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Abstract

:

With energy intake restriction and exercise remaining the key diet and lifestyle approaches to weight loss, this is not without potential negative implications for body composition, metabolic health, and quality and quantity of life. Ideally, weight loss should be derived almost exclusively from the fat mass compartment as this is the main driver of metabolic disease, however, several studies have shown that there is an accompanying loss of tissue from the fat-free compartment, especially skeletal muscle. Population groups including post-menopausal women, the elderly, those with metabolic disease and athletes may be particularly at risk of skeletal muscle loss when following a weight management programme. Research studies that have addressed this issue across a range of population groups are reviewed with a focus upon the contribution of resistance and endurance forms of exercise and a higher intake dietary protein above the current guideline of 0.8 g/kg body weight/day. While findings can be contradictory, overall, the consensus appears that fat-free and skeletal muscle masses can be preserved, albeit to varying degrees by including both forms of exercise (but especially resistance forms) in the weight management intervention. Equally, higher intakes of protein can protect loss of these body compartments, acting either separately or synergistically with exercise. Elderly individuals in particular may benefit most from this approach. Thus, the evidence supports the recommendations for intakes of protein above the current guidelines of 0.8 g/kg body weight/d for the healthy elderly population to also be incorporated into the dietary prescription for weight management in this age group.
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1. Introduction


Restriction of energy intake to below energy requirements coupled with increased levels of physical activity (both aerobic and resistance/strength forms) remain the key non-surgical and non-pharmacological therapeutic weight loss strategy. This is important for achieving clinically meaningful weight loss for health as well as for performance purposes in athletes and active people. The health benefits of weight loss include improvements in insulin sensitivity and glycaemia, lower blood pressure, and better blood lipid profile [1]. Whilst the desired weight loss should arise from an almost exclusive loss of fat mass (FM, since this tissue is a key driver of metabolic risk), it is inevitable than some unintentional loss of mass will also occur from the lean or fat-free mass (FFM) compartment including skeletal muscle mass (SMM). In general, typical losses of total body weight comprise between 20–40% FFM, the remainder coming from FM. This apparent indiscriminate loss of body tissue can have potential negative effects for both short- and long-term health and physical function, but also for performance in athletes and active people. Thus, optimum weight loss strategies should aim to preserve, as best as possible, the whole-body SMM. This review will briefly address the metabolic basis for the loss of skeletal muscle (SM) during weight loss followed by an examination of the literature on the dietary and physical activity strategies to minimise or reduce the loss of FFM/SMM.




2. Skeletal Muscle-Function, Metabolism, Health, and Mortality


SM mass and strength are key to the architectural structure of the human body by supporting the frame. It also generates contractile forces for locomotion/ambulation and other movements that are essential for independent living [2]. Furthermore, SM is increasingly being recognised as an independent marker of metabolic health [3], where low muscle fitness is associated with metabolic risk, muscle mass, and strength being inversely related to later CVD risk and mortality and muscular strength being positively related to higher insulin sensitivity. SM is normally responsible for more than 75% of all insulin-mediated glucose disposal and given the relative size of the whole-body SMM, is thus a key tissue in whole-body glucose homeostasis. Insulin resistance at this site is a particularly important driver of risk for type 2 diabetes [4]. SM is also a major site of lipid oxidation where it has a unique role in modulating whole-body fat balance via aerobic metabolism [5]. Furthermore, given its mass and metabolic activity, SM contributes to a substantial fraction of resting energy expenditure and hence energy demands [6]. An increasing number of studies are reporting an association between SMM and strength with morbidity, longevity, and mortality [7,8,9]. In 2002, Metter et al. used hand grip as a measure of muscle strength and survival analysis over a 40-year period [10]. They found that lower and declining grip strength was associated with increased mortality. A 2018 study exploring the relationships between body composition and all-cause mortality demonstrated that participants with low muscle mass not only had higher body fat percentage, but more importantly, an increased likelihood of diabetes and higher adjusted mortality [11]. In a population of Chinese elders, the association between SMM and long-term all-cause mortality was evaluated with the findings indicating that low muscle mass was a predictor of long-term mortality in nonagenarian and centenarian women, but not in men [12]. A 2019 Brazilian study investigated the association between body composition assessed by dual-energy X-ray absorptiometry, (DXA) and mortality in a cohort of elderly subjects. The presence of low muscle mass significantly increased all-cause mortality risk in men and similar results were observed for cardiovascular mortality. In women, low muscle mass was a predictor of all-cause and cardiovascular death [13]. Similar findings have been observed in the U.S. in older adults [9], whereas an earlier study had shown that muscle strength but not muscle mass was associated with mortality [14]. However, it should also be noted that not all studies have been able to demonstrate an association between SM and mortality after adjustment for potential confounders [15]. Furthermore, a recent study compared the prognostic value of body mass index (BMI) versus appendicular SMM (aSMM) and FM with fatal and non-fatal cardiovascular disease and all-cause mortality [16]. Their study showed that while FM showed a strong positive association with CVD risk, for aSMM, this risk differed between the sexes and that measurements of FM and aSMM were not superior to BMI in predicting CVD incidence or all-cause mortality at the population level. Taken together, these observations demonstrate that any loss of SM could impair quality (and quantity) of life, and maintaining an optimum SMM is important for long-term health, physical function, and longevity.




3. Weight Gain, Obesity, and Skeletal Muscle Mass


When body weight is gained during a state of positive energy balance, this is predominantly due to gains in FM but there is also some expansion of the muscle mass [17,18]. This gain has been considered necessary, in part, to structurally support the extra weight of the FM both statically and during ambulation. A compensatory gain in muscle mass to counteract the negative effect of fat on insulin sensitivity is a further consideration. However, as a consequence of the ageing process, chronic inactivity or the result of repeated attempts at weight loss, a condition known as sarcopenic obesity can arise [19]. In this situation, even though a healthy BMI may be apparent, this masks an imbalance between (excess) body fat and (decreased) SM. This has a number of consequences including a reduction in resting metabolic rate, a reduced capacity for physical activity, and increased risk for metabolic disease.




4. Regulation of SMM Maintenance and Turnover


SMM varies across the life cycle with gains during the growth phases across childhood and adolescence [20]. In adulthood, weight maintenance, weight gain, and weight loss all impact upon SMM and as a result of the ageing process, SMM tends to decrease, where in some individuals, this rate of loss can tip them into a critical state of sarcopenia [21]. At the cellular level, SMM status reflects the interrelationship between myofibrillar and cytoplasmic protein synthesis (muscle protein synthesis (MPS) and degradation (muscle protein breakdown MPB), known as skeletal muscle protein turnover. Reflecting both the nutritional environment and physical activity stimulus (either resistance or aerobic), a collection of anabolic hormones act in concert to promote synthesis (insulin, testosterone, growth hormone, IGF-1) and breakdown or catabolism (cortisol, glucagon, adrenaline). Experimental molecular markers of SM synthesis include stable isotopes incorporated into specific amino acids (e.g., 15N-glycine or 15N-leucine) and relates to the nutritional regulation of SMM turnover [22]. Beyond the endocrine regulation of SMM as outlined above, a range of factors are known to regulate SMM. Whilst undernutrition (both energy and protein) clearly impacts upon SMM (see below) as well as ageing (sarcopenia, dynapenia) and pathology (cachexia), both nutrition (feeding) and exercise also regulate SMM via their effects upon SM protein turnover [2,22]. In short, under basal, post-absorptive (fasting) conditions, MPB exceeds MPS whereas MPS is stimulated post-prandially. Thus, following consumption of a meal, the dietary-derived amino acids can compensate for any losses of SM amino acids by driving up MPS as well as acting synergistically with insulin to suppress MPB. At the molecular level, protein deposition in skeletal muscle and hence tissue hypertrophy (through an increase in muscle protein synthesis) is driven by amino acid, insulin, and IGF-1-mediated increases in ribosomal capacity via the rapamycin complex (mTOR) signalling pathway. mTOR is a kinase, encoded by the mTOR gene in humans. Intense exercise also activates mTOR signalling and can amplify the effect of dietary-derived amino acids on this pathway [20].



Furthermore, the amount of protein consumed determines the SM protein gain via a dose-dependent essential amino acid stimulation of MPS. Beyond a certain threshold of dietary protein consumption (~0.24–0.4 g/kg body weight in a single meal), the rate of amino acid oxidation increases without any further increase in MPS [23]. Critically, resistance exercise also influences SM protein turnover, with weight training promoting SMM increase largely due to an increase in MPS as opposed to suppression of MPB. Furthermore, evidence suggests that the effects of resistance exercise and protein ingestion on MPS are additive [24]. In this context, protein consumption following resistance exercise enhances MPS (and hypertrophy). Here, the provision of EAAs is key, with leucine supply of particular importance. Indeed, hyperleucinaemia is required to promote MPS, with leucine-rich protein foods appearing to be the most effective, post resistance exercise [25].



