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Introduction: Since low body weight is an important determinant of success in many sports such as gymnastics, martial arts and figure skating, athletes can benefit from effective weight loss strategies that preserve muscle mass and athletic performance. The present study investigates the effects of increased protein intake and exogenous ketosis on body composition, energy expenditure, exercise capacity, and perceptions of appetite and well-being during a hypocaloric diet in females.
Methods: Thirty-two female recreational athletes (age: 22.2 ± .5 years; body weight: 58.3 ± .8 kg; BMI: 20.8 ± .2 kg·m−2) underwent 4 weeks of 30% caloric restriction and were randomized to receive either an increased daily amount of dietary protein (PROT, ∼2.0–2.2 g protein·kg−1·day−1), 3 × 20 g·day−1 of a ketone ester (KE), or an isocaloric placebo (PLA). Body composition was measured by DXA, resting energy expenditure (REE) by indirect calorimetry, exercise capacity during a VO2max test, appetite hormones were measured in serum, and perceptions of general well-being were evaluated via questionnaires.
Results: The hypocaloric diet reduced body weight by 3.8 ± .3 kg in PLA, 3.2 ± .3 kg in KE and 2.4 ± .2 kg in PROT (Ptime<.0001). The drop in fat mass was similar between treatments (average: 2.6 ± .1 kg, Ptime<.0001), while muscle mass was only reduced in PLA and KE (average: .8 ± .2 kg, Ptime<.05), and remained preserved in PROT (Pinteraction<.01). REE [adjusted for lean mass] was reduced after caloric restriction in PLA (pre: 32.7 ± .5, post: 28.5 ± .6 kcal·day−1·kg−1) and PROT (pre: 32.9 ± 1.0, post: 28.4 ± 1.0 kcal·day−1·kg−1), but not in KE (pre: 31.8 ± .9, post: 30.4 ± .8 kcal·day−1·kg−1) (Pinteraction<.005). Furthermore, time to exhaustion during the VO2max test decreased in PLA (by 2.5 ± .7%, p < .05) but not in KE and PROT (Pinteraction<.05). Lastly, the perception of overall stress increased in PLA and PROT (p < .05), but not in KE (Pinteraction<.05).
Conclusion: Increased protein intake effectively prevented muscle wasting and maintained exercise capacity during a period of caloric restriction in female recreational athletes. Furthermore, exogenous ketosis did not affect body composition, but showed its potential in weight management by preserving a drop in exercise capacity and REE and by improving overall stress parameters during a period of caloric restriction.
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INTRODUCTION
Since low body weight is an important determinant of success in many sports, athletes try to reduce body weight either to comply with the physical appearance standards, to compete in a lower weight class or to increase physical performance. In order to reduce body weight a negative energy balance is required. This can be achieved either by cutting energy intake, by increasing energy expenditure, or a combination of both. Since athletes are subjected to high training loads with a concomitant high energy expenditure, the obvious way to lower body weight is via energy intake restriction. However, sustained hypocaloric diets might come with certain pitfalls as in general they induce not only losses in fat mass but also in lean mass in a ratio of approximately 3:1 (Weinheimer et al., 2010). A small fraction of the reduction in lean mass is accounted for by the drop of bone mass, but the majority results from muscle wasting. It is well established that caloric restriction impairs muscle protein synthesis (Pasiakos et al., 2010; 2013; Areta et al., 2014) and, on the other hand, enhances protein breakdown (Carbone et al., 2013; 2014). This negative balance results in muscle wasting which is detrimental to exercise performance, and often also elevates injury risk (Fogelholm, 1994). A strategy to circumvent this problem is to increase the daily intake of high-quality protein (for a review on dietary protein, see (Phillips and Van Loon, 2011)). Indeed, a high-protein diet in young, physically active volunteers effectively prevented muscle atrophy during short-term caloric restriction (Mettler et al., 2010; Pasiakos et al., 2013; Longland et al., 2016). These observations underpin current recommendations with regard to protein intake during weight loss in athletic populations (Helms et al., 2014; Manore, 2015; Hector and Phillips, 2018). Nonetheless, it is important to note that these recommendations largely result from observations in young males, while well-controlled weight loss studies in females are underrepresented. It was shown in overweight and obese females that hypocaloric high-protein diets were successful in reducing fat mass while simultaneously preserving lean mass (Piatti et al., 1994; Josse et al., 2011; Campbell and Meckling, 2012). However, whether the same effect occurs in already lean female athletes remains to be determined. Some prospective case studies showed promising experiences of female figure competitors who were able to preserve muscle mass during a caloric deficit by increasing protein intake (Halliday et al., 2016; Petrizzo et al., 2017; Rohrig et al., 2017; Tinsley et al., 2019). However, these athletes also adhered to a strenuous resistance training regimen combined with several performance enhancing supplements, making it difficult to define the effects of increased protein intake per se. Furthermore, prospective case studies do not allow to determine any causal relationships, and therefore high quality intervention trials in female athletes are required.
Ketone bodies (i.e. β-hydroxybutyrate, (βHB), acetoacetate (AcAc) and acetone) may provide an alternative strategy to counteract muscle wasting during caloric restriction. Ketone bodies are lipid-derived compounds which are produced in the liver in response to low blood glucose and insulin levels (Evans et al., 2017). They were shown to exert anti-catabolic actions under stress conditions. More specifically, ketone salt infusion decreased urinary nitrogen excretion during prolonged starvation in obese individuals (Sherwin et al., 1975; Pawan and Semple, 1983) and reduced net muscle protein loss during lipopolysaccharide-induced inflammation in healthy volunteers (Thomsen et al., 2018). Also the anabolic potential of ketone bodies has been demonstrated, as ketone salt infusion suppressed leucine oxidation and stimulated muscle protein synthesis in healthy volunteers (Nair et al., 1988). Additionally, oral ingestion of the ketone ester (R)-3-hydroxybutyl (R)-3-hydroxybutyrate post-exercise in young healthy volunteers enhanced stimulation of the mTORC1 axis as shown by increased phosphorylation of S6K1 and 4E-BP1 (Vandoorne et al., 2017). Overall, the anticatabolic and anabolic potential of ketone bodies might make them as effective as an increased protein intake to counteract muscle loss during a period of caloric restriction.
To this background, we performed a double-blind, placebo-controlled study to compare the effects of exogenous ketosis with those of an increased daily protein intake (i.e. the prevailing strategy to obtain weight loss in athletic populations) on body composition and exercise capacity during rapid weight loss. We hypothesized that exogenous ketosis can facilitate maintenance of muscle mass, as well as promote exercise capacity during rapid weight loss in already lean female recreational athletes. We selected this specific study population to better validate the existing dietary recommendations in female recreational athletes.
METHODS
Subjects
Thirty-three healthy, young female recreational athletes were recruited according to the following inclusion criteria: between 18 and 35 years old; exercise participation for at least 6 h per week; body fat percentage between 16% and 25% (based on 12 skinfolds, see below); stable body weight for at least 3 months prior to the start of the study; consistent use of oral contraceptives; non-smoking. Candidate subjects were excluded for participation if they had an obsessive pursuit of thinness confirmed by the Eating Disorder Inventory 3 (Clausen et al., 2011). Health status was evaluated by a medical questionnaire and physical examination prior to enrollment in the study. One subject dropped out for reasons that were unrelated to the study protocol. Baseline characteristics of the subjects who completed the full study protocol (n = 32) were: age: 22.2 ± .5 years; body weight: 58.3 ± .8 kg; height: 1.67 ± .01 m; BMI: 20.8 ± .2 kg·m−2; body fat percentage: 21.4 ± .6%, and were similar between the experimental groups. The study was approved by the KU Leuven Biomedical Ethics Committee (S61133). Subjects gave written consent to participate after being fully informed of all procedures and potential risks associated with the study.
Study design and experimental conditions
