Capital Region 111 

of Denmark (H-4-2013-108), registered at the Danish Data Protection Agency and at clinicaltrials.gov 112 

(identifier: NCT01962259 (main trial) & NCT01973686 (energy metabolism substudy)) and adhered 113 

to the principles of the Declaration of Helsinki. 114 

Study design and interventions 115 

The study design has been described in detail elsewhere (31). Briefly, GO-ACTIWE was a 6-month 116 

randomized controlled trial, which included three identical test periods at baseline and after 3 and 6 117 

months. After baseline testing, eligible participants were randomized in 1:2:2:2 ratios to non-118 

exercise control (CON, n=18), active commuting by bike (BIKE, n=35), moderate (MOD, n=39) or 119 

vigorous intensity leisure-time exercise (VIG, n=38). Diet was ad libitum and participants were 120 

advised to continue habitual eating throughout the intervention. The original design included a 1-121 

year intervention, but the duration was reduced to 6 months without reference to data (February 2, 122 

2014) since we experienced an unexpectedly large withdrawal of eligible individuals during the 123 

inclusion phase compared to our previous studies of shorter duration (26, 30).  124 
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Exercise was prescribed 5 days/week with training energy expenditure (TrEE) at 320 kcal/day for 125 

women and 420 kcal/day for men. This corresponds to 1600 kcal/week for women and 2100 126 

kcal/week for men, which is equivalent to most health recommendations (6, 48). In BIKE, 127 

instructions to commute by bike to and from work/school were given and an average daily distance 128 

was calculated for the corresponding energy expenditure. Therefore, participants in BIKE had to 129 

adjust their commuting sessions e.g. by including detours or combining active commuting and public 130 

transportation. MOD and VIG had free access to fitness centers and were instructed to perform 131 

different types of aerobic exercise (e.g. walking, cycling, running or rowing). Target exercise heart 132 

rate (HR) was individually prescribed at 50 and 70% VO2peak-reserve in MOD and VIG, respectively, 133 

and adjusted after 6 weeks and 3 months. A HR monitor with build-in GPS (RC3 GPS, Polar Electro 134 

Oy, Kempele, Finland) was worn during all exercise sessions to monitor compliance. We aimed to 135 

keep weekly compliance at 80-120% of the prescribed energy expenditure and were in weekly 136 

contact with the participants. 137 

Measurements 138 

The main test day consisted of a standardized meal and an exercise challenge as outlined in Figure 1. 139 

During 3- and 6-month testing, the last exercise bout was scheduled >36 h prior to testing. 140 

Participants arrived at 8 am after an overnight fast (≥10 h) and were placed in a comfortable bed. A 141 

catheter was inserted into an antecubital vein and after 15 min rest basal blood samples were 142 

collected and hunger, satiety, fullness, and prospective food consumption were rated using visual 143 

analogue scales (VAS) (5). A standard breakfast meal (460 kcal for women and 600 kcal for men, 64 144 

E% carbohydrate, 23 E% fat, 13 E% protein) consisting of bread rolls, cheese, jam, mixed fruit juice 145 

and water was served. Halfway through the meal, paracetamol (3x500 mg Pinex, Actavis Group hf., 146 

Hafnarfjordur, Iceland) was ingested to assess gastric emptying rate (25, 47). In the postprandial 147 

period, blood was sampled and appetite was rated every 30 min for 180 min. A chocolate milk 148 

(Matilde Mild, Arla Foods, Viby J, Denmark; 152 mL, 73 kcal (women) and 200 mL, 96 kcal (men), 61 149 
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E% carbohydrate, 8 E% fat, 31 E% protein) was provided for the participants’ comfort after the last 150 

blood samples and appetite ratings of the meal test (180 min).  151 

An exercise bout was performed at 60% VO2peak on an electronically braked bicycle (Monark 928 152 

G3, Monark Exercise AB, Vansbro, Sweden). Women and men combusted 320 and 420 kcal, 153 

respectively, and the duration and workloads were individually calculated for each participant based 154 

on the linear HR-VO2 relationship during submaximal exercise (40) at baseline, 3, and 6 months. The 155 

exercise bout was scheduled to terminate at 255 min, and was therefore initiated at individual time 156 

points. Immediately after as well as 30 and 60 min post-exercise, blood samples were collected and 157 

appetite was rated. A glass of water (114 ml (women) and 150 ml (men)) was provided for the 158 

participant’s comfort after the blood sampling and appetite ratings immediately after cessation of 159 

exercise (255 min).  160 

To determine ad libitum energy intake in response to acute exercise, participants were provided a 161 

meal consisting of a hot pot of homogenous pasta Bolognese (1440 g, 1912 kcal, 55 E% 162 

carbohydrate, 30 E% fat, 15 E% protein, homogenous composition) served with a glass of water (114 163 

ml (women) and 150 ml (men)) 1 h post-exercise. Participants sat quietly on their own and were 164 

asked to eat until comfortably full/satiated and to drink all of the water. The duration of the meal 165 

was registered. Participants were asked to carefully weigh and register all foods and beverages 166 

consumed during the remainder of the day and energy intake was subsequently calculated (Dankost 167 

3000, Dankost, Copenhagen, Denmark). 168 

Body composition and maximal oxygen uptake were measured on separate days as previously 169 

described (28, 31). Also, eating behavior was determined using a 51-item Three-Factor Eating 170 

Questionnaire (TFEQ) (37) on a separate day not to influence the reporting of subjective appetite. 171 

Specifically, cognitive restraint (intention to control eating), disinhibition (likelihood to overconsume 172 

in response to cognitive and emotional stimuli), and susceptibility to hunger (food consumption in 173 

response to feelings of hunger) were assessed.  174 

  175 



 