Historically, biochemical markers of SM protein breakdown include the measurement of the excretion of the metabolite 3Me-Histidine [26]. 3Me-His is a unique component of the skeletal muscle contractile protein actin. Upon actin degradation, 3-Me-His is excreted unchanged in urine and is not reincorporated back into new body proteins. Thus, a rise in 3Me-His excretion is an indication of SMM breakdown and is observed in catabolic states [27]. Similarly, 24 h creatinine excretion has long been used as a biochemical marker of SMM. Creatinine is the degradation product of creatine—a short-term energy storage compound present almost uniquely in SM. Approximately 98% of whole-body creatine is found in skeletal muscle and is excreted at a constant daily rate (once any dietary creatine has been accounted for) in proportion to the whole body SMM [28].



The breakdown of SM resulting from therapeutic weight loss and a state of negative energy balance is reflected in a short-term negative nitrogen balance with an increase in the excretion of nitrogen, predominantly as urea, the end product of amino acid degradation [29]. Whilst it is preferable for long-term metabolic and physical health that SMM is maintained (as well as for performance purposes during sport and exercise), it needs to be recognised that SM loss can result from a demand for the mobilisation of amino acids as a precursor for gluconeogenesis in an energy deficient state [30]. Equally, when total body mass falls as a result of body fat loss, there should be a resultant lower demand for the structural and architectural support for a heavier body mass, hence a likely lower need for the raised SMM in obesity.



Current approaches to the quantitative assessment of SMM include segmental bioimpedance systems and scanning technologies including DXA, magnetic resonance imaging, (MRI), and computerized tomography (CT) [31]. However, given the potentially slow rate of SMM loss across the period of therapeutic weight loss, both bioelectrical impedance analysis (BIA) and DXA could fail to detect small losses over a short time period. Air-displacement plethysmography quantifies FM and FFM via assessment of body density. While it is unable to partition FFM into SM and non-SM masses, nevertheless, this technology can be used to track losses of FFM (where it is anticipated that the loss will come predominantly from the SMM) across a phase of weight management intervention. The following aspect of this review will evaluate the scale of SMM loss during therapeutic weight loss by using these markers and measures of SMM.




5. Fat-Free Mass and Skeletal Muscle Mass Loss Following Therapeutic Dietary Weight Loss Interventions


With the increased access to improved body composition assessment technology, the extent and variation in FFM and SMM loss following weight management intervention can be better quantified. However, several factors could influence FFM and SMM loss including the initial degree of excess body weight (BMI), duration and intensity of intervention, dietary approach, involvement of physical activity and exercise components, age of participant as well as sex and ethnicity differences. This range of influencing variables can therefore make it difficult to generalise on the extent of SM that is lost over the course of a weight management intervention. To further compound this issue, SM and changes in SM can be expressed in a variety of measures that include muscle volume, muscle cross-sectional area, skeletal muscle index (SMI, SMM kg/height m2) as well as the simpler whole-body SM (g or kg) or appendicular SMM (aSMM) [32]. Nevertheless, several studies have attempted to quantify both FFM and SMM loss following dietary intervention. Unsurprisingly, results are highly variable and are dependent upon several factors including the duration of the intervention, intensity of the intervention, dietary (and exercise) approach, population group, and body composition assessment technique. Reported losses range between 1.0 and 1.5 kg FFM and in the region of around 3.2% SMM or 0.9 kg–1.7 kg [33,34,35,36,37]. A number of studies have evaluated the effectiveness of a low-carbohydrate approach to weight loss with a special focus upon the preservation of FFM/SMM [38,39,40]; Meckling et al. (2004) found that preservation of FFM was better after a 10-week intervention when following a low-fat/low-energy diet compared with a low-carbohydrate/low-energy diet [38]. Volek et al. (2004) compared a very-low carbohydrate/ketogenic diet against a more conventional low-fat diet in a group of 28 volunteers aged 20–55 y. FFM preservation was better in the males following the low-fat diet, whereas in females, the reverse was observed. However, it should be noted that the duration of the intervention was shorter (30 days) in the females compared to the males (50 days) [39]. In contrast, Volek et al. (2010) showed that when consuming a diet restricted in carbohydrate but with a higher protein level, coupled with resistance exercise, a better preservation of the FFM was observed. Here, the inclusion of the training element appears to be key to FFM maintenance [40]. In one study that used a meal replacement product as part of the weight management intervention and where body composition changes were assessed using air-displacement plethysmography, they found evidence of a lean tissue preservation ascribed to the high soy protein, low fat nature of the meal replacement product [41]. Sex differences in both the degree and composition of weight loss in an overweight and obese population on similar weight loss regimens have been observed, with greater changes in FFM than in FM for men than for women (assessed by DXA) as well as greater overall weight loss for men than for women [17]. Although the influence of ethnicity on the composition of weight loss has been largely unexplored, there is evidence to suggest that in premenopausal women, compared with African-Americans, those from European-American women, without accompanying resistance exercise, have less initial skeletal muscle and lose more muscle with weight loss [42]. It has been suggested that the hormonal environment may, in part, explain these differences [43].



Caution must be exercised when interpreting these findings due to the difference in the accuracy of the instrumentation used to measure the body compartment and the variation in the study design, sample size, and the profile of the population group. However, it is evident that not all of the FMM lost during diet restriction-based weight management is SM, and thus likely includes loss from connective tissue and viscera, especially liver [36]. It is interesting to note from a 2019 study that when comparing the degree of dietary energy restriction (severe versus moderate over a 12-month period), the severe energy restriction—despite leading to greater overall weight loss and lean tissue loss—had no greater negative impact on relative whole-body lean mass or strength compared with moderate energy restriction [44]. Taken together, the findings from these studies clearly illustrate that FFM and SMM losses do occur as a result of a dietary energy-restricted weight loss regime.



Mechanistically, from a protein turnover perspective, it remains unclear whether the loss of SM tissue during diet-restricted intervention results from a suppression of protein synthesis or an increase in protein breakdown. A critical aspect could be whether an exercise or physical activity component forms part of the intervention. This element could be aerobic in nature (such as brisk walking or jogging) or strength (resistance) related such as lifting weights. As evidenced below, numerous studies have demonstrated a more favourable loss of FM with the inclusion of aerobic forms of exercise, but a protective effect of resistance exercise on the preservation of FFM and SMM. At the molecular level, it is likely that this protective effect results from a stimulation of MPS, although this is a likely consequence of an augmentation of MPS following protein consumption (see later). However, the combination of a dietary approach with an exercise component should be recognised as a potential intervention to minimise or prevent SMM loss. Discussion of studies relating to this approach now follows.