A schematic overview of the double-blinded placebo-controlled study design is presented in Figure 1. Subjects were instructed to maintain their habitual level of physical activity, as well as their exercise training routine throughout the full study period. The protocol started with a baseline registration week during which the subjects recorded their habitual diet and physical activities. They completed an on-line food diary (Mijn Eetmeter, Stichting Voedingscentrum Nederland, https://mijn.voedingscentrum.nl). To improve the accuracy of the dietary analysis, the subjects received a kitchen scale to weigh all consumed foods and energy-containing drinks. Daily physical activity level was monitored using an accelerometer (Actigraph, wGT3X, Pensacola, United States) together with a training diary (see below). After the baseline registration week, the subjects were enrolled in a diet stabilization week. They received a fully-standardized diet containing 50% carbohydrates, 35% fat and 15% protein to deliver 100% of their estimated ‘optimal energy intake’. Optimal energy intake was determined as the mean of daily energy intake and energy expenditure. Daily energy intake was taken from the 7-day food diary filled out during the registration week. Daily energy expenditure was calculated as the sum of resting energy expenditure, which was measured by indirect calorimetry (see below), physical activity-induced energy expenditure, which was obtained from the accelerometer data during the registration week, and estimated diet-induced thermogenesis. Following the stabilization period, a 4-week caloric restriction period was started. Energy intake was reduced to 70% of the optimal energy intake in the stabilization week, including the 291 kcal∙day−1 delivered by the supplements. Subjects with similar body weight, % body fat and energy intake were first allocated to triplets, whereafter they were randomly split over the three experimental conditions: i) increased daily protein intake with placebo supplementation (PROT: n = 10), ii) ketone ester supplementation (KE: n = 11) and iii) placebo supplementation (PLA: n = 11). Subjects in PLA and KE received .8–1.0 g protein∙kg−1∙day−1 while subjects in PROT received 2.0–2.2 g protein∙kg−1∙day−1. Protein intake was distributed over the different meals and snacks during the day. Fractional energy intake via carbohydrates was 50% in all groups. Energy intake via fat was adjusted according to protein intake in order to obtain 30% caloric restriction in all subjects. Three times daily, i.e. immediately before breakfast, lunch, and dinner, the subjects ingested a ketone ester or an isocaloric placebo (see below). Supplement intake was blinded to both the subjects and the investigators. At the start (pretest) and at the end (posttest) of the caloric restriction period, the subjects participated in an experimental session which involved body composition and resting energy expenditure (REE) measurements, blood sampling, exercise testing, and questionnaires addressing general well-being.
[image: Figure 1]FIGURE 1 | Study design and timing of measurements. EI, energy intake; MCTs, medium chain triglycerides; PAEE, physical activity-related energy expenditure; βHB, β-hydroxybutyrate; REE, resting energy expenditure.
Nutritional protocol
During the stabilization and the caloric restriction period, the subjects received an individual food plan. All meals, snacks and drinks were provided by the investigators. The subjects were instructed not to consume any foods or drinks other than prescribed by the study protocol, except water or other zero-calorie drinks. To avoid vitamin or mineral deficiencies, the subjects received a daily supplement at breakfast (Omnibionta three Defense, Omnibionta, Overijse, Belgium). Subjects also completed a food diary to register any deviation from the nutritional plan. Table 1 shows the energy and macronutrient intake of the subjects during the study period, taking into account reported non-compliances. Protein intake on average was .97 ± .01 g·kg−1·day−1 in PLA and KE, vs. 2.10 ± .01 g·kg−1∙day−1 in PROT.
TABLE 1 | Macro-nutrient composition of the experimental diets. Data are mean ± SEM. Energy intake refers to the energy intake exclusive 291 kcal∙day−1 delivered by the ketone and placebo supplements. Macronutrient composition is expressed in g per day. In week 0, the subjects received 100% of the estimated optimal energy intake in the form of a well-balanced mixed diet. In weeks one to four, total energy intake, i.e. nutrition plus supplement drinks, was reduced by 30% (.8–1.0 g protein ∙ kg BW−1∙day−1) and subjects received either placebo (PLA: n = 11), an increased amount of dietary protein (PROT: n = 10) or a ketone ester (KE: n = 11). 1 kcal = 4.18 kJ.
[image: Table 1]Ketone ester and placebo supplements
Subjects in KE received a 20 g ketone ester (R)-3-hydroxybutyl (R)-3hydroxybutyrate (TdeltaS Ltd, Thame, Oxfordshire, UK) three times daily. We used this orally absorbable ketone ester because it was proven to be safe and well-tolerated in humans (Clarke et al., 2012) and shown to be more effective than ketone salts to raise blood βHB and with less incidence of gastrointestinal problems (Stubbs et al., 2017). Supplements were taken immediately before breakfast, lunch and dinner. Subjects in PLA and PROT received an isocaloric placebo drink containing 12.8 g pure medium chain triglycerides (Now Foods, Bloomingdale, United States). To match the taste and appearance of the placebo drink with the ketone ester, bitter sucrose octaacetate (Sigma-Aldrich, Bornem, Belgium) was added. Supplement drinks were blinded for both subjects and researchers.
Experimental session
During the stabilization period, the subjects participated in a familiarization session in order to habituate to the exercise testing procedures (see below) and thereby reduce potential learning effects between the pretest and the posttest. Subjects were instructed to refrain from any strenuous physical activity for at least 48 h prior to each experimental session. On the evening before the pre- and posttest, the subjects consumed a standardized light meal (∼430 kcal, 61% carbohydrates, 11% fat, 28% protein) between 7 and 10 p.m., whereafter only water was allowed till the next morning. They arrived fasted at the laboratory between 7 and 11 a.m. Upon arrival, after a toilet visit, body weight was measured (Henk Maas, PUE C/31, Veen, The Netherlands) and body composition was assessed by a whole-body dual-energy X-ray absorptiometry (DXA) scan (Discovery W, Hologic Inc, Bedford, MA). Subcutaneous fat mass was also assessed via 12 skinfold measurements (biceps, triceps, subscapular, supra-iliac, midaxillary, iliac-crest, abdomen, chin, anterior thigh, posterior thigh, lateral calf and medial calf) using a Harpenden skinfold caliper (Baty International Ltd, West Sussex, UK). Subsequently, a fasting blood sample was taken from a cubital vein (Venoject, Tokyo, Japan) and plasma or serum were separated by centrifugation and stored at -20°C until analyzed. Subjects completed a number of questionnaires addressing general mood status, perception of satiety, and gastro-intestinal discomfort (see below). The subjects then received a standardized light breakfast (∼268 kcal, 54% carbohydrates, 5% fat, 41% protein). Ninety min after breakfast, the exercise testing was started. Subjects first performed a series of 3 strength and power tests. Handgrip strength was measured with the dominant hand using a handgrip dynamometer (Jamar, J00105, Lafayette, United States). Due to a hand injury, one subject in PROT was excluded from this analysis. Explosive strength was evaluated by countermovement jumps (CMJ) on a force platform (SMARTJUMP, Fusion sport, Nottingham, UK). Maximal isometric force of the knee extensors was measured in the dominant leg at a knee angle of 135° on an isokinetic dynamometer (Hespel et al., 2001). For each test, five attempts were allowed with 1 min rest and the mean of the three best performances was used for further analyses. Finally, a maximal incremental VO2max test on a cycle ergometer was performed (Avantronic Cyclus II, Leipzig, Germany). Initial workload was set at 50 W for 5 min and was increased by another 20 W per min until volitional exhaustion. Respiratory gas exchange was measured continuously (Cortex MetaLyzer II, Leipzig, Germany) and the highest oxygen uptake measured over a 30 s period was noted as the maximal oxygen uptake rate (VO2max). Two minutes after exhaustion, a blood sample (5–10 µL) was taken from an earlobe for lactate determination (Lactate Pro2, Arkray, Japan). Because of technical issues VO2max data from one subject in PLA is absent. Four weeks later, the subjects returned to the laboratory for the posttest, which was identical to the pretest. For each subject, the experimental diet and supplementation was maintained till the day before the posttest, and tests were done on the same day of the week and the same time of the day as for the pretests.
Resting and physical activity-related energy expenditure