9 

Biochemical measurements 176 

Blood samples were analyzed for acylated ghrelin, CCK, total GLP-1, total PYY, and glucagon. Blood 177 

was collected in chilled vacutainers (K2E, EDTA (acylated ghrelin, total GLP-1, total PYY, and 178 

glucagon) and K3E, Aprotinin (CCK), Becton-Dickinson, Plymouth, UK). For analysis of total GLP-1, 10 179 

µL 1mM valine-pyrrolidide (dipeptidyl peptidase-4 inhibitor) was added per 1 mL blood immediately 180 

after sampling to prevent degradation (44), and all samples were placed on ice. Samples were 181 

centrifuged at 2000 g for 10 min at 4○C, and plasma collected for acylated ghrelin was acidified by 50 182 

µL 1 M HCl per 500 µL plasma. Blood for analysis of serum paracetamol was placed at room 183 

temperature for 60-120 min before centrifugation. All samples were stored at -80○C. Highly specific 184 

in-house radioimmunoassays were used to measure CCK, total GLP-1, total PYY, and glucagon as 185 

previously described (19, 27, 29, 42, 45). Acylated ghrelin was measured using a radioimmunoassay 186 

kit from Millipore (catalogue #GHRA-88HK, St. Louis, Missouri, USA). In our hands, intra-assay 187 

coefficients of variation were <10 % and the quality controls included were always within acceptable 188 

limits for all assays. Serum paracetamol was analyzed by an enzyme-specific reaction (Cambridge 189 

Life Sciences, Cambridgeshire, UK) using an ABX Pentra 400 automated analyzer (Horiba ABX SAS, 190 

Montpellier, France). Hematocrit was measured at time points between 150 and 315 min (Hemocue 191 

Hb 201+, Hemocue AB, Ängelholm, Sweden). 192 

Calculations and statistics 193 

Total area under the curve (t-AUC) was calculated for VAS, concentrations of appetite-related 194 

hormones and serum concentrations of paracetamol (47) during the 180 min standardized meal test 195 

using the trapezoidal method. Furthermore, means of appetite ratings and hormone concentrations 196 

obtained during post-exercise rest (285 and 315 min) were calculated.  197 

The pre-specified primary outcomes in the GO-ACTIWE trial included peripheral insulin sensitivity, 198 

endogenous thrombin potential, and fat mass as described elsewhere (31). A per protocol analysis 199 

including participants who adhered to the exercise interventions and completed testing was 200 
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performed for all available outcomes in the present analysis, since we aimed to evaluate the efficacy 201 

of the different exercise interventions on appetite and energy intake.   202 

Exercise compliance was compared between groups using 1-way ANOVA. Differences between 203 

groups at 3 and 6 months were evaluated using a mixed model with mean vector as a function 204 

of time (factorial) and group x time interaction adjusted for baseline variation. Baseline 205 

characteristics were compared between groups using 1-way ANOVA with the post hoc Tukey 206 

procedure. Baseline variation was corrected for by taking the correlation between repeated 207 

measures on the individual level into account. In supplementary analyses of the main outcome of 208 

the manuscript, ad libitum energy intake during the test meal, gender was adjusted for and potential 209 

gender differences in the response of the interventions were assessed by including gender and 210 

gender x time interaction in the model. Unstructured covariance was used to model the association 211 

between the repeated measurements (baseline, 3, and 6 months) on each individual and the mean 212 

vector was inferred using the Kenward-Roger method for determination of denominator degrees of 213 

freedom. Adequacy of the assumptions of normality and homogeneity of variances were evaluated 214 

using graphical methods. Descriptive data are presented as unadjusted mean (SD) for data with 215 

Gaussian distribution and as median (interquartile range) for data with non-Gaussian distribution. 216 

Changes are presented as mean percentage change (95% confidence interval) and non-parametric 217 

data were logarithmically transformed prior to analysis. The primary aim was to compare effects of 218 

the interventions with those in CON. For readability both effect sizes and p-values are presented for 219 

these comparisons whereas only p-values from comparisons between intervention groups are 220 

presented. Except for comparisons between groups at baseline, corrections for multiple 221 

comparisons were not performed. The level of significance was set at p<0.05 (two-tailed). Analyses 222 

were performed in SAS Enterprise Guide 7.1 (SAS Institute, Cary, NC, USA). 223 

 224 

  225 
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Results 226 

Participants 227 

Ninety of the 130 randomized participants completed the intervention and testing. Six participants 228 

(BIKE: n=3, MOD: n=2, VIG: n=1) completed 3 months of the intervention and were kept in the 229 

analysis at 3 months. Six participants (CON: n=2; BIKE: n=2; MOD: n=2) completed the intervention 230 

but were missing at 3 months testing. Baseline characteristics of the participants are presented in 231 

Tables 1-3. Except for higher basal PYY concentrations in MOD compared with VIG (p=0.04) (Table 2) 232 

and higher total energy intake relative to body weight (sum of test meals, chocolate milk, and self-233 

report during the remainder of the day) in BIKE compared with VIG (p=0.01) (Table 3) no differences 234 

were observed between the groups at baseline.   235 

Training compliance 236 

Training compliance in GO-ACTIWE has been reported elsewhere (7, 28). For the participants 237 

included in the present analysis, adherence to the prescribed TrEE was excellent in all three 238 

intervention groups (BIKE: 95%; MOD: 98%; VIG: 93%) (p≥0.28 for all comparisons) (Table 1). 239 

Exercise intensity (%VO2peak-reserve) was 54% in BIKE, 49% in MOD, and 66% in VIG and was higher 240 

in BIKE (p=0.02) and VIG (p<0.001) compared with MOD and higher in VIG than in BIKE (p<0.001) 241 