6. Fat-Free Mass and Skeletal Muscle Changes Following Weight Loss with an Exercise Component


Outside the weight management domain, exercise has long been known to impact upon skeletal muscle mass, strength, and composition [2]. Exercise can be simply divided into two main types: resistance or strength forms and aerobic/endurance exercise. Resistance exercise, being predominantly anaerobic in nature, is the behavioural and physiological approach to stimulating SMM growth and expansion in a weight gaining regime (e.g., in body building). Additionally, resistance forms of exercise have also been evaluated in weight management interventions as an additional approach to preserving FFM/SMM. In contrast, aerobic exercise can promote fat loss as part of a weight management intervention [33]. A 2011 study evaluated the effects of weight loss and exercise (aerobic, resistance, flexibility, and balance), independently and combined with body composition (using DXA and MRI), in a group of older (65 y+) obese participants over a period of 12 months [45]. With a substantial weight loss in the intervention groups, lean body mass (LBM) decreased less in the diet + exercise group compared with the diet only group. LBM increased by 1.3 kg in the exercise only group. They concluded that adding an exercise element to a dietary weight loss regime may be the best approach for improving physical function and ameliorate frailty in obese older adults. Foster-Shubert and colleagues (2012) compared the effect of diet and exercise, alone or combined, on weight and body composition (assessed by DXA) in overweight and obese postmenopausal women across a 12-month intervention period [46]. With respect to the lean mass component, this increased among those participating in exercise alone (+0.3 kg). This increase, however, did not differ significantly from women in the control group but it was significantly greater compared to the reductions in lean mass among women in the diet alone (−0.8 kg, p < 0.0001) or diet + exercise (−0.4 kg, p = 0.003) groups. The authors concluded that the findings could have important implications for older people as they are at an increased risk for sarcopenia, although they did not specifically quantify SMM in the study. With appropriate duration and intensity, it is possible to protect against loss of SMM during weight loss [37]. One population group that may be particularly vulnerable to increased rate of SMM loss whilst undergoing weight management intervention are the elderly. Indeed, without judicious attention to the composition of the weight management programme, older individuals with excess weight may be at risk of developing sarcopenic obesity as a result of unintended excess loss of SMM following a weight management intervention [19,47]. In this context, several weight management and body composition studies have focused specifically on this age group. Frimel et al. (2008) evaluated weight-loss-induced reduction in muscle mass in frail obese older adults [48]. Participants were randomly assigned to six months of diet/behavioural therapy or diet or behavioural therapy plus progressive resistance training. They found that by adding this exercise component to the programme, muscle mass loss was reduced (assessed by DXA), and muscle strength was increased compared with the diet/behavioural approach only. A similar attenuation of muscle mass loss was observed in a group of obese postmenopausal women when a low intensity, resistance exercise training element was added to a hypocaloric diet for a period of 12 weeks [49]. Turning to aerobic exercise, again, a beneficial attenuation of muscle mass loss has been observed in this age group when aerobic exercise, in the form of moderate-intensity walking, 3–5 times per week for 35–45 min was added to a low-fat, 500–1000 kcal/d energy restriction, over a period of four months [50]. In this study, body composition was assessed by DXA, thigh CT, and percutaneous muscle biopsy to quantify fibre type. This latter procedure demonstrated that type 1 (aerobic) fibres decreased in the diet/behavioural group but remained unchanged in the group with exercise included. The same pattern was observed for type 2 (anaerobic) fibres. Nevertheless, the impact of including an exercise element in a weight management programme in an older population does not always achieve the same outcome. Santanasto and colleagues (2010) evaluated the addition of a successful healthy ageing education element to a physical activity (combined strength, aerobic, balance, and flexibility exercises plus weight loss programme. Findings showed that without the education element, loss of muscle area (assessed by CT and DXA) and strength was significantly greater after six months of intervention [51]. A study focusing on Japanese adults aged 40–75 y evaluated the effects of energy restriction with or without aerobic exercise (20 min each of step exercises, bicycle ergometry, and walking or running, 60 min per session, three times per week for 12 weeks) on visceral adiposity and thigh muscle mass. Body composition was assessed by hydrodensitometry and CT scanning [52]. The findings from this study indicated that aerobic exercise attenuated the loss of skeletal muscle during energy restriction in adults with visceral adiposity. It is not only when diet is combined with an exercise element where a preservation of SMM and strength is observed following weight management intervention. In a study of healthy 50–60 year olds (mean BMI 23.5), exercise only-(frequent vigorous endurance exercise) induced weight loss (for 12 months) resulted in better outcomes for lean mass (DXA) muscle volume (MRI) and strength (dynamometry) compared with an energy restricted diet at comparable decreases in body weight [53]. A conclusion from this study suggested that during exercise-induced weight loss, the body is able to adapt to maintain or enhance physical performance capacity. These findings have been replicated and extended to suggest that in this context, exercise is likely to improve physical function [37]. Finally, when comparing exercise interventions performed at low (control), moderate, and intense, Hernández-Reyes et al. demonstrated that in a group of premenopausal women following a hypocaloric diet (−500 kcal/d), after three months, a significant reduction in body weight, BMI, and body fat was observed [54]. Additionally, the intense exercise group demonstrated a significantly much lower reduction in SMM (p < 0.05) compared with the other groups. After six months, those in the moderate group showed a less pronounced loss in SMM compared with the low intensity group, whereas those in the intense group showed a small but significant gain in muscle mass (p < 0.001). These findings reinforce the importance of an optimum composition of a weight management intervention in older individuals in order to preferentially promote loss of body fat with minimal impact upon SMM. Indeed, the continuation of a higher level of physical activity beyond the weight management phase (most likely a combination of resistance- and aerobic forms of exercise) is likely to support the preservation of SMM and a healthy body composition, and that lower levels of PA may be insufficient to maintain or stimulate any anabolic drive to the tissue. Taken together, the findings from these and other studies have confirmed that loss of SMM is not necessarily an inevitable consequence of a weight management programme and that the inclusion of an exercise element, likely a resistance type or a combination of resistance and aerobic, will contribute to some preservation of lean tissue, especially SM. One further critical factor that needs to be evaluated in detail is the level and quality of dietary protein provided in the weight management regimen.




7. Influence of the Level and Quality of Protein in the Dietary Prescription for Weight Management


In the determination of human protein requirements from both a quantitative and qualitative perspective, an ability to maintain nitrogen balance at different levels of protein intake has been critical to this understanding. Furthermore, dietary protein and amino acid digestibility, the requirements of the indispensable amino acids, the Food and Agricultural Organisation/World Health Organisation/United Nations University (FAO/WHO/UNU) reference pattern of amino acids and identification of the limiting amino acid(s) has formed the foundation of human protein nutrition [55,56]. Based on this extensive research, current dietary references values (DRVs) and recommended daily allowances (RDA) for protein (as well as for energy and other nutrients) have been established. Depending upon the source of data, the current adult reference nutrient intake (RNI, +2 S.D. above the estimated average requirement EAR) for protein is set between 0.75 and 0.8 g/kg body weight/day [55,57]. This figure is sufficient to meet the needs of 97.5% of the adult population. Despite habitual daily intakes tending to be above this level, there has been an ongoing debate whether this RNI may be insufficient for some population groups including the elderly [58]. As SMM loss occurs with ageing and some elderly are vulnerable to the risk of sarcopenia, a higher daily intake of protein may be required to minimise loss of muscle in this population group. A second population for whom this RNI may be insufficient to meet their needs are endurance and strength-based athletes, where the need to offset the catabolic effects of endurance exercise and to maintain or build muscle mass must be met through dietary protein [23]. As reviewed above, individuals undergoing weight management intervention through a dietary energy restriction approach are also vulnerable to loss of SM, which may be exacerbated in the elderly population, especially if they have lower levels of physical activity and who may not be able to incorporate types of exercise that could benefit the preservation of SMM. Whilst it has been demonstrated that this loss could be ameliorated, in part by including an exercise element to the weight management programme, a higher proportion of energy intake derived from protein could also contribute to a greater preservation of FFM and SM [45]. Additionally, the quality of this additional protein is likely to be of equal importance [59]. Finally, it may be that a combination of an exercise element with a higher daily intake of protein could further protect from loss of SMM. An evaluation of the literature in this area now follows, with recommendations for protein intake where the evidence is supporting.



The idea that higher intakes of protein (absolute or proportional) may be an optimum dietary weight management strategy has found support in the scientific literature over a number of years. However, the focus of attention has tended to be directed towards the ability of dietary protein to suppress hunger and promote satiety [60,61], its effect on energy intake, resting metabolic rate, and thermogenesis [62], and endocrine and gut hormone responses [63]. Alongside these important areas of weight management, the role of dietary protein in the preservation of FFM and SMM under conditions of negative energy balance induced by an energy restricted diet has also been explored in some detail. This has been studied across a range of population groups including older people, those with components of metabolic disease, and sports people. In addition, certain studies have focused on the effect of specific protein-rich foods and meal replacement products as well as the timing of dietary protein provision. In addition, most of these studies have tended to include an exercise element, and so any body composition outcomes need to be interpreted in this context and where possible, the interaction and separate impacts of dietary protein and exercise will be clarified. Furthermore, variation in sample size, study design, and duration can make the comparison and interpretation of findings more difficult [34,64].



While most attention has been directed towards the effects of higher intakes of dietary protein, a study by Bopp et al. (2008) evaluated protein intakes ranging from below the RNI/RDA (0.47 g/kg body weight/day) up to the RDA of 0.8 g/kg body weight/day, with an energy deficit of approximately 2800 kcal/week [64]. Participants were post-menopausal women aged 50–70 y and the intervention lasted for 20 weeks. Body composition was assessed using DXA, which showed that loss of lean mass and appendicular lean mass was greater for those with the lower intake of protein. The authors concluded that inadequate protein intake during caloric restriction may be associated with adverse body-composition changes in postmenopausal women. As protein intakes did not exceed the RDA of 0.8 g/kg body weight/day, any potential beneficial effects of higher protein intakes on the preservation of FFM/SMM could not be inferred. Nevertheless, several studies have explored the effects of protein intakes greater than the RDA in a weight management programme for participants with excess weight. Earlier studies have tended to focus on FFM rather than SMM, which has been a feature of more research studies. One such study [34] that evaluated a high protein (~1.4 g/kg body weight/day) intake as part of an energy-restricted weight loss diet in women for 12 weeks, which did not include an exercise element, demonstrated a greater preservation of the lean body mass (assessed by DXA) compared with those fed at ~0.8 g/kg body weight/day, at similar levels of total body weight loss and it was suggested that obese individuals may be more susceptible to the negative effects of consuming a ‘normal’ level of protein during an energy-restricted weight management programme. A 2013 randomised controlled study evaluated the effect of dietary protein fed at three levels—0.8, 1.6, and 2.4 g/kg body weight/day—for 31 days in a group of 39 physically active military personnel (mean age 21 y) with a BMI between 22 and 29 kg/m2 [65]. After 10 days of a weight maintenance phase, 21 days of an energy deficit state were elicited by a restriction of energy intake by 30% together with an increase in physical activity of 10% above total daily energy expenditure. Body composition was assessed using DXA. With a mean loss of body weight of 3.2 ± 0.2 kg, the proportion of weight loss from the FFM was lower in those fed at 1.6 g and 2.4 g protein/kg body weight/day compared with the control group fed at the RDA. The highest level of protein (3xRDA) fed was no better than the 2xRDA at protecting FFM loss. In both these groups, loss of FM was greater than for the control group. While SMM was not directly measured, anabolic sensitivity of SM was assessed and was shown to be greater in those fed the higher levels of protein. In interpreting these findings, it is important to note that the participants were relatively young, physically active, military personnel, some with a BMI within the healthy range and exposed to an acute weight reduction period. How these findings translate to the general and obese populations is unclear. A study performed on a similar age group of men but with a mean BMI of 29.6 and for a similar duration was undertaken by Longland et al. in 2016 [66]. Two levels of protein (1.2 kg/kg body weight/d versus 2.4 g/kg body weight/d were fed as part of a hypocaloric (~40% reduction compared with requirements) diet. Resistance exercise and high-intensity interval training formed part of the protocol and body composition was assessed using a 4-compartment model. A significantly greater gain in LBM (p < 0.05) was observed in the group fed the higher level of protein coupled with a significantly greater loss in FM (p < 0.05). However, the study was unable to identify whether the gain in LBM was due to gains in SM. Finally, a 2020 study evaluated a low-energy, moderate carbohydrate (MCD) dietary approach on weight loss, blood lipids, and body composition over a 4-week period in a group of middle aged overweight and obese men [67]. In the diet prescription, protein was fed at 1.42 g/kg body weight/day (compared with 0.96 g/kg body weight/day in the group fed a low-energy mixed diet. BIA was used to quantify body composition, which showed a greater loss of body fat and a greater preservation of SMM compared with those fed the low-energy, mixed diet. Taken together, these findings suggest a role for a higher intake of dietary protein in preserving FFM/SMM during weight loss.