REE and substrate oxidation were measured during the registration period (baseline) and at the end of the caloric restriction period (day 24 or 25, posttest). Subjects were instructed to refrain from any intense physical exercise from 24 h prior to the measurement. The evening before, they received a standardized light meal (∼430 kcal, 61% carbohydrates, 11% fat, 28% protein) before 8 p.m. whereafter they fasted till next morning, yet water was allowed at libitum. Subjects were instructed not to perform any physical activity on the morning of the REE registration. They arrived in the laboratory between 7 and 9 a.m., with identical timing for the pretest and the posttest. After a toilet visit, 24 h urine collection was started. Subjects then rested on a bed in a dark and quiet room for 1 h. Subsequently, REE and resting carbohydrate and lipid oxidation were measured during two 20 min episodes with a 10 min break in between using a calibrated gas analyzer with a canopy hood (Quark RMR Cosmed, Rome, Italy). Following each 20 min measurement, a post-calorimetric simulation test was performed to correct for potential drifts that emerged in the measured VO2 and VCO2. The simulation consisted of sending a well-defined gas flow (coming from the same gas bottle as was used for the initial calibration with 16% O2 and 5% CO2) via a mass flow meter to the gas analyzer. Three simulations were performed in order to obtain three levels of FeCO2 (.7; .85; 1). Each simulation lasted 2 min, resulting in a total duration of 6 min for the post-calorimetric test. During the simulation, the same ventilation was used as that during the REE measurement. Finally, measured VO2 and VCO2 values were corrected according to the regression line that was established between the measured values and the theoretical values of the simulation. Two subjects were excluded from these analyses because they exhibited abnormally high REE values due to fever (KE: n = 1; PROT: n = 1). Physical activity-related energy expenditure (PAEE) was determined using an accelerometer (Actigraph, wGT3X, Pensacola, United States) in conjunction with a training diary. Each exercise training activity was registered in a training diary including type of exercise performed, exercise duration, and rate of perceived exertion (RPE) according to a 15-point Borg scale (Borg, 1990). Furthermore, the subjects were equipped with the accelerometer during the full registration week (pretest measurement) and during week three of the caloric restriction period (posttest measurement). The third week, instead of the fourth week of the caloric restriction was chosen because of the exercise limitations imposed in the direct approach of the posttest and REE measurement in week 4. Subjects were instructed to wear the accelerometer on the right hip during days and nights and whenever it was removed, the reason and time window had to be noted in the training diary. Only days including more than 10 h of daytime registration were included in the analyses. PAEE was estimated based on an activity-specific model coupled to an automatic activity/posture recognition algorithm as previously described (Bastian et al., 2015; Garnotel et al., 2018). When subjects removed the accelerometer during training, PAEE was calculated from the exercise duration, the MET-value of the sports activity, and the RPE. The PAEE of non-registered sports activities was added to the daily PAEE estimated by the accelerometer. Subjects who were unable to perform their habitual training routine for >3 days due to disease were excluded from this analysis (KE: n = 2; PROT: n = 1). Total Energy Expenditure (TEE) was calculated as the sum of REE, PAEE and 10% diet induced thermogenesis using the following formula: [image: image].
Questionnaires addressing satiety, well-being and gastro-intestinal comfort
Perception of satiety was evaluated in the fasted state using a 0–10 Likert visual analogue scale (VAS) (Woods et al., 2018). Satiety (maximal score 20) was scored as the sum of scores on the questions ‘how full do you feel’ and ‘how satisfied do you feel’. Gastro-intestinal discomfort was evaluated in the fasted state using a 0–8 Likert scale questionnaire addressing upper and lower abdominal problems, and systemic problems (Pfeiffer et al., 2009). Total gastro-intestinal discomfort (maximal score 96) was scored as the sum of scores on the ‘upper abdominal problems’ (heartburn, bloating, nausea and vomiting, maximal score of 32), ‘lower abdominal problems’ (intestinal cramps, abdominal pain, flatulence, diarrhea, maximal score of 32) and ‘systemic problems’ (dizziness, headache, muscle cramps, urge to urinate, maximal score of 32). General mood status was assessed by the Recovery Stress Questionnaire for Athletes (RESTQ-36) (Kallus and Kellmann, 2001). An ‘overall stress score’ (maximal score 54) was calculated as the sum of scores for ‘general stress’, ‘social stress’ and ‘fatigue’ subscales. An ‘overall recovery’ score (maximal score 54) was calculated as the sum of scores on the ‘social recovery’, ‘general well-being’ and ‘sleep quality’ subscales.
Blood and urine analyses
Commercially available ELISA kits were used to determine total ghrelin (EZGRT-89K, Merck, Darmstadt, Germany), leptin (RD191001100, Biovendor, Brno, Czech Republic) and GDF15 (DGD150, R&D, Minneapolis, United States) in serum. Serum free triiodothyronine (T3), free thyroxine (T4) and thyroid-stimulating hormone (TSH) were measured via electrochemiluminescence using cobas e 801 (Roche Diagnostics, Mannheim, Germany). Furthermore, on days 1, 14 and 27 of the caloric restriction period, capillary blood samples for βHB determination (GlucoMen Lx plus meter with Lx β-ketone sensor strips, Menarini Diagnostics, Firenze, Italy) were taken from an earlobe immediately before and 1 h after each supplement intake before meals. From the 24 h urine samples collected in the context of the REE determination, total volume was registered and aliquots were stored at -20°C until analyzed. Total nitrogen concentration was assayed according to the Dumas method using a continuous-flow elemental analyzer isotope ratio mass spectrometer (ANCA-2020, Europa Scientific, Crewe, UK) as previously described (De Preter et al., 2007). Total urinary nitrogen output was used to determine 24 h protein oxidation rate.
Statistical analyses
Statistical analyses were performed using GraphPad Prism version 8.0.0 for Windows (GraphPad Software, San Diego, California United States). Differences between the experimental groups at baseline were analyzed using a one way repeated measures analysis of variance (ANOVA). Differences between the experimental groups over time were analyzed using a two way repeated measures ANOVA. In case of a significant group × time interaction, Bonferroni post hoc tests were performed to further specify the differences. Statistical significance was set as p < .05. Reported p-values that refer to observed main effects are specified as Ptime, Pgroup and Pinteraction, other p-values refer to the post hoc analyses. All results are expressed as mean ± SEM. Effect sizes were reported as eta squared (η2). Sample size was determined based on earlier studies investigating the effect of a high-protein hypocaloric diet on muscle wasting (primary endpoint of this study) in normal-weight subjects (Mettler et al., 2010; Pasiakos et al., 2013).
RESULTS
Diurnal blood βHB levels (Figure 2)—Fasted blood βHB levels were <.5 mM in each group. In PLA and PROT, diurnal βHB concentrations did not significantly change compared with the fasted levels before breakfast. However in KE, supplement intake before meals increased blood βHB on average to ∼2.5 mM (range: 1.8–3.8 mM) by 1 h after intake (p < .0001). βHB levels returned to fasted baseline levels before the next supplement intake 4–6 h later. In all groups, diurnal βHB levels were similar between day 1, 14 and 27 of the supplementation period.
[image: Figure 2]FIGURE 2 | Diurnal blood β-hydroxybutyrate. Subjects were involved in a 4-week hypocaloric diet (30% energy restriction, .8–1.0 g protein ∙ kg BW−1∙day−1) and received either placebo (PLA: n = 11), an increased amount of dietary protein (PROT: n = 10) or a ketone ester (KE: n = 11). Data are represented as means (white bars: PLA; grey bars: PROT; black bars: KE) and individual values (circles: PLA; triangles: PROT; squares: KE). Supplements were ingested daily immediately before breakfast (8 am), lunch (12 pm) and dinner (6 pm). βHB (mM) was measured immediately before and 1h after supplement intake on day 1, 14 and 27 during the supplementation period. Because diurnal βHB levels were similar between day 1, 14 and 27, only mean values of the 3 days are reported. In case of significant interaction, post hoc differences are shown as $: significantly different from the corresponding value before breakfast (p < .05), #: significantly different from PLA and PROT (p < .05).
Body composition (Table 2)—For all body composition measurements, pretest values were similar between the experimental groups. Compared with the pretest, body weight declined after 4 weeks of caloric restriction in all groups (Ptime<.0001). Body weight reductions were similar in PLA and KE with an average loss of 3.8 kg (range: −6.0 to −2.5 kg) and 3.2 kg (range: −4.6 to −.7 kg), respectively, while body weight reductions in PROT (−2.4 kg, range: −3.1 to −1.3 kg) were smaller compared to PLA (Pinteraction<.005). Irrespective of the experimental condition, a large part of this body weight decrement was due to a decrease in fat mass (on average: −2.6 kg, range: −4.0 to −.9 kg, Ptime<.0001). The drop in fat mass also translated into a ∼16% smaller sum of skinfolds in all groups (on average: pre: 141 ± 4 mm, post: 119 ± 4 mm, Ptime<.0001). The caloric restriction period on average reduced lean mass by .9 ± .3 kg in PLA (p < .005) and .7 ± .2 kg in KE (p < .05), but not in PROT (+.3 ± .3 kg, Pinteraction<.01). Compared with the pretest, bone mineral content and density declined by ∼2% in all groups (Ptime<.0001).
TABLE 2 | Effect of increased protein intake and exogenous ketosis on body composition during a hypocaloric diet. Data are mean ± SEM. Subjects were involved in a 4-week hypocaloric diet (30% energy restriction, .8–1.0 g protein ∙ kg BW−1∙day−1) and received either placebo (PLA: n = 11), an increased amount of dietary protein (PROT: n = 10) or a ketone ester (KE: n = 11). Body composition was measured using DXA before (pretest) and at the end (posttest) of the caloric restriction period. Significant main effects are shown in bold. In case of significant interaction, post hoc differences are shown as $: significantly different from the corresponding value at pretest (p < .05). Effect sizes are reported as eta squared (η2).