(Table 1). 242 

Cardiorespiratory fitness and body composition 243 

Changes in VO2peak and body composition in GO-ACTIWE have been reported elsewhere (7, 28). For 244 

the participants included in the present analysis, VO2peak increased (p≤0.01 vs. CON), while body 245 

weight and fat mass decreased (p≤0.02 vs. CON) in all three intervention groups with a greater 246 

reduction in fat mass in VIG compared with MOD (p=0.03) (Table 1).  247 

  248 
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Ad libitum energy intake  249 

At 3 months, ad libitum energy intake during the test meal was lower in VIG compared with CON (-250 

22 [-34; -8] %, p<0.01) and also when expressed relative to body weight (-19 [-32; -5] %, p=0.01) 251 

(Table 3). At 6 months, ad libitum energy intake was lower in VIG compared with MOD (p=0.03) 252 

(Table 3). There were no differences between groups when the accumulated energy intake during 253 

the entire day (test day and dietary records) was calculated (absolute or relative to body weight) at 3 254 

or 6 months (p≥0.25 vs. CON for all comparisons) (Table 3). Eating pace during the test meal did not 255 

differ between groups at 3 or 6 months (p≥0.10 vs. CON for all comparisons) (Table 3). A 256 

supplementary analysis revealed no gender difference in the changes in ad libitum energy intake 257 

(gender x time interaction, p=0.42). 258 

Basal appetite ratings and hormone concentrations 259 

At 3 months, basal appetite ratings and hormone concentrations did not change in any of the 260 

intervention groups compared with CON (p≥0.11 for all comparisons), except for glucagon which was 261 

lower in BIKE (-32 [-63; -1] %, p<0.05) and VIG (-38 [-68; -8] %, p=0.01) compared with CON (Table 2 262 

and Figures 2-3). At 6 months, basal GLP-1 was higher in VIG compared with CON (25 [1; 47] %, 263 

p=0.04) and basal ratings of hunger were higher in BIKE compared with VIG (p=0.03), whereas basal 264 

acylated ghrelin was higher in VIG than in BIKE (p=0.02) and MOD (p=0.01) (Table 2 and Figures 2-3).  265 

Postprandial appetite ratings, hormone concentrations and gastric emptying  266 

Following the standardized breakfast meal, ratings of prospective food consumption were lower in 267 

MOD (-19 [-36; -3] %, p=0.02) and VIG (-30 [-47; -13] %, p<0.001) compared with CON at 3 months 268 

(Figure 2). Additionally, ratings of prospective food consumption were lower in VIG compared with 269 

BIKE (p<0.01), and hunger ratings were lower in MOD (p=0.04) and VIG (p<0.01) compared with BIKE 270 

(Figure 2). At 6 months, ratings of prospective food consumption were still lower in VIG compared 271 

with BIKE (p=0.04) but also compared with MOD (p=0.048) (Figure 2). 272 
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The GLP-1 response associated with the standardized breakfast meal was increased in VIG compared 273 

with CON at 6 months (16 [1; 33] %, p=0.04), but not at 3 months (7 [-4; 20] %, p=0.22) (Figure 3). At 274 

both 3 and 6 months, neither acylated ghrelin, CCK, glucagon nor PYY differed from CON in any of 275 

the intervention groups in response to the breakfast meal  (p≥0.21 for all comparisons) (Figure 3).  276 

The t-AUC for serum paracetamol concentrations was increased in VIG compared with CON at 6 277 

months (14 [1; 29] %, p=0.03) (Figure 4), indicating faster gastric emptying rate.  278 

Post-exercise appetite ratings and hormone concentrations  279 

Immediately after the acute bout of exercise (255 min), ratings of prospective food consumption 280 

were lower in VIG compared with all other groups at 3 months (CON: -18 [-34; -2] %, p=0.03; BIKE: 281 

p=0.01; MOD: p=0.02) (Figure 2). At 6 months, post-exercise CCK was lower in BIKE compared with 282 

CON (-36 [-70; -3] %, p=0.03) (Figure 3). 283 

During the 1-hour bedrest after the exercise bout (time 285-315 min), ratings of hunger and 284 

prospective food consumption were lower in VIG compared with CON at 3 months (-14 [-26; -3] %, 285 

p=0.01 and -12 [-1; -22] %, p=0.03, respectively) (Figure 2), whereas PYY was lower in VIG compared 286 

with CON at 6 months (-26 [-49; -2] %, p=0.03) (Figure 3).  287 

During the post-exercise bedrest at both 3 and 6 months, there were no differences in acylated 288 

ghrelin, CCK, glucagon or GLP-1 in any of the intervention groups compared with CON (p≥0.11 all 289 

comparisons) (Figure 3). At 3 months, PYY was higher in BIKE compared with MOD (p=0.03) and 290 

acylated ghrelin was higher in VIG compared with BIKE at 6 months (p=0.04) (Figure 3).  291 

Hematocrit did not differ between groups in relation to the exercise bout at 3 or 6 months (p≥0.17 292 

for all comparisons) (data not shown).  293 

  294 
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Eating behavior 295 

As determined by the TFEQ, dietary restraint and disinhibition did not change in any of the groups at 296 

3 and 6 months (p≥0.33 vs. CON for all comparisons) (Table 3). At 6 months, susceptibility to hunger 297 

decreased in BIKE and VIG compared with MOD (p<0.03 for both) but not compared with CON 298 