8. Metabolic Disease


Given the importance of SM as a marker for metabolic health/risk, ensuring the preservation of this tissue in individuals with excess weight and undergoing weight management is paramount. This has been evaluated in a select number of studies. In patients with type 2 diabetes, similar findings on FFM assessed using DXA have been found [68]. Here, a resistance form of exercise was included in the 16-week intervention where protein was fed as part of an energy restricted diet at a level of ~1.12 g/kg body weight/day. Overall weight loss was much greater in the high-protein-resistance training group, indicating a preferential loss of FM and a greater retention of FFM for the degree of overall weight loss. Furthermore, muscle strength remained superior in the high-protein-resistance training group compared with the other dietary and exercise groups, suggesting a potentially better metabolic fitness in these patients with type 2 diabetes. However, it should be noted that the body composition measurements formed only a small aspect of the study, which evaluated a whole range of glycaemic control and CVD risk markers. Concern was raised about the potential adverse effects of high protein diets on renal function, particularly in a diabetic population, although they suggested that a hypocaloric high-protein diet does not adversely affect renal function, at least in the short term, in individuals without overt renal impairment Furthermore, a 2019 systematic review suggested that high-protein diets potentially have beneficial effects for glycaemic control in T2DM without a detrimental effect on renal function or cardiovascular outcomes. Of the studies reviewed, there was no consistent evidence of benefit or of harm for kidney function [69]. In patients with chronic kidney disease, it has been recommended that high-protein diets are probably best avoided [70]. When evaluating the effect of higher intake of dietary protein on body composition in patients with metabolic syndrome (MetS), weight loss may not necessarily comprise part of the study. Campbell et al. (2015) evaluated a group of overweight and obese middle-aged adults with MetS undertaking an exercise (resistance and aerobic) training programme for 36 weeks while consuming an unrestricted diet together with a daily supplement of 200 kcal containing whey protein at 0, 10, 20, or 30 g [71]. Air-displacement plethysmography was used to determine body composition. Protein intake at >1.0 to <1.2 g/kg body weight/day (combined with resistance/aerobic training) resulted in a greater decrease in FM and an increased percentage of FFM compared with the lowest intake of protein, although the gain in FFM was not significantly different between groups. Furthermore, MetS indices were not influenced by the higher protein intakes. In the context of insulin sensitivity following weight loss and high intake of dietary protein, the positive effects on the preservation of FFM is not necessarily reflected in changes in metabolic function. Smith et al. (2016) compared the effects of weight loss of approximately 10% following a hypocaloric diet containing either 0.8 g or 1.2 g/kg body weight/day on body composition and muscle insulin action in obese post-menopausal women [72]. Again, a preservation of FFM was observed at the higher intake of protein (decline reduced by ~45% compared with the lower intake of protein. However, the higher intake of protein prevented the weight loss-induced improvements in muscle insulin signalling and insulin-stimulated glucose uptake. Such findings would have implications for the consideration of dietary macronutrient composition in a dietary weight management programme.




9. Older Individuals and Post-Menopausal Women


Given the risk of SM loss in older age and its implications for sarcopenia, quality of life and independent living, many studies evaluating a higher protein intake on body composition during weight management have been undertaken in this age group. Backx et al. (2016) compared an intake of protein at 0.9 g and 1.7 g/kg body weight/day during a 12-week weight management intervention with a 25% restriction of energy intake in a group of overweight and obese participants with a mean age of 63 ± 5 years [73]. No exercise component was included in the intervention. Body composition was assessed by DXA and a leg muscle strength test was performed. Weight loss was similar between groups (~−9.0 kg) and there was a tendency for LBM to decline less in the group fed the higher protein level, although this did not reach statistical significance. Leg strength declined to a similar extent on both treatment groups. On this occasion, increasing protein intake above habitual levels did not preserve LBM. Similar findings have been observed by Verreijen et al. (2017) in older individuals following a hypocaloric weight loss programme for 10 weeks [74]. A 2 × 2 factorial design study evaluated protein fed at 2 levels: 0.8 and 1.3 g/kg body weight/day with or without a resistance exercise element. Body composition was assessed by air-displacement plethysmography. Neither the high protein intake nor the resistance exercise significantly affected body weight or composition changes compared with the control group, however, a within group analysis showed that the combination of a high protein intake with exercise caused a small but significant increase in FFM. It should be noted that the higher intake of protein only achieved a level of 1.13 g/kg body weight/day through normal food products. This has been suggested as a possible reason why no effect on the preservation of SMM was observed. These findings contrast with those of Beavers et al. (2017) and those of Sammarco et al. (2017) [75,76]. In the former study, using DXA as the body composition assessment instrument, a higher protein intake of 1.2–1.5 g/kg body weight/d was evaluated. This formed an element of a weight management programme incorporating a meal replacement approach within a healthy eating plan providing 1100–1300 kcal/d and 120–150 g protein. Participants had a mean age of mean age 70.3 y. These were compared against a weight stable group over a period of six months. Total weight loss was greater in the intervention group. However, despite a small decline in FFM, a differential treatment effect was not observed for this body compartment. Thus, using a high-protein diet as part of a meal replacement approach produced clinically meaningful weight and fat loss while helping to preserve lean tissue mass. The latter study was based on a small sample size and body composition was assessed by bioimpedance analysis. However, with a hypocaloric, high protein (1.2–1.4 g/kg body weight/d) diet followed for four months, a greater loss of FM and a gain in FFM was observed. On the balance of evidence, there appears to be a beneficial effect for the preservation of FFM in older individuals by consuming a higher intake of protein when following a weight management programme. The dietary impact appears to augment the effect of resistance exercise with or without an aerobic exercise element. Most of these studies, however, have tended to assess FFM/LBM rather than SMM and it is SM preservation that is key to metabolic health and physical function [2,3,4].




10. Protein-Rich Foods and Preservation of FFM


Thus far, the reviewed studies have not tended to focus upon specific protein-rich foods but rather on an overall higher intake of dietary protein above the RDA. However, the protein quality of the diet should not be overlooked since the presence and pattern of the essential amino acids in the diet are crucial when considering the impact of dietary protein on skeletal muscle synthesis and preservation of SMM during a hypocaloric weight management programme [56,59,62,77]. In this context, the contribution of lean meat and fish, because of their amino acid profiles and protein quality scores, must be recognised [59,77]. Additionally, the role of specific protein-rich foods with a high quality have been evaluated, especially whey protein [78,79,80]. Whey is a key milk protein rich in essential amino acids, particularly leucine, and is a popular supplement used in sports and exercise nutrition. Despite its high quality, conflicting findings have been observed when whey protein has been used and studies have been compromised, in part, by small sample sizes [79]. One such study conducted in 2012 (Coker et al., 2012) found only a modest preservation of lean tissue in an eight-week hypocaloric weight loss study on elderly participants fed a supplement of whey protein plus essential amino acids, compared with a control group fed a competitive meal replacement product [78]. Equally, albeit on a small scale study, a daily whey protein supplement added to a very low-calorie diet for four weeks did not lead to any significant difference in pre- and post-FFM measurements (assessed by DXA) in a group of obese participants undergoing a weight management intervention [79]. However, a greater loss of FM was observed with the whey protein formula. Similarly, a study by Smith et al. (2018) evaluated a leucine-rich whey protein formula (1.2 g protein/kg body weight/d versus a weight maintenance and weight loss group fed at 0.8 g/kg body weight/d) in a weight loss intervention in middle-aged post-menopausal women [80]. They failed to demonstrate any clinically important therapeutic effects on muscle mass (assessed by DXA) or strength, despite a small but significant decline in lean mass following moderate weight loss. In contrast, a high whey protein–, leucine-, and vitamin D–enriched supplement (1.11 g protein/kg body weight/d) compared with an isoenergetic control (0.85 g protein/kg body weight/d) preserved and enhanced appendicular muscle mass (assessed by DXA) in obese older adults during a hypocaloric diet and resistance exercise programme for 13 weeks [81]. This is one of only a small number of studies that have specifically quantified appendicular muscle mass. However, muscle strength and physical performance were improved in both the intervention and control groups. Their findings support the suggestion that intake of high-quality protein should be increased during a weight loss intervention in obese older adults to assist in the prevention of weight loss-induced sarcopenia.