[image: Table 2]Energy expenditure (Figure 3; Table 3)—In the pretest, REE on average was ∼1,500 kcal∙day−1 and was similar between the experimental conditions. The hypocaloric diet reduced REE in all groups (Ptime<.0001). Declines in REE were similar in PLA and PROT with an average of -221 ± 23 kcal and -200 ± 39 kcal, respectively, while reductions in KE were smaller with an average of -85 ± 22 kcal; Pinteraction<.005). When absolute REE values were adjusted for lean mass, REE was only reduced in PLA and PROT (p < .001), but was preserved in KE (Pinteraction<.005). Absolute PAEE was on average 822 ± 32 kcal∙day−1 in the pretest and declined to 706 ± 31 kcal∙day−1 at the end of the caloric restriction period (Ptime<.001), but was not different between the groups at any time. Consequently, also absolute TEE declined at the end of the caloric restriction period from 2,556 ± 43 to 2,229 ± 45 kcal∙day−1 (Ptime<.0001), without differences between groups at any time. PAEE and TEE values adjusted for lean mass also showed a similar reduction over time in all groups (data not shown). Fasting carbohydrate oxidation rates were not affected by the caloric restriction period, whereas fasting lipid oxidation rates decreased on average by ∼16% compared with the pretest (Ptime<.005) in all groups. Protein oxidation rates were similar between the groups in the pretest and markedly increased during the caloric restriction period in PROT (∼41%, p < .001), whereas it decreased in KE (∼34%, p < .005) and did not significantly change in PLA (Pinteraction<.0001).
[image: Figure 3]FIGURE 3 | Effect of increased protein intake and exogenous ketosis on resting energy expenditure during a hypocaloric diet. Subjects were involved in a 4-week hypocaloric diet (30% energy restriction, .8–1.0 g protein ∙ kg BW−1∙day−1) and received either placebo (PLA: n = 11), an increased amount of dietary protein (PROT: n = 9) or a ketone ester (KE: n = 10). Data are represented as means (white bars: PLA; grey bars: PROT; black bars: KE) and individual values (circles: PLA; triangles: PROT; squares: KE). Absolute resting energy expenditure (A) was measured by indirect calorimetry in the fasted state before (pretest) and at the end (posttest) of the caloric restriction period. The hypocaloric diet reduced absolute REE in all groups, but to a lesser extend in KE. When REE values were adjusted for lean mass (B), REE was only reduced in PLA and PROT, and was preserved in KE.
TABLE 3 | Effect of increased protein intake and exogenous ketosis on physical activity-related energy expenditure, total energy expenditure and substrate oxidation at rest during a hypocaloric diet. Data are mean ± SEM. Subjects were involved in a 4-week hypocaloric diet (30% energy restriction, .8–1.0 g protein ∙ kg BW−1∙day−1) and received either placebo (PLA), an increased amount of dietary protein (PROT) or a ketone ester (KE). Physical activity-related energy expenditure (PAEE; PLA: n = 11; PROT: n = 9; KE: n = 9) was measured during the registration period and during week three of the caloric restriction period. Total energy expenditure (TEE; PLA: n = 11; PROT: n = 9; KE: n = 9) was calculated as the sum of REE, PAEE and 10% diet induced thermogenesis using the following formula: TEE=(REE + PAEE)/0.9. Substrate oxidation (PLA: n = 11; PROT: n = 9; KE: n = 10) was measured by indirect calorimetry in the fasted state before (pretest) and at the end (posttest) of the 4-week caloric restriction period. Significant main effects are shown in bold. In case of significant interaction, post hoc differences are shown as $: significantly different from the corresponding value at pretest (p < .05), #: significantly different from PLA (p < .05), *: significantly different from KE (p < .05). Effect sizes are reported as eta squared (η2).
[image: Table 3]Exercise performance (Table 4)—VO2max in the pretest was 2.73 ± .13, 2.48 ± .07 and 2.68 ± .07 L·min−1 in PLA, PROT and KE, respectively (p > .05). The hypocaloric diet similarly decreased absolute VO2max by ∼4–9% in each group (Ptime<.0001). However, because body weight declined during caloric restriction, VO2max relative to body weight did not significantly change. Time to exhaustion in the VO2max test decreased by 2.5 ± .7% from the pretest to the posttest in PLA (p < .05), but was unaffected in KE and PROT (Pinteraction<.05). Peak heart rate dropped by ∼5–7 bpm (p < .001) in PLA and PROT, but not in KE (Pinteraction<.0001). Peak blood lactate levels on average were also slightly lower in the posttest than in the pretest in all groups (Ptime<.05). In the pretest, handgrip strength was 34 ± 1 kg (range: 24–47 kg, n = 31), countermovement jump height was 26 ± 1 cm (range: 15–39 cm, n = 32), and maximal isometric knee extension torque was 162 ± 5 Nm (range: 99–212 Nm, n = 32). Values were unchanged following the caloric restriction period and were similar between groups at any time (see Supplementary Table S1).
TABLE 4 | Effect of increased protein intake and exogenous ketosis on performance in the VO2max test during a hypocaloric diet. Data are mean ± SEM. Subjects were involved in a 4-week hypocaloric diet (30% energy restriction, .8–1.0 g protein ∙ kg BW−1 ∙ day−1) combined with placebo (PLA: n = 11), an increased amount of dietary protein (PROT: n = 10) or a ketone ester (KE: n = 11). An incremental VO2max test was performed before (pretest) and at the end (posttest) of the caloric restriction period. Significant main effects are shown in bold. In case of significant interaction, post hoc differences are shown as $: significantly different from the corresponding value at pretest (p < .05), *: significantly different from KE (p < .05). Effect sizes are reported as eta squared (η2).
[image: Table 4]Hormonal parameters (Table 5)—Irrespective of the experimental condition, serum leptin and free T3 decreased during the caloric restriction period (Ptime<.01), whereas TSH, serum ghrelin, GDF15 and free T4 remained stable throughout the study period in all treatment groups.
TABLE 5 | Effect of increased protein intake and exogenous ketosis on hormonal parameters during a hypocaloric diet. Data are mean ± SEM. Subjects were involved in a 4-week hypocaloric diet (30% energy restriction, .8–1.0 g protein ∙ kg BW−1∙day−1) and received either placebo (PLA: n = 11), an increased amount of dietary protein (PROT: n = 9) or a ketone ester (KE: n = 11). Hormonal parameters were measured before (pretest) and at the end (posttest) of the caloric restriction period. Significant main effects are shown in bold and effect sizes are reported as eta squared (η2).
[image: Table 5]Questionnaires addressing satiety, stress and recovery status, and gastro-intestinal comfort–The hypocaloric diet increased the scoring of ‘overall stress’ in PLA and PROT (on average: pre: 9.9 ± .7, post: 15.5 ± 1.2, p < .05), but not in KE (pre: 10.9 ± 1.4, post: 11.6 ± 2.2, Pinteraction<.05). Scoring of injury was unaffected by the hypocaloric diet in PLA and KE (on average: pre: 5.0 ± 10.5, post: 5.8 ± .5), but increased in PROT (pre: 4.6 ± .5, post: 8.1 ± 1.0, p < .01, Pinteraction<.05). The hypocaloric diet decreased perception of ‘overall recovery’ (on average: pre: 38.4 ± 1.2, post: 32.8 ± 1.6, Ptime<.005) and ‘being in shape’ (on average: pre: 13.0 ± .4, post: 10.2 ± .6, Ptime<.0001) similarly in all groups. Subjective feelings of ‘satiety’ showed a significant time effect (Ptime<.05) with a tendency for a time × group interaction (Pinteraction = .097), where exogenous ketosis increased subjective feelings of satiety (p < .05) during the hypocaloric diet. Although not significant, the same trend was observed for PROT but not for PLA. Systemic and lower gastro-intestinal discomfort was almost absent in the pretest (on average: 1.9 ± .5 and 1.8 ± .7, respectively) and did not change during the caloric restriction period in all groups. However, upper gastro-intestinal discomfort slightly increased from the pretest to the posttest in PROT (pre: .2 ± .1, post: 2.0 ± .8, p < .05), but not in PLA and KE (on average: pre: .9 ± .4, post: .5 ± .3, Pinteraction<.05).
DISCUSSION
Low body weight is an important determinant of success in many sports. However, sustained hypocaloric diets generally induce undesired losses in lean mass. As such, effective dietary strategies that preserve muscle mass and athletic performance are essential. Therefore, the current study aimed to investigate the effect of high protein intake as well as to evaluate the effectiveness of exogenous ketosis to preserve muscle mass during caloric restriction in female recreational athletes. Young lean females were enrolled in a fully-controlled weight loss program either combined with an increased intake of dietary protein, ketone ester supplementation or placebo.
Results of the current study indicate that increased protein intake fully inhibited muscle wasting in lean females during a period of caloric restriction, as was previously shown in males (Mettler et al., 2010; Pasiakos et al., 2013). Increased protein intake also preserved exercise capacity as time to exhaustion during an incremental VO2max test remained unchanged following the caloric restriction period. On the other hand, increased protein intake was unable to prevent a decrease in REE and PAEE and did not affect appetite or stress regulation. Although exogenous ketosis did not inhibit muscle wasting, it preserved exercise capacity as effectively as increased protein intake. Ketone ester supplementation also preserved a drop in REE and in overall stress parameters, but did not affect appetite regulation.
Body composition