(p≥0.19 for both) (Table 3). 299 

 300 

Discussion 301 

This is the first long-term randomized controlled trial to investigate the effects of different types and 302 

intensities of regular exercise on subjective and hormonal markers of appetite and ad libitum energy 303 

intake in individuals with overweight and obesity. Our study design allowed us to investigate 304 

longitudinal changes in appetite and energy intake in response to exercise interventions by using 305 

repeated test days (baseline, 3 and 6 months). A main finding was that regular exercise of vigorous 306 

intensity induced a transient (i.e. at 3 but not at 6 months) suppression of meal- and exercise-related 307 

appetite and lower ad libitum energy intake. This could possibly represent an adaptation to a single 308 

bout of exercise when exercise is repeated over time and becomes chronic. Furthermore, 6 months 309 

of vigorous intensity exercise was associated with higher paracetamol concentrations after the 310 

standardized breakfast meal, indicating faster gastric emptying, and higher basal as well as 311 

postprandial GLP-1 but lower post-exercise PYY concentrations. We were not able to identify 312 

consistent increases in neither subjective nor hormonal markers of appetite nor ad libitum energy 313 

intake after active commuting or moderate intensity exercise despite reductions of fat mass after all 314 

three types of exercise (28).  315 

The effects of regular exercise on appetite regulation are complex and only few prior studies are of 316 

longer duration (>3 months). Food intake is controlled via sensations related to feelings such as 317 

hunger, satiation and satiety and is regulated via physiological factors that include an array of 318 

peptides that are primarily released from the gastrointestinal tract. Current knowledge suggests that 319 
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weight loss to some extent is counterbalanced by increased appetite (39). However, it is well 320 

accepted that an acute bout of exercise induces a temporary state of anorexia (2, 34).  321 

Blundell and colleagues have advanced our understanding of how regular exercise influences 322 

appetite in individuals with overweight and obesity. In a series of studies involving 12 weeks of 323 

supervised exercise, they observed an increase in the drive to eat through modulation of basal 324 

hunger, but increased postprandial satiety (3, 18, 21). We have previously observed increased 325 

ratings of fullness and PYY3-36 concentrations in response to a standardized breakfast meal after 12 326 

weeks of a high (60 min/day) but not a moderate (30 min/day) dose of vigorous intensity exercise 327 

(32). Basal and postprandial ratings of satiety and fullness as well as concentrations of CCK and PYY 328 

remained unaltered in the present study which corresponds well with observations by others (9, 20–329 

22). However, Martins et al. (21) observed a delayed postprandial increase in GLP-1 and PYY 330 

concentrations after 12 weeks of exercise training. Elevated meal-related hunger ratings and ghrelin 331 

concentrations as well as reduced CCK and PYY concentrations have been reported in response to 332 

diet-induced weight loss (38). King et al. (16) observed increased acylated ghrelin and decreased 333 

PYY3-36 in response to an acute diet-induced energy deficit, whereas no compensatory changes were 334 

observed when a similar energy deficit was induced by exercise. In response to the breakfast meal at 335 

3 months, ratings of prospective food consumption decreased in both leisure-time exercise groups 336 

and hunger ratings tended to decrease after vigorous intensity exercise training. These effects were, 337 

however, not sustained after 6 months, suggesting only a transient meal-related reduction of 338 

appetite. In the present study, basal as well as postprandial GLP-1 increased after 6 months of 339 

vigorous intensity exercise. In addition to its anorexigenic properties, GLP-1 also inhibits and delays 340 

gastric emptying (12). However, paracetamol concentrations were increased postprandially, 341 

indicating faster gastric emptying in response to vigorous intensity exercise. Whereas acute exercise 342 

of vigorous intensity seems to cause a delay in gastric emptying (15) cross-sectional data suggest 343 

faster gastric emptying among physically active individuals (13). Interpretation of accelerated gastric 344 

emptying in response to vigorous intensity exercise training is complicated since it would be 345 
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associated with less gastric distension and triggering of mechanoreceptors in the stomach but faster 346 

delivery of nutrients to the intestine resulting in secretion of anorexigenic hormones (14), which 347 

corresponds well with the higher postprandial GLP-1 in VIG.   348 

In addition to the effects on glucose metabolism, glucagon has been suggested to have anorexigenic 349 

effects (24) and one interpretation of lower basal glucagon in response to 3 months of active 350 

commuting and vigorous intensity exercise could be decreased satiety. However, a negative energy 351 

balance was observed in BIKE and VIG and the lower glucagon may rather be related to improved 352 

glucose metabolism. While the findings from acute exercise studies suggest an anorexigenic effect of 353 

a single bout of exercise (11, 33, 34), we have previously observed a training-induced (within-group) 354 

increase in ghrelin response to acute exercise (32), suggesting a more orexigenic response to acute 355 

exercise when exercise becomes habitual. Compared with controls we were not able to identify a 356 

similar response when exercise is performed regularly.  357 

In accordance with the changes in appetite ratings, energy intake was approximately 20% lower 358 

during the ad libitum meal after 3 months of vigorous intensity exercise. In our previous study (32) 359 

and in the study by Ueda et al. (43), no significant changes in ad libitum energy intake were observed 360 

in response to meal or exercise challenges, respectively, after 12-week exercise interventions.  361 

Interestingly, some of the effects observed could partly be attributed to changes within the control 362 

group. Specifically, ratings of hunger and prospective food consumption and ad libitum energy 363 

intake were increased, whereas ratings of satiety and fullness were generally decreased within CON 364 

after 3 months, suggesting an order effect for repeated measurements related to appetite 365 

regulation. This stresses the strength of the present study design as well as the importance of the 366 

controlled design in future studies aiming to investigate effects of exercise training on appetite. 367 

Due to the integrative relationship between exercise, appetite and energy balance (1), effects of 368 

exercise training on appetite could potentially be mediated through changes in body composition 369 
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and weight. Changes in body composition and weight are an inherent part of an exercise 370 

intervention and correction could possibly remove potential effects of the interventions.  371 