Other protein-rich foods that have been evaluated include dairy products and whole eggs [82,83]. Josse et al. (2011) evaluated the impact of three levels of dairy consumption in combination with high or adequate intakes of protein [82]. These were combined with a modest energy intake reduction and an exercise element (aerobic and resistance) to assess weight loss and body composition (measured by DXA) in healthy premenopausal overweight and obese women over a period of 16 weeks. While all groups lost weight, the high protein-high dairy group gained more lean tissue compared with the adequate protein-medium dairy, which maintained lean mass. The adequate protein-low dairy group lost lean mass. These findings suggest that a higher protein and increased dairy product intake promotes a more favourable body composition as well as strength and fitness. The relevant beneficial nutritional profile of the low-fat dairy foods is likely high-quality protein together with adequate calcium. The inclusion of three whole eggs (high-protein, 1.4 g/kg body weight/d) in the diet has been evaluated in a 12-week weight loss intervention compared with a normal protein (0.8 g/kg body weight/d) in a group of older individuals [83]. While total body weight was reduced in both groups, and lean mass (assessed by DXA) was preserved in the high-protein diet, suggesting that a high-protein diet based around the consumption of whole eggs is a viable whole food approach to increase total protein intake and to promote lean mass retention during a weight management intervention in older people. It should be noted that the sample size was small and so caution must be exercised when interpreting the findings. However, it is worth reiterating the high quality of the protein present in hens’ eggs and is likely to be important for essential amino acid provision and retention of lean mass in this population group. Equally, it should be recognised that eggs and milk can be allergenic in susceptible individuals and must be considered if these foods are used in this dietary approach to weight loss and maintenance of SMM [84].



Extreme energy restricted diets include the very low-calorie diet (VLCD), which, as a total meal replacement and when used under medical supervision, can result in rapid weight loss. Such a dietary approach is being rigorously evaluated in primary care settings including in patients with T2DM, with some evidence of remission of the condition following such an extreme dietary intervention [85,86]. However, because of the rate of weight loss, tissue loss can equally be derived from both FM and FFM, and likely SM. Thus, increasing the proportion of energy from protein in this type of diet could result in better preservation of SMM and a more preferential loss of FM. One study compared a VLCD ketogenic diet (450–500 kcal/d for women, 650–700 kcal/d men, 55–60% energy from protein) supplemented with amino acids with a VLCD alone on weight loss and muscle mass (assessed by DXA) [87]. In a small group (n = 25) of adults with a mean age of 47.5 y, after three weeks, weight loss was greater in the VLCD group and whereas total body lean mass decreased in this group, in the amino acid supplemented group, no significant difference in total body lean from the baseline was observed. It should be noted this was a small-scale study and caution should be exercised when interpreting these findings. However, further research on VLCD and meal replacement products is warranted, especially as an increasing number of meal replacement products are available and some have been evaluated in depth in weight loss studies focusing upon body composition, metabolic, and inflammatory measures [88,89,90,91,92].




11. Timing of Protein Feeding and Muscle Mass Maintenance


An area of protein nutrition and weight loss that has been under-researched is that of the timing of meals and the spacing out of dietary protein provision across the day. Protein pacing is the term used to describe the spacing out of intake across six meals/d. This approach was used with a hypocaloric (~25% energy deficit) in obese individuals over a 12-week (weight loss) and 52-week (weight maintenance) intervention period and compared with a three meal/d approach [93]. Over the short term (12 weeks), those following the protein-pacing diet (0.3 g protein/kg body weight per meal, >1.4 g protein/kg body weight/d) demonstrated similar changes in body weight and composition (lean body mass). However, over the longer term, the protein pacing group were more efficacious at improving body weight and composition (LBM). More research is required to clarify any short- or long-term benefit for preserving SMM using this protein pacing approach.




12. Weight Loss in Sports People


A key population group for whom weight loss at certain time points may be important are those engaged in sport at professional or serious levels. This group includes those involved in combat sports such as boxing, jockeys, and sports such as rowing. At certain timepoints, these athletes could engage in rapid weight loss strategies that could potentially be harmful to their health. Nevertheless, weight loss may be a requirement for qualification to compete in a lower weight group category or for riding a racehorse that has been allocated a lighter weight to carry. In situations such as these, it is especially important to provide an adequate supply of protein to them for the maintenance of SMM, as a key risk factor for these individuals is the potential loss of lean tissue, which is significant in maintaining performance in both resistance and aerobic forms of exercise. It can be a challenge to consume a diet to meet the energy and carbohydrate requirements for training and competition whilst attempting to lose body fat and maintain SMM. Hence a small number of studies have evaluated the role of higher intakes of protein coupled with a hypocaloric diet in competitive sports people. Despite the potential attraction of rapid weight loss strategies, the literature suggests that a slower rate of weight loss is preferable in this population group as this approach tends to prioritise fat loss over loss of lean tissue [94,95,96]. In addition, there is some suggestion that protein intakes significantly beyond current recommendations (1.6–2.4 g protein/kg body weight/d) [97] for athletic populations may result in improved body composition [95]. As evidence for this, Mettler et al. (2010) evaluated the effect of increased protein intakes on LBM loss (assessed by DXA) during short-term hypocaloric weight loss in athletes [98]. They observed that a protein intake of ~2.3 g/kg body weight/d (35% of energy intake) was significantly superior to ~1.0 g/kg body weight/d (~15% energy intake) in order to maintain LBM during short-term hypocaloric weight loss. This intake is indeed at a completely different level and considered extreme compared with weight loss studies conducted in the general population. Any potential negative consequences of such high protein intakes should be considered in future studies. Similar to the protein pacing approach, timed ingestion of protein, as close as possible following exercise, coupled with a higher overall daily dietary protein intake could be one strategy to minimise loss of SMM when undergoing a weight loss programme. A window of opportunity exists immediately post exercise (recovery phase) whereby consuming protein-rich food at that time can capitalise upon the maximal rate of muscle protein synthesis (MPS). Again, a relative hyperleucinaemia at this time appears to drive this MPS [25]. However, more research is needed to evaluate this suggestion but could be of benefit to some athletes. Finally, there is some preliminary evidence to suggest that a low-carbohydrate diet may be beneficial for athletes who want to lose body weight and fat, without compromising muscle mass [99].



An often-overlooked group of athletes with body weight issues are those who have reached the end of their sporting career, especially those who have developed muscularity and strength for performance. A reduction in post-career physical activity as well as a failure to modify dietary intake can lead to excess weight gain, especially in the FM compartment. This could eventually lead to developing components of metabolic disease and increasing health risk. A small number of studies have begun to explore optimal weight loss strategies for health in former athletes. Dietary approaches have included various degrees of energy intake reduction and a Mediterranean-type diet. Outcomes with respect to weight reduction and FFM/SMM preservation have been shown to be promising in these preliminary studies [100,101].