Because current recommendations with regard to weight loss in the context of athletic performance are largely based on studies in young fit males, we conducted the current intervention study in young lean females. Although we did not directly compare the effects of caloric restriction between males and females, we performed a study with a protocol which was very similar to an earlier study in young males (Mettler et al., 2010). Overall, body composition changes produced by the hypocaloric diet - in combination with increased protein intake or not - were equivalent to the findings reported by Mettler et al. (Mettler et al., 2010) and others (Pasiakos et al., 2013). This corroborates earlier findings showing that muscle protein turnover, in the basal state as well as in response to protein feeding, is similar between young females and males (Fujita et al., 2007; Smith et al., 2009). However, in the context of elite sports, especially in sports where aesthetics and the degree of leanness are important determinants of performance, females often enroll in even more extreme weight loss regimens than males, causing potential hormonal dysregulations that might result in bone demineralization (Joy et al., 2014). In the current study, the 4-week caloric restriction period on average reduced bone mineral content and density by ∼2%, which is in line with earlier reports (Soltani et al., 2016). It has been proposed that an increased rate of protein intake may help to preserve bone mass during caloric restriction (Tang et al., 2014; Wright et al., 2019), though this was not confirmed in the current study. Interestingly, our research group previously reported that consistent ketone ester supplementation during a period of endurance training overload slightly increased bone mineral content in young male volunteers (Poffé et al., 2019). However, the increase in bone mineral content was accompanied by an increased caloric intake in the KE group, resulting in a caloric balance compared to a caloric deficit in the control group. As such, the beneficial effect of exogenous ketosis on bone metabolism might have been driven by changes in caloric intake. Indeed, in the current study where all groups were subjected to a 30% caloric deficit, exogenous ketosis could not counter a drop in bone mineral content. These observations underpin the link between energy balance and bone metabolism which was previously reported by others (Confavreux et al., 2009; Lombardi et al., 2012; DeLoughery and Dow, 2020).
Energy expenditure
REE typically declines during a period of caloric restriction, due to a drop in body weight. Such a drop may eventually impair additional body weight loss or impede maintenance of low body weight (Pasman et al., 1999; Rochon et al., 2011; Varkevisser et al., 2019). Since REE is highly impacted by lean body mass (Ravussin et al., 1986) it is often suggested that preserving lean body mass during caloric restriction is a successful strategy to counteract the drop in REE. However, several studies that combined caloric restriction with resistance training to preserve lean body mass still reported declines in REE (Schwartz and Doucet, 2010; Hunter et al., 2015; Stratton et al., 2020). Accordingly, increased daily protein intake in the conditions of the current study was unable to inhibit the decline in REE despite preserving muscle mass. As such, factors other than lean body mass may determine REE during caloric restriction (Schwartz and Doucet, 2010). This is supported by the finding in the present study that exogenous ketosis, which did not prevent muscle wasting, was able to preserve REE. That exogenous ketosis might affect REE has been proposed in a previous study from our lab in which participants supplemented with ketones during an overtraining period maintained an energetic balance as opposed to an energetic deficiency in the placebo group without differences in body weight between the groups (Poffé et al., 2019). Here it was speculated that a decrease in REE in the control group explained the absence of a drop in body weight.
Exercise performance
The 4-week caloric restriction period impaired performance during an incremental VO2max test. Time to exhaustion was reduced which was associated with lower peak heart rates and blood lactate. Nonetheless, the reduction in time to exhaustion was blunted in PROT, likely due to the preservation of muscle mass. Surprisingly, also in KE time to exhaustion was unaffected by the caloric restriction period. The preserved exercise capacity induced by exogenous ketosis is in line with a previous study from our lab where chronic ketone supplementation during a 3-week overload training protocol improved exercise tolerance during the last training week (Poffé et al., 2019). It should be noted that in this study exogenous ketosis also increased voluntary energy intake, predominantly from carbohydrates, questioning its potential direct effect on exercise tolerance. In contrast, in the current study, participants were restricted to a prescribed diet omitting any variation in spontaneous eating behavior or voluntary energy intake. As such, the effects in the current study are attributed to a direct effect of ketone ester supplementation. Importantly, participants performed the VO2max tests in the absence of ketosis, which excludes potential acute effects of ketones on exercise performance. Nevertheless, chronic ketone ester supplementation might have induced adaptations in muscle tissue such as increased angiogenesis (Weis et al., 2022) and thereby improved time to exhaustion compared to PLA. Unfortunately, this hypothesis goes beyond the scope of the current study and future studies are required to clarify the mechanism(s) behind the improved exercise capacity induced by ketones.
Satiety, stress and recovery status and gastro-intestinal comfort
Long-term success in weight management largely depends on psychological factors, such as the perception of hunger and satiety (Hansen et al., 2019). Therefore, we looked at the effect of protein and ketone ester intake on appetite hormone regulation and perception for a given degree of caloric restriction. The prevailing opinion that high-rate protein intake increases satiety to a greater extent than carbohydrate and fat consumption (Paddon-Jones et al., 2008), was not confirmed by our findings as PROT had no impact on satiety hormones or perceived appetite. The effects of ketone ingestion on appetite and satiety are not fully elucidated yet. Previous studies show that acute ketone intake may suppress hunger and desire to eat (Stubbs et al., 2018; Poffé et al., 2020; 2021; Poffe et al., 2021) via various mechanisms, including central actions in the brain (Laeger et al., 2012), reductions in circulating ghrelin (Stubbs et al., 2018; Poffé et al., 2020) and GDF15 (Poffe et al., 2021) levels and ketoacidosis (Poffé et al., 2021). In contrast, we previously demonstrated that post-exercise ketone ester administration during short-term endurance training overload not only impacted appetite hormone regulation, but also altered spontaneous eating behavior by stimulating voluntary energy intake (Poffé et al., 2019). However, the results of the present study show that exogenous ketosis altered neither circulating ghrelin, leptin or GDF15 levels, nor affected satiety perception. The current study design obviously excludes changes in voluntary eating behavior as well as any acute effect of exogenous ketosis on perceived appetite and appetite hormones since blood samples and questionnaires were taken early morning in the fasted state, 8–10 h after the last ketone ester dose, i.e. at equally low circulating ketone levels (<.5 mM) in all groups.
Besides perception of hunger and satiety, psychological factors such as overall well-being and stress play a crucial role in weight loss maintenance. In fact it was shown that comfort eating, induced by negative emotions and stress, is a common cause for weight regain, especially in females (Zellner et al., 2006; Sainsbury et al., 2019). Whereas overall stress increased during the caloric restriction period in PLA and PROT, it remained stable in KE. Our group previously showed that exogenous ketosis was able to counteract the sympathetic overdrive induced by an intense training period by inhibiting the increase in catecholamine excretion (Poffé et al., 2019). These findings suggest a mechanism via which ketone ingestion may have reduced overall stress in the current study, thereby proposing a potential role for exogenous ketosis to facilitate low body weight maintenance.
LIMITATIONS AND FUTURE DIRECTIONS
The subjects who enrolled in the current study were young lean females who participated in daily physical activity and training. Their body fat percentage was low, i.e. ∼21.4%, but still significantly higher than in most elite female athletes (≤15%). It is well-known that further energy restriction in very lean females submitted to strenuous athletic training often results in physiological dysregulations which are referred to as the ‘relative energy deficiency in sport’ (RED-S) (Manore et al., 2007; Mountjoy et al., 2014). Based on the current results, we cannot exclude that under such extreme catabolic conditions (Manore et al., 2007; Loucks et al., 2011) exogenous ketosis may have an impact on body composition.
Hydration status was not determined, which may be considered to be a limitation of the current study, since DXA results are influenced by total body water content. However, considering the high level of control in this study (i.e. fully provided diet and strict control of physical activity), it can be argued whether potential small differences in water retention would be significant enough to influence the interpretation of the DXA results.