A number of limitations may affect the interpretation of the present study. The sample size was not 372 

determined in order to detect changes in appetite and energy intake and therefore the analyses are 373 

exploratory. However, based on reproducibility studies of appetite (5) and ad libitum energy intake 374 

(8) the sample size seems adequate. The paracetamol absorption technique has been suggested as a 375 

reliable indirect measure of liquid-phase gastric emptying (47). Although administration of 376 

paracetamol in combination with a meal can be used to estimate gastric emptying (25), we cannot 377 

exclude that potential food-drug interactions may have affected our results. However, we assume 378 

that potential limitations are equally distributed across groups.  379 

It has been suggested that appetite responses to exercise differs between women and men (10); 380 

however, only few studies have addressed this issue and the available evidence do not support sex 381 

differences (41). We did not specifically aim to investigate potential sex differences and sample sizes 382 

were not calculated accordingly. However, a supplementary exploratory analysis revealed no gender 383 

differences in the changes in the main outcome of the manuscript, ad libitum energy intake. Future 384 

studies with sufficient statistical power should investigate potential sex differences in appetite and 385 

energy intake in response to long-term exercise. 386 

In summary, 6 months of active commuting and leisure-time exercise of different intensities did not 387 

increase markers of appetite in women and men with overweight and obesity. On contrary, 3 388 

months of vigorous intensity exercise was associated with decreased ratings of prospective food 389 

consumption and hunger in response to meal and exercise challenges and subsequently lower ad 390 

libitum energy intake. After 6 months of vigorous intensity exercise basal and postprandial GLP-1 391 

were increased but post-exercise PYY was decreased. Our findings suggest a transient suppression of 392 

energy intake and subjective markers of appetite (3 months) but a more long-term increase in basal 393 

and postprandial GLP-1 (6 months) after vigorous intensity exercise in individuals with overweight 394 
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and obesity. Furthermore, our findings suggest that exercise needs to be of vigorous intensity in 395 

order to affect appetite in individuals with overweight and obesity. 396 
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Table and figure legends 539 

Table 1. Data are shown as unadjusted mean (SD) except (a) which are shown as median 540 

(interquartile range). # significantly different from CON; † significantly different from BIKE; $ 541 

significantly different from MOD. Baseline values were compared between groups using 1-way 542 

ANOVA with the post hoc Tukey procedure. Changes from baseline to 3 and 6 months were 543 

compared between groups using a mixed model adjusted for baseline variation. Training compliance 544 

was compared between groups using 1-way ANOVA. Abbreviations: BIKE, active commuting group; 545 

bpm, beats per minute; CON, control group; EE, energy expenditure; MOD, moderate intensity 546 

exercise group; VIG, vigorous intensity exercise group; VO2, oxygen uptake. 547 

Table 2. Data are shown as unadjusted mean (SD) except (a) which are shown as median 548 

(interquartile range). # significantly different from CON; † significantly different from BIKE; $ 549 

significantly different from MOD. Baseline values were compared between groups using 1-way 550 

ANOVA with the post hoc Tukey procedure. Changes from baseline to 3 and 6 months were 551 

compared between groups using a mixed model adjusted for baseline variation. Abbreviations: BIKE, 552 

active commuting group; CCK, cholecystokinin; CON, control group; GLP-1, glucagon-like peptide-1; 553 

MOD, moderate intensity exercise group; PYY, peptide YY; VIG, vigorous intensity exercise group. 554 

Table 3. Data are shown as unadjusted mean (SD) except (a) which are shown as median 555 

(interquartile range). 1. Total energy intake during the test day including standardized breakfast 556 

meal, pre-exercise chocolate milk, ad libitum lunch meal, and free-living ad libitum diet the 557 

remainder of the day assessed by dietary records. # significantly different from CON; † significantly 558 

different from BIKE; $ significantly different from MOD. Baseline values were compared between 559 

groups using 1-way ANOVA with the post hoc Tukey procedure. Changes from baseline to 3 and 6 560 

months were compared between groups using a mixed model adjusted for baseline variation. 561 

Abbreviations: BIKE, active commuting group; CON, control group; MOD, moderate intensity 562 

exercise group; VIG, vigorous intensity exercise group. 563 
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Figure 1. Graphic illustration of the appetite test day. 564 

Figure 2. Appetite ratings assessed by visual analogue scales in the basal state (-15 min), and in 565 

response to a standardized breakfast meal (0-180 min) and a standardized exercise bout (255-315 566 

min) at baseline, 3, and 6 months. Data are presented as mean and SEM for readability. Baseline 567 

values were compared between groups using 1-way ANOVA with the post hoc Tukey procedure. 568 

Changes from baseline to 3 and 6 months were compared between groups using a mixed model 569 

adjusted for baseline variation. At 3 months, during the 180 min meal test t-AUC of ratings of 570 

prospective food consumption were lower in MOD (p=0.02) and VIG (p<0.001) vs. CON and in VIG vs. 571 

BIKE (p<0.01) and t-AUC of ratings of hunger were lower in MOD (p=0.04) and VIG (p<0.01) vs. BIKE. 572 

At 3 months, post-exercise (255 min) ratings of prospective food consumption were lower in VIG vs. 573 

CON (p=0.03), BIKE (p=0.01), and MOD (p=0.02), and during post-exercise bedrest (285-315 min) 574 

ratings of hunger (p=0.01) and prospective food consumption (p=0.03) were lower in VIG vs. CON. At 575 

6 months, basal ratings of hunger were higher in BIKE vs. VIG (p=0.03) and during the 180 min meal 576 

test t-AUC of ratings of prospective food consumption were lower in VIG vs. BIKE (p=0.04) and MOD 577 