13. Conclusions


In this review, the role of dietary protein and exercise as a means for minimising loss of lean tissue, particularly SM during weight management interventions across a range of population groups, was evaluated. Arriving at a definitive conclusion can be difficult for a number of reasons and the routine issues of study design, sample size, duration of intervention, population group, and assessment instruments all impact upon the findings. However, on balance, there appears to be sufficient evidence to suggest that a greater contribution of dietary protein, above the current RNI/RDA, may be beneficial in preserving SMM when undergoing a weight management intervention. This may be particularly important for older individuals who have the added risk of age-related loss of SMM and strength (sarcopenia), who may also need to lose body weight and body fat. It is interesting to note that a recent analysis of dietary protein intake in the UK elderly population (aged 65–89 y) demonstrated that fewer than 50% of the participants met the current UK RNI of 0.75 g/kg body weight/d [102]. This links with the suggestion that an optimal intake of dietary protein could be around 1.2 g/kg body weight/d [58] as well as the ESPEN endorsed recommendation of at least 1.0–1.2 g protein/kg body weight/day for healthy older people [103]. In the meantime, current clinical guidelines in the UK [1] do not address the loss of FFM whilst following a weight loss programme and continue to advocate consuming less dietary energy than energy expenditure, achieved through a low-fat, 600 kcal/d deficit. No reference is made to proportionately higher intakes of protein, but it may now be time to revisit current weight management guidelines in light of the evidence on dietary protein and preservation of SMM. In support of these dietary protein suggestions, findings from a recent systematic review and meta-analysis of randomised controlled studies concluded that higher intakes of dietary protein were associated with better cardiometabolic risk factors including systolic blood pressure, some lipid outcomes, and insulin levels as well as weight loss and fat loss [104]. However, consideration must be made as to how, in practical terms, a higher intake of protein can be achieved when concurrently reducing energy intake. One possibility is a supplement approach, similar in composition to meal replacement products, as some of these can be naturally high protein, low fat, low energy products as well as being rich in micronutrients. This approach could assist with the ‘protein pacing’ strategy, which is also a recommendation to help improve meal-induced stimulation of MPS in the elderly [103]. The protein quality of the supplement should also be considered. As noted earlier in this review, the essential amino acid leucine is key to optimal stimulation of MPS post-prandially. This is also true for the elderly [103]. The relative merits of plant versus animal sources of protein should also be considered. Longer term care should be exercised if following this dietary approach, as individuals should ensure sufficient daily intake of fruits, vegetables, and fibre-rich foods, given their low energy density but nutrient rich characteristics.







Author Contributions


A.B. conceptualized the idea for the review and D.M. and A.B. drafted the initial manuscript. D.M. and A.B. critically revised the review and both authors have read and agreed to the publishes version of manuscript.




Funding


No external funding was received for the writing of this review.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


D.M. and A.B. received research support from the Almased Wellness-GmbH and have also received speakers’ honoraria from Almased Wellness-GmbH.




References


	



Obesity: Identification, Assessment and Management Clinical Guideline; National Clinical Guideline Centre: London, UK, 2014; Available online: www.nice.org.uk/guidance/cg189 (accessed on 13 May 2021).

	



McGlory, C.; van Vliet, S.; Stokes, T.; Mittendorfer, B.; Phillips, S.M. The impact of exercise and nutrition on the regulation of skeletal muscle mass. J. Physiol. 2019, 597, 1251–1258. [Google Scholar] [CrossRef]

	



Kim, G.; Kim, J.H. Impact of Skeletal Muscle Mass on Metabolic Health. Endocrinol. Metab. (Seoul) 2020, 35. [Google Scholar] [CrossRef]

	



Stump, C.S.; Henriksen, E.J.; Wei, Y.; Sowers, J.R. The metabolic syndrome: Role of skeletal muscle metabolism. Ann. Med. 2006, 38, 389–402. [Google Scholar] [CrossRef] [PubMed]

	



Frontera, W.R.; Ochala, J. Skeletal Muscle: A Brief Review of Structure and Function. Calcif. Tissue Int. 2015, 96, 183–195. [Google Scholar] [CrossRef]

	



Zurlo, F.; Larson, K.; Bogardus, C.; Ravussin, E. Skeletal muscle metabolism is a major determinant of resting energy expenditure. J. Clin. Investig. 1990, 86, 1423–1427. [Google Scholar] [CrossRef]

	



Ruiz, J.R.; Sui, X.; Lobelo, F.; Morrow, J.R.; Jackson, A.W.; Sjöström, M.; Blair, S.N. Association between muscular strength and mortality in men: Prospective cohort study. Brit. Med. J. 2008, 337, a439. [Google Scholar] [CrossRef] [PubMed]

	



García-Hermoso, A.; Cavero-Redondo, I.; Ramírez-Vélez, R.; Ruiz, J.R.; Ortega, F.B.; Lee, D.C.; Martínez-Vizcaíno, V. Muscular Strength as a Predictor of All-Cause Mortality in an Apparently Healthy Population: A Systematic Review and Meta-Analysis of Data From Approximately 2 Million Men and Women. Arch. Phys. Med. Rehabil. 2018, 99, 2100–2113.e5. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Xia, J.; Zhang, X.I.; Gathirua-Mwangi, W.G.; Guo, J.; Li, Y.; McKenzie, S.; Song, Y. Associations of Muscle Mass and Strength with All-Cause Mortality among US Older Adults. Med. Sci. Sports Exerc. 2018, 50, 458–467. [Google Scholar] [CrossRef] [PubMed]

	



Metter, E.J.; Talbot, L.A.; Schrager, M.; Conwit, R. Skeletal muscle strength as a predictor of all-cause mortality in healthy men. J. Gerontol. A Biol. Sci. Med. Sci. 2002, 57, B359–B365. [Google Scholar] [CrossRef]

	



Abramowitz, M.K.; Hall, C.B.; Amodu, A.; Sharma, D.; Androga, L.; Hawkins, M. Muscle mass, BMI, and mortality among adults in the United States: A population-based cohort study. PLoS ONE 2018, 13, e0194697. [Google Scholar] [CrossRef]

	



Wang, H.; Hai, S.; Liu, Y.; Liu, Y.; Dong, B. Skeletal Muscle Mass as a Mortality Predictor among Nonagenarians and Centenarians: A Prospective Cohort Study. Sci. Rep. 2019, 9, 2420. [Google Scholar] [CrossRef] [PubMed]

	



de Santana, F.M.; Domiciano, D.S.; Gonçalves, M.A.; Machado, L.G.; Figueiredo, C.P.; Lopes, J.B.; Caparbo, V.F.; Takayama, L.; Menezes, P.R.; Pereira, R.M.R. Association of Appendicular Lean Mass, and Subcutaneous and Visceral Adipose Tissue With Mortality in Older Brazilians: The São Paulo Ageing & Health Study. J. Bone Mineral. Res. 2019, 34, 1264–1274. [Google Scholar] [CrossRef]

	



Newman, A.N.; Kupelian, V.; Visser, M.; Simonsick, E.M.; Goodpaster, B.H.; Kritchevsky, S.B.; Tylavsky, F.A.; Rubin, S.M.; Harris, T.B. On Behalf of the Health, Aging and Body Composition Study Investigators. Strength, But Not Muscle Mass, Is Associated With Mortality in the Health, Aging and Body Composition Study Cohort. J. Gerontol. Ser. A 2006, 61, 72–77. [Google Scholar] [CrossRef]

	



Cesari, M.; Pahor, M.; Lauretani, F.; Zamboni, V.; Bandinelli, S.; Bernabei, R.; Guralnik, J.M.; Ferrucci, L. Skeletal Muscle and Mortality Results From the InCHIANTI Study. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64A, 377–384. [Google Scholar] [CrossRef]

	



Knowles, R.; Carter, J.; Jebb, S.A.; Bennett, D.; Lewington, S.; Piernas, C. Associations of Skeletal Muscle Mass and Fat Mass With Incident Cardiovascular Disease and All-Cause Mortality: A Prospective Cohort Study of UK Biobank Participants. J. Am. Heart Assoc. 2021, 10, e019337. [Google Scholar]

	



Millward, D.J.; Truby, H.; Fox, K.R.; Livingstone, M.B.E.; MacDonald, I.A.; Tothill, P. Sex differences in the composition of weight gain and loss in overweight and obese adults. Br. J. Nutr. 2014, 111, 933–943. [Google Scholar] [CrossRef]

	



Tomlinson, D.J.; Erskine, R.M.; Morse, C.I.; Winwood, K.; Onambélé-Pearson, G. The impact of obesity on skeletal muscle strength and structure through adolescence to old age. Biogerontology 2016, 17, 467–483. [Google Scholar] [CrossRef]

	



Batsis, J.A.; Villareal, D.T. Sarcopenic obesity in older adults: Aetiology, epidemiology and treatment strategies. Nat. Rev. Endocrinol. 2018, 14, 513–537. [Google Scholar] [CrossRef]

	



Millward, D.J. Interactions between Growth of Muscle and Stature: Mechanisms Involved and Their Nutritional Sensitivity to Dietary Protein: The Protein-Stat Revisited. Nutrients 2021, 13, 729. [Google Scholar] [CrossRef]

	



Heymsfield, S.B.; Gonzalez, M.C.; Lu, J.; Jia, G.; Zheng, J. Skeletal muscle mass and quality: Evolution of modern measurement concepts in the context of sarcopenia. Proc. Nutr. Soc. 2015, 74, 355–366. [Google Scholar] [CrossRef] [PubMed]

	



Millward, D.J.; Smith, K. The application of stable-isotope tracers to study human musculoskeletal protein turnover: A tale of bag filling and bag enlargement. J. Physiol. 2019, 597, 1235–1249. [Google Scholar] [CrossRef]