The exercise tests included in the current protocol are based on well-controlled laboratory settings. Therefore, generalization to functional performance during specific sports, such as gymnastics, martial arts or figure skating, remains presumptuous. Nevertheless, the finding that increased protein intake effectively blunts muscle wasting during a period of caloric restriction in young lean females adds valuable insights to the field of female exercise physiology.
CONCLUSION
This is the first study to investigate the effect of increased protein intake and exogenous ketosis on body composition, energy expenditure and exercise capacity during a hypocaloric diet in young lean recreational female athletes. Our observations demonstrate that also young lean females benefit from increased protein intake to effectively prevent muscle wasting and maintain exercise capacity during a period of caloric restriction. Furthermore, ketone ester supplementation does not affect body composition, but shows its potential in weight management by preserving a drop in exercise capacity and REE and by improving overall stress parameters during a period of caloric restriction. These findings warrant future studies to explore the effects of intermittent exogenous ketosis in weight management in athletic populations.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the KU Leuven Biomedical Ethics Committee. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
Conception and design of the study: CH, KK and PH. Measurements and sample collection: CH, FC, IdG, KK, and PH. Data analysis: CH, CS, and MS. Data interpretation and manuscript writing: CH, KK, MS, and PH.
FUNDING
This study was funded by Research Fund Flanders (Fonds voor Wetenschappelijk Onderzoek–Vlaanderen; research grant no. G08011N).
ACKNOWLEDGMENTS
The authors would like to thank Prof. Kristin Verbeke (Translational Research in Gastrointestinal disorders, KU Leuven) for the analysis of the urine samples, Prof. Christophe Matthys for nutritional advise and Prof. Johan Verhaeghe for his scientific input regarding female hormonal regulation. The authors also thank Monique Ramaekers for logistic assistance during the study and Prof. Bert De Cuyper for the psychological assessments. The authors thank the volunteers for their dedicated cooperation.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2022.1063956/full#supplementary-material
REFERENCES
 Areta J. L., Burke L. M., Camera D. M., West D. W. D., Crawshay S. Moore D. R., et al. (2014). Reduced resting skeletal muscle protein synthesis is rescued by resistance exercise and protein ingestion following short-term energy deficit. Am. J. Physiol. Endocrinol. Metab. 306, E989–E997. doi:10.1152/AJPENDO.00590.2013
 Bastian T., Maire A., Dugas J., Ataya A., Villars C. Gris F., et al. (2015). Automatic identification of physical activity types and sedentary behaviors from triaxial accelerometer: Laboratory-based calibrations are not enough. J. Appl. Physiol. 118, 716–722. doi:10.1152/JAPPLPHYSIOL.01189.2013
 Borg G. (1990). Psychophysical scaling with applications in physical work and the perception of exertion. Scand. J. Work. Environ. Health 16 (1), 55–58. doi:10.5271/SJWEH.1815
 Campbell D. D., Meckling K. A. (2012). Effect of the protein:carbohydrate ratio in hypoenergetic diets on metabolic syndrome risk factors in exercising overweight and obese women. Br. J. Nutr. 108, 1658–1671. doi:10.1017/S0007114511007215
 Carbone J. W., Margolis L. M., McClung J. P., Cao J. J., Murphy N. E. Sauter E. R., et al. (2013). Effects of energy deficit, dietary protein, and feeding on intracellular regulators of skeletal muscle proteolysis. FASEB J. 27, 5104–5111. doi:10.1096/FJ.13-239228
 Carbone J. W., Pasiakos S. M., Vislocky L. M., Anderson J. M., Rodriguez N. R. (2014). Effects of short-term energy deficit on muscle protein breakdown and intramuscular proteolysis in normal-weight young adults. Appl. Physiol. Nutr. Metab. 39, 960–968. doi:10.1139/APNM-2013-0433
 Clarke K., Tchabanenko K., Pawlosky R., Carter E., Todd King M. Musa-Veloso K., et al. (2012). Kinetics, safety and tolerability of (R)-3-hydroxybutyl (R)-3-hydroxybutyrate in healthy adult subjects. Regul. Toxicol. Pharmacol. 63, 401–408. doi:10.1016/J.YRTPH.2012.04.008
 Clausen L., Rosenvinge J. H., Friborg O., Rokkedal K. (2011). Validating the eating disorder inventory-3 (EDI-3): A comparison between 561 female eating disorders patients and 878 females from the general population. J. Psychopathol. Behav. Assess. 33, 101–110. doi:10.1007/S10862-010-9207-4
 Confavreux C. B., Levine R. L., Karsenty G. (2009). A paradigm of integrative physiology, the crosstalk between bone and energy metabolisms. Mol. Cell. Endocrinol. 310, 21–29. doi:10.1016/J.MCE.2009.04.004
 De Preter V., Vanhoutte T., Huys G., Swings J., De Vuyst L. Rutgeerts P., et al. (2007). Effects of Lactobacillus casei Shirota, Bifidobacterium breve, and oligofructose-enriched inulin on colonic nitrogen-protein metabolism in healthy humans. Am. J. Physiol. Gastrointest. Liver Physiol. 292, G358–G368. doi:10.1152/AJPGI.00052.2006
 DeLoughery E. P., Dow M. L. (2020). Decreased bone mineral density and reproductive axis dysfunction: More than oestrogen. Neth. J. Med. 78, 50–54. Available at: https://pubmed.ncbi.nlm.nih.gov/32332177/(Accessed October 6, 2022).
 Evans M., Cogan K. E., Egan B. (2017). Metabolism of ketone bodies during exercise and training: Physiological basis for exogenous supplementation. J. Physiol. 595, 2857–2871. doi:10.1113/JP273185
 Fogelholm M. (1994). Effects of bodyweight reduction on sports performance. Sports Med. 18, 249–267. doi:10.2165/00007256-199418040-00004
 Fujita S., Rasmussen B. B., Bell J. A., Cadenas J. G., Volpi E. (2007). Basal muscle intracellular amino acid kinetics in women and men. Am. J. Physiol. Endocrinol. Metab. 292, E77–E83. doi:10.1152/AJPENDO.00173.2006
 Garnotel M., Bastian T., Romero-Ugalde H. M., Maire A., Dugas J. Zahariev A., et al. (2018). Prior automatic posture and activity identification improves physical activity energy expenditure prediction from hip-worn triaxial accelerometry. J. Appl. Physiol. 124, 780–790. doi:10.1152/JAPPLPHYSIOL.00556.2017
 Halliday T. M., Loenneke J. P., Davy B. M. (2016). Dietary intake, body composition, and menstrual cycle changes during competition preparation and recovery in a drug-free figure competitor: A case study. Nutrients 8, 740. doi:10.3390/NU8110740
 Hansen T. T., Mead B. R., García-Gavilán J. F., Korndal S. K., Harrold J. A. Camacho-Barcía L., et al. (2019). Is reduction in appetite beneficial for body weight management in the context of overweight and obesity? Yes, according to the SATIN (satiety innovation) study. J. Nutr. Sci. 8, e39. doi:10.1017/JNS.2019.36
 Hector A. J., Phillips S. M. (2018). Protein recommendations for weight loss in elite athletes: A focus on body composition and performance. Int. J. Sport Nutr. Exerc. Metab. 28, 170–177. doi:10.1123/IJSNEM.2017-0273
 Helms E. R., Zinn C., Rowlands D. S., Brown S. R. (2014). A systematic review of dietary protein during caloric restriction in resistance trained lean athletes: A case for higher intakes. Int. J. Sport Nutr. Exerc. Metab. 24, 127–138. doi:10.1123/IJSNEM.2013-0054
 Hespel P., Eijnde B. O. T., Van Leemputte M., Ursø B., Greenhaff P. L. Labarque V., et al. (2001). Oral creatine supplementation facilitates the rehabilitation of disuse atrophy and alters the expression of muscle myogenic factors in humans. J. Physiol. 536, 625–633. doi:10.1111/J.1469-7793.2001.0625C.XD
 Hunter G. R., Fisher G., Neumeier W. H., Carter S. J., Plaisance E. P. (2015). Exercise training and energy expenditure following weight loss. Med. Sci. Sports Exerc. 47, 1950–1957. doi:10.1249/MSS.0000000000000622
 Josse A. R., Atkinson S. A., Tarnopolsky M. A., Phillips S. M. (2011). Increased consumption of dairy foods and protein during diet- and exercise-induced weight loss promotes fat mass loss and lean mass gain in overweight and obese premenopausal women. J. Nutr. 141, 1626–1634. doi:10.3945/JN.111.141028
 Joy E., De Souza M. J., Nattiv A., Misra M., Williams N. I. Mallinson R. J., et al. (2014). 2014 female athlete triad coalition consensus statement on treatment and return to play of the female athlete triad. Curr. Sports Med. Rep. 13, 219–232. doi:10.1249/JSR.0000000000000077
 Kallus W., Kellmann M. (2001). The recovery-stress questionnaires: User manual. Champaign, IL: Pearson Assessment and Information GmbH. 
 Laeger T., Pöhland R., Metges C. C., Kuhla B. (2012). The ketone body β-hydroxybutyric acid influences agouti-related peptide expression via AMP-activated protein kinase in hypothalamic GT1-7 cells. J. Endocrinol. 213, 193–203. doi:10.1530/JOE-11-0457
 Lombardi G., Lanteri P., Graziani R., Colombini A., Banfi G., Corsetti R. (2012). Bone and energy metabolism parameters in professional cyclists during the giro d’Italia 3-weeks stage race. PLoS One 7, e42077. doi:10.1371/JOURNAL.PONE.0042077
 Longland T. M., Oikawa S. Y., Mitchell C. J., DeVries M. C., Phillips S. M. (2016). Higher compared with lower dietary protein during an energy deficit combined with intense exercise promotes greater lean mass gain and fat mass loss: A randomized trial. Am. J. Clin. Nutr. 103, 738–746. doi:10.3945/AJCN.115.119339
 Loucks A. B., Kiens B., Wright H. H. (2011). Energy availability in athletes. J. Sports Sci. 29 (1), S7–S15. doi:10.1080/02640414.2011.588958