(p<0.05). Other comparisons did not reach statistical significance. Number of participants: Baseline: 578 

CON: n=16; BIKE: n=20; MOD: n=30; VIG: n=25; 3 months: CON: n=14; BIKE: n=20; MOD: n=30; VIG: 579 

n=25; 6 months: CON: n=16; BIKE: n=19; MOD: n=30; VIG: n=24. Abbreviations: BIKE, active 580 

commuting group; CON, control group; MOD, moderate intensity exercise group; t-AUC, total area 581 

under the curve; VIG, vigorous intensity exercise group. 582 

Figure 3. Appetite-related hormones in the basal state (-15 min), and in response to a standardized 583 

breakfast meal (0-180 min) and a standardized exercise bout (255-315 min) at baseline, 3, and 6 584 

months. Data are presented as mean and SEM for readability. Baseline values were compared 585 

between groups using 1-way ANOVA with the post hoc Tukey procedure. Changes from baseline to 3 586 

and 6 months were compared between groups using a mixed model adjusted for baseline variation. 587 

At baseline, basal PYY concentrations were higher in MOD vs. VIG (p=0.04). At 3 months, basal 588 
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glucagon was lower in BIKE (p<0.05) and VIG (p=0.01) vs. CON and during post-exercise bedrest 589 

(285-315 min) PYY was higher in BIKE vs. MOD (p=0.03). At 6 months, basal GLP-1 was higher in VIG 590 

vs. CON (p=0.04) and basal acylated ghrelin was higher in VIG vs. BIKE (p=0.02) and MOD (p=0.01). At 591 

6 months, during the 180 min meal test t-AUC of GLP-1 was higher in VIG vs. CON (p=0.04). At 6 592 

months, post-exercise (255 min) CCK was lower in BIKE vs. CON (p=0.03) and PYY was lower in VIG 593 

vs. CON (p=0.03) during post-exercise bedrest (285-315 min). Other comparisons did not reach 594 

statistical significance. Number of participants: Acylated ghrelin: Baseline: CON: n=16; BIKE: n=20; 595 

MOD: n=30; VIG: n=24; 3 months: CON: n=14; BIKE: n=20; MOD: n=29; VIG: n=24; 6 months: CON: 596 

n=16; BIKE: n=19; MOD: n=30; VIG: n=22; Cholescystokinin: Baseline: CON: n=16; BIKE: n=20; MOD: 597 

n=30; VIG: n=25; 3 months: CON: n=14; BIKE: n=20; MOD: n=30; VIG: n=25; 6 months: CON: n=16; 598 

BIKE: n=19; MOD: n=30; VIG: n=22; Glucagon-like peptide-1: Baseline: CON: n=16; BIKE: n=20; MOD: 599 

n=29; VIG: n=24; 3 months: CON: n=14; BIKE: n=20; MOD: n=28; VIG: n=24; 6 months: CON: n=16; 600 

BIKE: n=19; MOD: n=29; VIG: n=22; Peptide YY: Baseline: CON: n=16; BIKE: n=20; MOD: n=29; VIG: 601 

n=24; 3 months: CON: n=14; BIKE: n=20; MOD: n=28; VIG: n=24; 6 months: CON: n=16; BIKE: n=19; 602 

MOD: n=29; VIG: n=21; Glucagon: Baseline: CON: n=16; BIKE: n=20; MOD: n=29; VIG: n=24; 3 603 

months: CON: n=14; BIKE: n=20; MOD: n=29; VIG: n=24; 6 months: CON: n=16; BIKE: n=18; MOD: 604 

n=29; VIG: n=23. Abbreviations: BIKE, active commuting group; CON, control group; MOD, moderate 605 

intensity exercise group; t-AUC, total area under the curve; VIG, vigorous intensity exercise group. 606 

Figure 4. Paracetamol concentrations after the standardized breakfast meal (30-180 min) at 607 

baseline, 3, and 6 months. Data are presented as mean and SEM for readability. Baseline values 608 

were compared between groups using 1-way ANOVA with the post hoc Tukey procedure. Changes 609 

from baseline to 3 and 6 months were compared between groups using a mixed model adjusted for 610 

baseline variation. At 6 months, t-AUC of serum paracetamol was higher in VIG vs. CON (p=0.03). 611 

Other comparisons did not reach statistical significance. Number of participants: Baseline: CON: 612 

n=15; BIKE: n=19; MOD: n=29; VIG: n=24; 3 months: CON: n=13; BIKE: n=19; MOD: n=27; VIG: n=24; 613 

6 months: CON: n=15; BIKE: n=18; MOD: n=29; VIG: n=22. Abbreviations: BIKE, active commuting 614 
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group; CON, control group; MOD, moderate intensity exercise group; t-AUC, total area under the 615 

curve; VIG, vigorous intensity exercise group. 616 

 617 



Table 1. Participant characteristics and training compliance  
Characteristics CON BIKE MOD  VIG
 n n n  n 
Age, years 16 35 (7) 22 35 (7) 33 33 (7)  25 37 (7)
Gender, women/men 16 7/9  22 12/10  33 16/17  25 13/12 

    
Anthropometry            
Body weight, kg    

Baseline 16 93.2 (11.8)  22 90.2 (12.5)  33 89.5 (11.1)  25 92.4 (14.1) 
3 months 15 96.1 (12.1) 21 89.5 (13.1)# 33 89.4 (11.3)#  25 90.7 (14.1)#

6 months 16 95.3 (13.2) 19 88.4 (11.6)# 31 89.1 (11.9)#  24 90.5 (14.4)#

    
Body mass index, kg/m2    

Baseline 16 30.1 (2.3)  22 30.1 (3.3)  33 29.2 (1.9)  25 30.0 (2.4) 
3 months 15 30.8 (2.7) 21 30.0 (3.1)# 33 29.2 (2.2)#  25 29.4 (2.5)#