	



Morton, R.W.; McGlory, C.; Phillips, S.M. Nutritional interventions to augment resistance training-induced skeletal muscle hypertrophy. Front. Physiol. 2015, 6, 245. [Google Scholar] [CrossRef]

	



Stokes, T.; Hector, A.J.; Morton, R.W.; McGlory, C.; Phillips, S.M. Recent Perspectives Regarding the Role of Dietary Protein for the Promotion of Muscle Hypertrophy with Resistance Exercise Training. Nutrients 2018, 10, 180. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, S.M. The science of muscle hypertrophy: Making dietary protein count. Proc. Nutr. Soc. 2011, 70, 100–103. [Google Scholar] [CrossRef] [PubMed]

	



Long, C.L.; Dillard, D.R.; Bodzin, J.H.; Geiger, J.W.; Blakemore, W.S. Validity of 3-methylhistidine excretion as an indicator of skeletal muscle protein breakdown in humans. Metabolism 1988, 37, 844–849. [Google Scholar] [CrossRef]

	



Elia, M.; Carter, A.; Bacon, S.; Winearls, C.G.; Smith, R. Clinical usefulness of urinary 3-methylhistidine excretion in indicating muscle protein breakdown. Brit. Med. J. 1981, 282, 351–354. [Google Scholar] [CrossRef]

	



Heymsfield, S.B.; Arteaga, C.; McManus, C.; Smith, J.; Moffitt, S. Measurement of muscle mass in humans: Validity of the 24-hour urinary creatinine method. Am. J. Clin. Nutr. 1983, 37, 478–494. [Google Scholar] [CrossRef] [PubMed]

	



Hoffer, L.J.; Forse, R.A. Protein metabolic effects of a prolonged fast and hypocaloric refeeding. Am. J. Physiol. 1990, 258, E832–E840. [Google Scholar] [CrossRef]

	



Vilà, R.; Granada, M.; Gutiérrez, R.; Fetrnández-López, J.-A.; Remesar, X.; Formiguera, X.; Foz, M.; Alemany, M. Short-term effects of a hypocaloric diet on nitrogen excretion in morbid obese women. Eur. J. Clin. Nutr. 2001, 55, 186–191. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Gallagher, D. Assessment methods in human body composition. Curr. Opin. Clin. Nutr. Metab. Care 2008, 11, 566–572. [Google Scholar] [CrossRef]

	



Van der Werf, A.; Langius, J.A.E.; De van der Schueren, M.A.E.; Nurmohamed, S.A.; Van der Pant, K.A.M.I.; Blauwhoff-Buskermolen, S.; Wierdsma, N.J. Percentiles for skeletal muscle index, area and radiation attenuation based on computed tomography imaging in a healthy Caucasian population. Eur J. Clin. Nutr. 2018, 72, 288–296. [Google Scholar] [CrossRef]

	



Ross, R.; Dagnone, D.; Jones, P.J.; Smith, H.; Paddags, A.; Hudson, R.; Janssen, I. Reduction in obesity and related comorbid conditions after diet-induced weight loss or exercise-induced weight loss in men: A randomized, controlled trial. Ann. Intern. Med. 2000, 133, 92–103. [Google Scholar] [CrossRef]

	



Leidy, H.J.; Carnell, N.S.; Mattes, R.D.; Campbell, W.W. Higher Protein Intake Preserves Lean Mass and Satiety with Weight Loss in Pre-obese and Obese Women. Obesity 2007, 15, 421. [Google Scholar] [CrossRef]

	



Bosy-Westphal, A.; Kossel, E.; Goele, K.; Later, A.; Hitze, B.; Settler, U.; Heller, M.; Gluer, C.C.; Heymsfield, S.B.; Muller, M.J. Contribution of individual organ mass loss to weight loss–associated decline in resting energy expenditure. Am. J. Clin. Nutr. 2009, 90, 993–1001. [Google Scholar] [CrossRef]

	



Gallagher, D.; Kelley, D.E.; Thornton, J.; Boxt, L.; Pi-Sunyer, X.; Lipkin, E.; Nyenwe, E.; Janumala, I.; Heshka, S.; the MRI Ancillary Study Group of the Look AHEAD Research Group. Changes in skeletal muscle and organ size after a weight-loss intervention in overweight and obese type 2 diabetic patients. Am. J. Clin. Nutr. 2017, 105, 78–84. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, E.P.; Jordan, R.C.; Frese, E.M.; Albert, S.G.; Villareal, D.T. Effects of Weight Loss on Lean Mass, Strength, Bone, and Aerobic Capacity. Med. Sci. Sports Exerc. 2017, 49, 206–217. [Google Scholar] [CrossRef] [PubMed]

	



Meckling, K.A.; O’Sullivan, C.; Saari, D. Comparison of a low-fat diet to a low-carbohydrate diet on weight loss, body composition, and risk factors for diabetes and cardiovascular disease in free-living, overweight men and women. J. Clin. Endocrinol. Metab. 2004, 89, 2717–2723. [Google Scholar] [CrossRef] [PubMed]

	



Volek, J.S.; Sharman, M.J.; Gómez, A.L.; Judelson, D.A.; Rubin, M.R.; Watson, G.; Sokmen, B.; Silvestre, R.; French, D.N.; Kraemer, W.J. Comparison of energy-restricted very low-carbohydrate and low-fat diets on weight loss and body composition in overweight men and women. Nutr. Metab. (Lond) 2004, 1, 13. [Google Scholar] [CrossRef]

	



Volek, J.S.; Quann, E.E.; Forsythe, C.E. Low-Carbohydrate Diets Promote a More Favorable Body Composition Than Low-Fat Diets. Strength Cond. J. 2010, 32, 42–47. [Google Scholar] [CrossRef]

	



Deibert, P.; Konig, D.; Schmidt-Trucksaess, A.; Zaenker, K.S.; Frey, I.; Landmann, U.; Berg, A. Weight loss without losing muscle mass in pre-obese and obese subjects induced by a high-soy-protein diet. Int J. Obesity 2004, 28, 1349–1352. [Google Scholar] [CrossRef]

	



Hunter, G.R.; Bryan, D.R.; Borges, J.H.; Diggs, M.D.; Carter, S.J. Racial differences in relative skeletal muscle mass loss during diet induced weight loss in women. Obesity 2018, 26, 1255–1260. [Google Scholar] [CrossRef] [PubMed]

	



Stolzenberg-Solomon, R.Z.; Falk, R.T.; Stanczyk, F.; Hoover, R.N.; Appel, L.J.; Ard, J.D.; Batch, B.C.; Coughlin, J.; Han, X.; Lien, L.F.; et al. Sex hormone changes during weight loss and maintenance in overweight and obese postmenopausal African-American and non-African-American women. Breast Cancer Res. 2012, 14, R141. [Google Scholar] [CrossRef] [PubMed]

	



Seimon, R.V.; Wild-Taylor, A.L.; Keating, S.E.; McClintock, S.; Harper, C.; Gibson, A.A.; Johnson, N.A.; Fernando, H.A.; Markovic, T.P.; Center, J.R.; et al. Effect of Weight Loss via Severe vs Moderate Energy Restriction on Lean Mass and Body Composition Among Postmenopausal Women With Obesity: The TEMPO Diet Randomized Clinical Trial. JAMA Netw. Open 2019, 2, e1913733. [Google Scholar] [CrossRef] [PubMed]

	



Villareal, D.T.; Chode, S.; Parimi, N.; Sinacore, D.R.; Hilton, T.; Armamento-Villareal, R.; Napoli, N.; Qualls, C.; Shah, K. Weight loss, exercise, or both and physical function in obese older adults. N. Engl. J. Med. 2011, 364, 1218–1229. [Google Scholar] [CrossRef] [PubMed]

	



Foster-Schubert, K.E.; Alfano, C.M.; Duggan, C.R.; Xiao, L.; Campbell, K.L.; Kong, A.; Bain, C.E.; Wang, C.-Y.; Blackburn, G.L.; McTiernan, A. Effect of Diet and Exercise, Alone or Combined, on Weight and Body Composition in Overweight-to-Obese Postmenopausal Women. Obesity 2012, 20, 1628–1638. [Google Scholar] [CrossRef] [PubMed]

	



Hamer, M.; O’Donovan, G. Sarcopenic obesity, weight loss, and mortality: The English Longitudinal Study of Ageing. Am. J. Clin. Nutr. 2017, 106, 125–129. [Google Scholar] [CrossRef]

	



Frimel, T.N.; Sinacore, D.R.; Villareal, D.T. Exercise attenuates the weight loss- induced reduction in muscle mass in frail obese older adults. Med. Sci. Sports Exerc. 2008, 40, 1213–1219. [Google Scholar] [CrossRef] [PubMed]

	