 Manore M. M., Kam L. C. C., Loucks A. B. (2007). The female athlete triad: Components, nutrition issues, and health consequences. J. Sports Sci. 25 (1), 61–71. doi:10.1080/02640410701607320
 Manore M. M. (2015). Weight management for athletes and active individuals: A brief review. Sports Med. 45 (1), 83–92. doi:10.1007/S40279-015-0401-0
 Mettler S., Mitchell N., Tipton K. D. (2010). Increased protein intake reduces lean body mass loss during weight loss in athletes. Med. Sci. Sports Exerc. 42, 326–337. doi:10.1249/MSS.0B013E3181B2EF8E
 Mountjoy M., Sundgot-Borgen J., Burke L., Carter S., Constantini N. Lebrun C., et al. (2014). The IOC consensus statement: Beyond the female athlete triad--relative energy deficiency in sport (RED-S). Br. J. Sports Med. 48, 491–497. doi:10.1136/BJSPORTS-2014-093502
 Nair K. S., Welle S. L., Halliday D., Campbell R. G. (1988). Effect of beta-hydroxybutyrate on whole-body leucine kinetics and fractional mixed skeletal muscle protein synthesis in humans. J. Clin. Invest. 82, 198–205. doi:10.1172/JCI113570
 Paddon-Jones D., Westman E., Mattes R. D., Wolfe R. R., Astrup A., Westerterp-Plantenga M. (2008). Protein, weight management, and satiety. Am. J. Clin. Nutr. 87, 1558S–1561S. doi:10.1093/AJCN/87.5.1558S
 Pasiakos S. M., Cao J. J., Margolis L. M., Sauter E. R., Whigham L. D. McClung J. P., et al. (2013). Effects of high-protein diets on fat-free mass and muscle protein synthesis following weight loss: A randomized controlled trial. FASEB J. 27, 3837–3847. doi:10.1096/FJ.13-230227
 Pasiakos S. M., Vislocky L. M., Carbone J. W., Altieri N., Konopelski K. Freake H. C., et al. (2010). Acute energy deprivation affects skeletal muscle protein synthesis and associated intracellular signaling proteins in physically active adults. J. Nutr. 140, 745–751. doi:10.3945/JN.109.118372
 Pasman W., Saris W., Westerterp-Plantenga M. (1999). Predictors of weight maintenance. Obes. Res. 7, 43–50. doi:10.1002/J.1550-8528.1999.TB00389.X
 Pawan G. L. S., Semple S. J. G. (1983). Effect of 3-hydroxybutyrate in obese subjects on very-low-energy diets and during therapeutic starvation. Lancet (London, Engl. 1, 15–17. doi:10.1016/S0140-6736(83)91560-X
 Petrizzo J., DiMenna F. J., Martins K., Wygand J., Otto R. M. (2017). Case study: The effect of 32 weeks of figure-contest preparation on a self-proclaimed drug-free female’s lean body and bone mass. Int. J. Sport Nutr. Exerc. Metab. 27, 543–549. doi:10.1123/ijsnem.2016-0313
 Pfeiffer B., Cotterill A., Grathwohl D., Stellingwerff T., Jeukendrup A. E. (2009). The effect of carbohydrate gels on gastrointestinal tolerance during a 16-km run. Int. J. Sport Nutr. Exerc. Metab. 19, 485–503. doi:10.1123/IJSNEM.19.5.485
 Phillips S. M., Van Loon L. J. C. (2011). Dietary protein for athletes: From requirements to optimum adaptation. J. Sports Sci. 29, S29–S38. doi:10.1080/02640414.2011.619204
 Piatti P. M., Monti L. D., Magni F., Fermo I., Baruffaldi L. Nasser R., et al. (1994). Hypocaloric high-protein diet improves glucose oxidation and spares lean body mass: Comparison to hypocaloric high-carbohydrate diet. Metabolism 43, 1481–1487. doi:10.1016/0026-0495(94)90005-1
 Poffé C., Ramaekers M., Bogaerts S., Hespel P. (2021). Bicarbonate unlocks the ergogenic action of ketone monoester intake in endurance exercise. Med. Sci. Sports Exerc. 53, 431–441. doi:10.1249/MSS.0000000000002467
 Poffé C., Ramaekers M., Bogaerts S., Hespel P. (2020). Exogenous ketosis impacts neither performance nor muscle glycogen breakdown in prolonged endurance exercise. J. Appl. Physiol. 128, 1643–1653. doi:10.1152/JAPPLPHYSIOL.00092.2020
 Poffé C., Ramaekers M., Van Thienen R., Hespel P. (2019). Ketone ester supplementation blunts overreaching symptoms during endurance training overload. J. Physiol. 597, 3009–3027. doi:10.1113/JP277831
 Poffe C., Robberechts R., Podlogar T., Kusters M., Debevec T., Hespel P. (2021). Exogenous ketosis increases blood and muscle oxygenation but not performance during exercise in hypoxia. Am. J. Physiol. - Regul. Integr. Comp. Physiol. 321, R844–R857. doi:10.1152/AJPREGU.00198.2021
 Ravussin E., Lillioja S., Anderson T. E., Christin L., Bogardus C. (1986). Determinants of 24-hour energy expenditure in man. Methods and results using a respiratory chamber. J. Clin. Invest. 78, 1568–1578. doi:10.1172/JCI112749
 Rochon J., Bales C. W. Ravussin E., et al. (2011). Design and conduct of the CALERIE study: Comprehensive assessment of the long-term effects of reducing intake of energy. Journals Gerontol. Ser. A 66A, 97–108. doi:10.1093/GERONA/GLQ168
 Rohrig B. J., Pettitt R. W., Pettitt C. D., Kanzenbach T. L. (2017). Psychophysiological tracking of a female physique competitor through competition preparation. Int. J. Exerc. Sci. 10, 301–311. Available at:/pmc/articles/PMC5360372/(Accessed August 1, 2022).
 Sainsbury K., Evans E. H., Pedersen S., Marques M. M., Teixeira P. J. Lähteenmäki L., et al. (2019). Attribution of weight regain to emotional reasons amongst European adults with overweight and obesity who regained weight following a weight loss attempt. Eat. Weight Disord. 24, 351–361. doi:10.1007/S40519-018-0487-0
 Schwartz A., Doucet É. (2010). Relative changes in resting energy expenditure during weight loss: A systematic review. Obes. Rev. 11, 531–547. doi:10.1111/j.1467-789X.2009.00654.x
 Sherwin R. S., Hendler R. G., Felig P. (1975). Effect of ketone infusions on amino acid and nitrogen metabolism in man. J. Clin. Invest. 55, 1382–1390. doi:10.1172/JCI108057
 Smith G. I., Atherton P., Reeds D. N., Mohammed B. S., Jaffery H. Rankin D., et al. (2009). No major sex differences in muscle protein synthesis rates in the postabsorptive state and during hyperinsulinemia-hyperaminoacidemia in middle-aged adults. J. Appl. Physiol. 107, 1308–1315. doi:10.1152/JAPPLPHYSIOL.00348.2009
 Soltani S., Hunter G. R., Kazemi A., Shab-Bidar S. (2016). The effects of weight loss approaches on bone mineral density in adults: A systematic review and meta-analysis of randomized controlled trials. Osteoporos. Int. 27, 2655–2671. doi:10.1007/S00198-016-3617-4
 Stratton M. T., Tinsley G. M., Alesi M. G., Hester G. M., Olmos A. A. Serafini P. R., et al. (2020). Four weeks of time-restricted feeding combined with resistance training does not differentially influence measures of body composition, muscle performance, resting energy expenditure, and blood biomarkers. Nutrients 12, 1126. doi:10.3390/NU12041126
 Stubbs B. J., Cox P. J., Evans R. D., Cyranka M., Clarke K., de Wet H. (2018). A ketone ester drink lowers human ghrelin and appetite. Obes. (Silver Spring) 26, 269–273. doi:10.1002/OBY.22051
 Stubbs B. J., Cox P. J., Evans R. D., Santer P., Miller J. J. Faull O. K., et al. (2017). On the metabolism of exogenous ketones in humans. Front. Physiol. 8, 848. doi:10.3389/fphys.2017.00848
 Tang M., O’Connor L. E., Campbell W. W. (2014). Diet-induced weight loss: The effect of dietary protein on bone. J. Acad. Nutr. Diet. 114, 72–85. doi:10.1016/j.jand.2013.08.021
 Thomsen H. H., Rittig N., Johannsen M., Møller A. B., Jørgensen J. O. Jessen N., et al. (2018). Effects of 3-hydroxybutyrate and free fatty acids on muscle protein kinetics and signaling during LPS-induced inflammation in humans: Anticatabolic impact of ketone bodies. Am. J. Clin. Nutr. 108, 857–867. doi:10.1093/AJCN/NQY170
 Tinsley G. M., Trexler E. T., Smith-Ryan A. E., Paoli A., Graybeal A. J. Campbell B. I., et al. (2019). Changes in body composition and neuromuscular performance through preparation, 2 competitions, and a recovery period in an experienced female physique athlete. J. Strength Cond. Res. 33, 1823–1839. doi:10.1519/JSC.0000000000002758
 Vandoorne T., De Smet S., Ramaekers M., Van Thienen R., De Bock K. Clarke K., et al. (2017). Intake of a ketone ester drink during recovery from exercise promotes mTORC1 signaling but not glycogen resynthesis in human muscle. Front. Physiol. 8, 310. doi:10.3389/FPHYS.2017.00310
 Varkevisser R. D. M., van Stralen M. M., Kroeze W., Ket J. C. F., Steenhuis I. H. M. (2019). Determinants of weight loss maintenance: A systematic review. Obes. Rev. 20, 171–211. doi:10.1111/OBR.12772
 Weinheimer E. M., Sands L. P., Campbellnure W. W. (2010). A systematic review of the separate and combined effects of energy restriction and exercise on fat-free mass in middle-aged and older adults: Implications for sarcopenic obesity. Nutr. Rev. 68, 375–388. doi:10.1111/J.1753-4887.2010.00298.X
 Weis E., Puchalska P., Nelson A. B., Taylor J., Moll I. Hasan S. S., et al. (2022). Ketone body oxidation increases cardiac endothelial cell proliferation. EMBO Mol. Med. 14, e14753. doi:10.15252/EMMM.202114753
 Woods A. L., Rice A. J., Garvican-Lewis L. A., Wallett A. M., Lundy B. Rogers M. A., et al. (2018). The effects of intensified training on resting metabolic rate (RMR), body composition and performance in trained cyclists. PLoS One 13, e0191644. doi:10.1371/JOURNAL.PONE.0191644
 Wright C. S., Li J., Campbell W. W. (2019). Effects of dietary protein quantity on bone quantity following weight loss: A systematic review and meta-analysis. Adv. Nutr. 10, 1089–1107. doi:10.1093/ADVANCES/NMZ058
 Zellner D. A., Loaiza S., Gonzalez Z., Pita J., Morales J. Pecora D., et al. (2006). Food selection changes under stress. Physiol. Behav. 87, 789–793. doi:10.1016/J.PHYSBEH.2006.01.014
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Hiroux, Schouten, de Glisezinski, Simon, Crampes, Hespel and Koppo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-1063956-t002.jpg
P (Group x Time); 1y