6 months 16 30.8 (2.8) 19 29.7 (3.2)# 31 28.9 (2.3)#  24 29.3 (2.7)#

    
Fat percentage, %    

Baseline 16 39.9 (8.1) 22 38.4 (8.3) 33 37.8 (7.5)  25 39.0 (6.5)
3 months 15 39.3 (7.7) 21 37.0 (7.7)#$ 33 37.1 (7.9)#  25 37.1 (6.7)#$

6 months 16 39.9 (8.1)  19 36.9 (8.8)#  31 36.5 (7.8)#  24 36.6 (6.6)# 
    

Fat mass, kg     
Baseline 16 36.1 (6.1) 22 34.5 (8.7) 33 33.6 (6.7)  25 35.6 (6.1)
3 months 15 37.8 (8.3) 21 32.9 (8.2)#$ 33 33.0 (7.6)#  25 33.3 (6.6)#$

6 months 16 37.9 (8.8) 19 32.7 (9.6)# 31 32.4 (7.5)#  24 32.8 (6.8)#$

    
Fat free mass, kga    

Baseline 16 55.8 (46.8; 65.0) 22 54.5 (45.2; 59.7) 33 53.6 (45.5; 64.9)  25 51.3 (44.4; 69.0)
3 months 15 58.8 (48.1; 66.8) 21 55.6 (46.5; 60.8) 33 54.1 (46.9; 64.2)  25 52.3 (45.1; 67.1)
6 months 16 55.7 (48.1; 65.5) 19 55.0 (46.8; 60.7) 31 55.4 (44.6; 65.2)  24 58.7 (45.2; 68.5)

            
VO2peak test variables          
VO2peak, ml/min            

Baseline 16 2750 (766) 22 2681 (519) 33 2677 (543)  25 2670 (629)
3 months 14 2823 (772) 22 3009 (599)# 33 2878 (622)  25 3009 (691)#

6 months 16 2718 (742) 19 2975 (596)# 31 2926 (621)#  24 3068 (706)#

    
Maximal heart rate, bpm            

Baseline 16 186 (14) 22 185 (11) 33 185 (7)  25 182 (12)
3 months 14 181 (14)  21 184 (11)  33 186 (7)#  25 178 (11)† 
6 months 16 182 (13) 19 181 (12) 31 183 (6)  24 179 (12)
    

Peak power output, W    
Baseline 16 201 (56) 22 191 (38) 33 196 (45)  25 191 (45)
3 months 14 203 (54)  22 220 (42)#$  33 211 (49)#  25 221 (50)#$ 
6 months 16 196 (54) 19 218 (48)# 31 217 (48)#  24 225 (52)#

    
Training compliance        
Exercise sessions/week - -  19 3.9 (0.4)  31 3.9 (0.6)  24 3.9 (0.6) 

    
Training EE, kcal/session    
-Women - - 11 330 (30) 14 336 (51)  12 303 (35)
-Men - - 8 475 (50) 17 458 (81)  12 438 (87)

            
Exercise duration, min/session - - 19 45 (10) 31 54 (10)†  24 37 (8)†$

            
Total training EE, kcal - - 19 41,464 (9,626) 31 42,129 (9,626)  24 39,060 (7,631)

    
% prescribed kcal - - 19 95 (12) 31 98 (18)  24 93 (20)

    
Exercise intensity, %VO2peak reserve - -  19 54 (8)  31 49 (5)†  24 67 (7)†$ 

 

  



Table 2. Basal appetite ratings and appetite-related hormones in the fasting state  
Characteristics CON BIKE MOD  VIG
 n n n  n 
Appetite ratings          
Hunger, mm    

Baseline 16 38 (21) 22 36 (23) 32 43 (25)  25 41 (21)
3 months 14 43 (25)  20 53 (25)  30 45 (25)  25 50 (23) 
6 months 16 49 (23) 19 60 (19) 30 51 (24)  24 47 (26)† 
            

Satiety, mm    
Baseline 16 41 (19)  22 38 (19)  32 30 (17)  25 34 (16) 
3 months 14 35 (21) 20 29 (18) 30 35 (19)  25 37 (21)
6 months 16 39 (21)  19 29 (14)  30 33 (20)  24 33 (18) 
    

Fullness, mm    
Baseline 16 36 (26)  22 22 (17)  32 21 (19)  25 27 (21) 
3 months 14 25 (20) 20 21 (15) 30 25 (20)  25 23 (14)
6 months 16 36 (24)  19 21 (14)  30 25 (19)  24 24 (21) 
    

Prospective food consumption, mm    
Baseline 16 53 (20) 22 52 (14) 32 56 (16)  25 50 (15)
3 months 14 56 (20) 20 61 (13) 30 58 (17)  25 53 (16)
6 months 16 51 (20)  19 59 (12)  30 59 (18)  24 52 (19) 

          
Plasma hormone concentrations            
Acylated ghrelin, pg/mLa            

Baseline 16 63 (51; 80) 22 83 (55; 109) 32 74 (57; 110)  24 82 (61; 94)
3 months 14 73 (64; 78)  20 81 (52; 119)   29 81 (65; 93)  24  85 (59; 119) 
6 months 16 64 (53; 99) 19 77 (44; 109) 30 64 (49; 91)  22 93 (61; 120)†$ 
    

CCK, pmol/L    
Baseline 16 0.9 (0.7)  22 1.0 (0.8)  32 1.2 (0.7)  25 1.1 (1.0) 
3 months 14 0.7 (0.5) 20 1.1 (0.6) 30 1.0 (0.6)  25 1.2 (0.9)
6 months 16 1.0 (0.6) 19 1.5 (1.0) 29 1.3 (1.0)  22 1.0 (0.7)
    

GLP-1, pmol/L    
Baseline 16 10.6 (4.8)  22 9.7 (3.5)  32 9.8 (2.8)  25 11.0 (4.4) 
3 months 14 11.2 (5.1) 20 10.3 (4.3) 29 9.2 (2.7)  25 11.0 (4.1)
6 months 16 9.8 (4.5)  19  10.0 (4.4)  30 10.5 (4.3)  23 12.0 (5.2)# 
    

PYY, pmol/La            
Baseline 16 10.0 (7.5; 12.5) 22 7.5 (5.0; 12.0) 32 11.0 (8.5; 15.5)  24 8.0 (4.0; 11.5)$ 
3 months 14 9.5 (7.0; 12.0) 20 9.5 (6.0; 12.5) 29 8.0 (6.0; 11.0)  24 8.0 (4.5; 12.0)
6 months 16 9.5 (6.5; 13.0) 19 9.0 (6.0; 11.0) 30 11.0 (8.0; 15.0)  22 10.0 (5.0; 13.0)
    

Glucagon, pmol/L    
Baseline 16 5.0 (3.0) 22 5.5 (3.3) 32 5.3 (2.7  25 4.8 (3.6)
3 months 14 5.9 (2.9) 20 4.9 (2.7)# 29 5.0 (2.8)  25 4.2 (2.6)# 
6 months 16 5.4 (2.8) 18 6.1 (3.4) 28 5.8 (3.7)  23 4.9 (2.7)

 

  



Table 3. Energy intake in response to the meal and exercise challenges, and eating behavior  
Characteristics CON BIKE MOD VIG
 n n n  n  
Ad libitum lunch meala       

Energy intake, kcal    
Baseline 16 764 (554; 841) 22 671 (502; 1007) 32 623 (559; 857)  24 651 (459; 749)
3 months 14 920 (713; 1040) 20 671 (570; 1222)  30 710 (567; 842) 24 640 (494; 802)# 
6 months 16 866 (673; 948) 19 647 (560; 1070) 30 824 (625; 979) 23 666 (521; 948)$

         
Energy intake, kcal/kg weight    

Baseline 16 8.1 (6.3; 9.4) 22 6.7 (6.0; 10.0) 32 7.4 (6.0; 9.5) 24 6.6 (5.4; 8.5)
3 months 14 9.3 (7.5; 11.4) 21 7.0 (6.4; 12.1) 30 8.0 (6.7; 9.9) 24 6.7 (6.2; 8.7)#

6 months 16 8.7 (7.3; 10.0) 19 7.5 (6.4; 12.8) 30 9.3 (7.5; 11.5) 23 8.3 (6.0; 10.3)
         
Eating pace, kcal/min    

Baseline 16 83 (71; 97) 22 90 (69; 97) 32 78 (61; 104) 24 83 (56; 109)
3 months 14 101 (76; 123) 19 90 (72; 117) 29 87 (74; 110) 24 93 (66; 108)
6 months 16 106 (79; 115) 19 99 (80; 113) 30 105 (82; 139) 23 92 (61; 126)

    
Total day energy intakea1       

Energy intake, kcal    
Baseline 15 2660 (1975; 3127) 18 2974 (1840; 3568) 28 2414 (1860; 2794) 22 2159 (1749; 2726)
3 months 12 2611 (2189; 3256) 14 2754 (2195; 3250) 26 2390 (1919; 2732) 21 2217 (1973; 2523) 
6 months 14 2543 (2090; 3082) 16 2367 (2029; 3190) 25 2268 (1943; 2887) 21 2119 (1826; 2915)
         

Energy intake, kcal/kg body weight   
Baseline 15 26.8 (22.9; 31.2) 18 32.8 (24.0; 36.4) 28 26.3 (23.1; 31.7) 22 23.4 (19.5; 26.2)†  
3 months 12 28.2 (23.4; 31.4) 14 32.5 (24.9; 35.7) 27 25.4 (20.7; 29.2) 21 25.8 (24.3; 27.3)
6 months 14 26.1 (23.0; 29.0) 16 27.2 (24.3; 32.9) 25 25.7 (21.1; 32.3) 21 26.2 (19.8; 29.4) 

    
Eating behavior    

Dietary restraint    
Baseline 16 6.7 (3.7) 21 4.6 (3.3) 31 6.3 (3.1) 23 6.4 (3.4) 
3 months 14 6.5 (4.3) 19 5.0 (3.8) 31 5.9 (3.0) 23 6.9 (3.6)
6 months 16 6.3 (4.1) 18 5.7 (4.1) 30 6.6 (4.0) 22 6.4 (3.5)

         
Disinhibition    

Baseline 16 8.4 (3.5) 21 9.0 (3.4) 31 8.6 (3.2) 24 8.0 (3.4) 
3 months 14 8.2 (3.6) 19 8.6 (3.2) 31 8.6 (3.2) 24 7.7 (2.5)
6 months 16 8.1 (3.5) 18 8.1 (3.1) 30 8.3 (3.3) 21 7.2 (2.7)

    
Susceptibility to hunger    

Baseline 16 4.7 (3.6) 21 6.2 (3.1) 31 5.8 (3.5) 24 6.3 (3.7) 
3 months 14 5.1 (3.3) 19 5.7 (2.9) 31 6.5 (3.5) 24 6.0 (3.4)
6 months 16 5.1 (3.8) 18 5.2 (3.0)$ 30 6.5 (3.4) 22 5.4 (3.8)$ 
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