Body weight (kg)

Pretest 587 £ 14 578+ 15 584+ 14 .990; .07 <.0001; .93 0042; .31
Posttest 550+138 554+15$ 552+138

Fat mass (kg)

Pretest 126 12427 124%7 <.00001; 94 397; 06
Posttest 97+6 98%.6 100+ 6

Lean mass (kg)

Pretest 462414 454511 460 %12 992; 05 008; 28
Posttest 4525128 456+ 11 452£128

Bone mineral content (g)

Pretest 2220+ 83 2232576 2370297 398; 88 | <.0001; 50 7145 02
Posttest 2,178 £+ 74 2,187 £ 75 2312+85

Bone mineral density (g-cm™?)

Pretest 114 + 02 116 + .02 L18 + .03 377, 77 <.0001; 42 .873; 01
Posttest L12 + 02 114 +.02 117 + .02






OPS/images/fphys-13-1063956-t003.jpg
P (Group x Time);

n

PAEE (kcal-day™)

Pretest 826 +45 792 + 67 847 £ 64 5475 .14 +0006; .37 601; .04
Posttest 677 49 679 %32 769 £ 59

TEE (kcal-day™)

Pretest 2588 +45 2537 £ 63 2,538 + 114 6945 .09 <.0001; .70 1005 .16
Posttest 2177 £57 2178 + 44 2342 £ 115

Carbohydrate oxidation (mg-min~')

Pretest 948 80+8 786 1845 .14 1265; .05 4735 05
Posttest 84£7 62+ 11 81+13

Fat oxidation (mg-min~'")

Pretest 5444 5743 565 414512 +002; .30 120515
Posttest 4542 413 5445

Protein oxidation (mg:min~')

Pretest 4443 4744 43£3 <.0001; .69 749 .00 <.0001; 59
Posttest 37+2 67 £ 48" 28+£3$






OPS/images/fphys-13-1063956-g003.gif
——






OPS/images/fphys-13-1063956-t001.jpg
PLA

Energy intake (kcal day ")

Week 0 2328 % 49 2,446 + 59 2350 65
Week 1 1361 £ 29 1451 £ 34 1394 £ 49
‘Week 2 1,354 £ 36 1,447 £ 30 1,390 + 47
Week 3 137233 1437 £ 38 1384 £ 51
Week 4 1,358 + 34 1412 £ 37 1346 + 42
Protein (g-day™')

Week 0 85:2 90 %2 863
Week 1 56+2 1n9:2 562
Week 2 56+2 120+ 2 56 +2
Week 3 54+1 118+2 5%2
Week 4 56+ 1 116 2 551
Carbohydrates (g-day™')

Week 0 3077 3228 313+9
Week 1 169 + 4 180+ 5 1725
Week 2 169 £ 5 180 £ 5 172+ 6
Week 3 170 £ 6 178 £ 6 170 £ 6
Week 4 1725 180 + 7 171+ 6
Fat (g-day™)

Week 0 922 96+ 3 92:2
Week 1 s1+1 82 53:3
Week 2 51%1 82 53:2
Week 3 53+2 28+2 54%3
Week 4 502 2522 952






OPS/images/inline_1.gif





OPS/images/fphys-13-1063956-t004.jpg
P (Group); P (Time); P (Group x Time);
2 2

n ) L}

VOzmax (I-min™)

Pretest 273%.13 248+ .07 268+ 07 181551 <0001; .46 153;.13
Posttest 247 £.10 235+ .08 257+ .07

VO,max (ml-min~"-kg™)

Pretest 460 £ 1.8 32515 46.0 + 1.4 2715 .07 44 47 4045 .06
Posttest 44316 421%16 46217

Time to exhaustion (min)

Pretest 143+3 1333 142+ .4 0805 .80 449; 02

Posttest 139+ .38 1333 1433

Maximal heart rate (bpm)

Pretest 1883 186 +3 188+ 2 107 .67 <0001; 44 <.0001; 48
Posttest 1822 8% 179+ 284 190+ 2

Lactate after 2 min (mmol'l™')

Pretest 56+.5 67+.8 67+.7 178 44 -013; 20 1397; .06
Posttest 47+ 4 56%.7 65+ .6





OPS/images/fphys-13-1063956-t005.jpg
P (Group); P (Time); P (Group x Time);
& 2 2

n n n

Leptin (ng:ml™')

Pretest 41% 8 44+.8 32%6 417;.18 <.0001; 62 .386; .06
Posttest 14%2 22%.6 154

Ghrelin (pg-ml™)

Pretest 686 + 88 783 £ 113 854 £ 89 878 02 1405 07 5775 .04
Posttest 676 £ 123 642 £ 135 645 £ 152

GDF15 (pgml™)

Pretest 378+ 43 42874 | 548 £ 54 043; 26 864; 01
Posttest 402+ 35 422+ 86 520 £ 31

Free T3 (pmol-|

Pretest 44t2 45:2 | 47%2 134531 002; 28 246; 09
Posttest 36+3 40+ .4 453

Free T4 (pmol™)

Pretest 44+ 5 1475 1587 -040; 33 653 01 527; 04
Posttest 136+.7 149 %9 159+ 4

TSH (mU-I™)

Pretest 26+3 24%3 28%3 8935 .06 078510 857; 01

Posttest 29+ 6 28%.5 30+3






OPS/xhtml/nav.xhtml
Contents

		Cover

		Effect of increased protein intake and exogenous ketosis on body composition, energy expenditure and exercise capacity during a hypocaloric diet in recreational female athletes		Introduction

		Methods		Subjects

		Study design and experimental conditions

		Nutritional protocol





		Results

		Discussion		Body composition

		Energy expenditure

		Exercise performance

		Satiety, stress and recovery status and gastro-intestinal comfort





		Limitations and future directions

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Physiology

Effect of increased protein
intake and exogenous ketosis on
body composition, energy
expenditure and exercise
capacity during a hypocaloric
diet in recreational female
athletes





OPS/images/fphys-13-1063956-g001.gif





OPS/images/fphys-13-1063956-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