Figueroa, A.; Arjmandi, B.H.; Wong, A.; Sanchez-Gonzalez, M.A.; Simonavice, E.; Daggy, B. Effects of hypocaloric diet, low-intensity resistance exercise with slow movement, or both on aortic hemodynamics and muscle mass in obese postmenopausal women. Menopause 2013, 20, 967–972. [Google Scholar] [CrossRef] [PubMed]

	



Chomentowski, P.; Dube, J.J.; Amati, F.; Stefanovic-Racic, M.; Zhu, S.; Toledo, F.G.; Goodpaster, B.H. Moderate exercise attenuates the loss of skeletal muscle mass that occurs with intentional caloric restriction Induced weight loss in older, overweight to obese adults. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 575–580. [Google Scholar] [CrossRef]

	



Santanasto, A.J.; Glynn, N.W.; Newman, M.A.; Taylor, C.A.; Brooks, M.M.; Goodpaster, B.H.; Newman, A.B. Impact of weight loss on physical function with changes in strength, muscle mass, and muscle fat infiltration in overweight to moderately obese older adults: A randomized clinical trial. J. Obes. 2011, 2011, 516576. [Google Scholar] [CrossRef]

	



Yoshimura, E.; Kumahara, H.; Tobina, T.; Matsuda, T.; Watabe, K.; Matono, S.; Ayabe, M.; Kiyonaga, A.; Anzai, K.; Higaki, Y.; et al. Aerobic exercise attenuates the loss of skeletal muscle during energy restriction in adults with visceral adiposity. Obes. Facts 2014, 7, 26–35. [Google Scholar] [CrossRef]

	



Weiss, E.P.; Racette, S.B.; Villareal, D.T.; Fontana, L.; Steger-May, K.; Schechtman, K.B.; Klein, S.; Ehsani, A.A.; Holloszy, J.O. Lower extremity muscle size and strength and aerobic capacity decrease with caloric restriction but not with exercise-induced weight loss. J. Appl. Physiol. 2007, 102, 634–640. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Reyes, A.; Cámara-Martos Molina-Luque, F.R.; Romero-Saldaña, M.; Molina-Recio, G.; Moreno-Rojas, R. Changes in body composition with a hypocaloric diet combined with sedentary, moderate and high-intense physical activity: A randomized controlled trial. BMC Women’s Health 2019, 19, 167. [Google Scholar] [CrossRef]

	



WHO/FAO/UNU (World Health Organization/Food and Agriculture Organization of the United Nations/United Nations University). Protein and Amino Acid Requirements in Human Nutrition. Report of a Joint WHO/FAO/UNU Expert Consultation; WHO Technical Report Series, No 935284; WHO/FAO/UNU (World Health Organization/Food and Agriculture Organization of the United Nations/United Nations University): Geneva, Switzerland, 2007. [Google Scholar]

	



FAO. Dietary Protein Quality Evaluation in Human Nutrition. Report of an FAO Expert Consultation; Food and Nutrition Paper 92; FAO: Rome, Italy, 2013. [Google Scholar]

	



EFSA (European Food Safety Authority). Dietary Reference Values for Nutrients. Summary Report. EFSA Supporting Publication 2017; EFSA (European Food Safety Authority): Pama, Italy, 2017; p. e15121E. [CrossRef]

	



Baum, J.I.; Kim, I.Y.; Wolfe, R.R. Protein Consumption and the Elderly: What Is the Optimal Level of Intake? Nutrients 2016, 8, 359. [Google Scholar] [CrossRef]

	



Layman, D.K. Protein quantity and quality at levels above the RDA improves adult weight loss. J. Am. Coll. Nutr. 2004, 23, 631S–636S. [Google Scholar] [CrossRef] [PubMed]

	



Brehm, B.J.; D’Alessio, D.A. Benefits of high-protein weight loss diets: Enough evidence for practice? Curr. Opin. Endocrinol. Diabetes Obes. 2008, 15, 416–421. [Google Scholar] [CrossRef]

	



Johnstone, A.M. Safety and efficacy of high-protein diets for weight loss. Proc. Nutr. Soc. 2012, 71, 339–349. [Google Scholar] [CrossRef]

	



Leidy, H.J.; Clifton, P.M.; Astrup, A.; Wycherley, T.P.; Westerterp-Plantenga, M.S.; Luscombe-Marsh, N.D.; Woods, S.C.; Mattes, R.D. The role of protein in weight loss and maintenance. Am. J. Clin. Nutr. 2015, 101, 1320S–1329S. [Google Scholar] [CrossRef] [PubMed]

	



Simonson, M.; Boirie, Y.; Guillet, C. Protein, amino acids and obesity treatment. Rev. Endocr. Metab. Disord. 2020, 21, 341–353. [Google Scholar] [CrossRef]

	



Bopp, M.J.; Houston, D.K.; Lenchik, L.; Easter, L.; Kritchevsky, S.B.; Nicklas, B.J. Lean Mass Loss Is Associated with Low Protein Intake during Dietary-Induced Weight Loss in Postmenopausal. Women J. Am. Diet. Assoc. 2008, 108, 1216–1220. [Google Scholar] [CrossRef] [PubMed]

	



Pasiakos, S.M.; Cao, J.J.; Margolis, L.M.; Sauter, E.R.; Whigham, L.D.; McClung, J.P.; Rood, J.C.; Carbone, J.W.; Combs, G.F., Jr.; Young, A.J. Effects of high-protein diets on fat-free mass and muscle protein synthesis following weight loss: A randomized controlled trial. FASEB J. 2013, 27, 3837–3847. [Google Scholar] [CrossRef]

	



Longland, T.M.; Oikawa, S.Y.; Mitchell, C.J.; Devries, M.C.; Phillips, S.M. 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. 2016, 103, 738–746. [Google Scholar] [CrossRef]

	



Michalczyk, M.M.; Maszczyk, A.; Stastny, P. The Effects of Low-Energy Moderate-Carbohydrate (MCD) and Mixed (MixD) Diets on Serum Lipid Profiles and Body Composition in Middle-Aged Men: A Randomized Controlled Parallel-Group Clinical Trial. Int J. Environ. Res. Public Health 2020, 19, 1332. [Google Scholar] [CrossRef] [PubMed]

	



Wycherley, T.; Noakes, M.; Clifton, P.; Cleanthous, X.; Keogh, J.; Brinkworth, G. A High-Protein Diet With Resistance Exercise Training Improves Weight Loss and Body Composition in Overweight and Obese Patients With Type 2 Diabetes. Diabetes Care 2010, 33, 969–976. [Google Scholar] [CrossRef] [PubMed]

	



Malaeb, S.; Bakker, C.; Chow, L.S.; Bantle, A.E. High-Protein Diets for Treatment of Type 2 Diabetes Mellitus: A Systematic Review. Adv. Nutr. 2019, 10, 621–633. [Google Scholar] [CrossRef] [PubMed]

	



Ko, G.J.; Obi, Y.; Tortorici, A.R.; Kalantar-Zadeh, K. Dietary protein intake and chronic kidney disease. Curr. Opin. Clin. Nutr. Metab. Care 2017, 20, 77–85. [Google Scholar] [CrossRef]

	



Campbell, W.W.; Kim, J.E.; Amankwaah, A.F.; Gordon, S.L.; Weinheimer-Haus, E.M. Higher total protein intake and change in total protein intake affect body composition but not metabolic syndrome indexes in middle-aged overweight and obese adults who perform resistance and aerobic exercise for 36 weeks. J. Nutr. 2015, 145, 2076–2083. [Google Scholar] [CrossRef]

	



Smith, G.I.; Yoshino, J.; Kelly, S.C.; Reeds, D.N.; Okunade, A.; Patterson, B.; Klein, S.; Mittendorfer, B. High protein intake during weight loss therapy eliminates the weight loss-induced improvement in insulin action in postmenopausal women. Cell Rep. 2016, 17, 849–861. [Google Scholar] [CrossRef]

	



Backx, E.M.; Tieland, M.; Borgonjen-van den Berg, K.J.; Claessen, P.R.; van Loon, L.J.; de Groot, L.C. Protein intake and lean body mass preservation during energy intake restriction in overweight older adults. Int. J. Obes. 2016, 40, 299–304. [Google Scholar] [CrossRef]

	



Verreijen, A.M.; Engberink, M.F.; Memelink, R.G.; van der Plas, S.E.; Visser, M.; Weijs, P.J.M. Effect of a high protein diet and/or resistance exercise on the preservation of fat free mass during weight loss in overweight and obese older adults: A randomized controlled trial. Nutr. J. 2017, 16, 10. [Google Scholar] [CrossRef]

	



Beavers, K.M.; Nesbit, B.A.; Kiel, J.R.; Sheedy, J.L.; Arterburn, L.M.; Collins, A.E.; Ford, S.A.; Henderson, R.M.; Coleman, C.D.; Beavers, D.P.J. Effect of an Energy-Restricted, Nutritionally Complete, Higher Protein Meal Plan on Body Composition and Mobility in Older Adults With Obesity: A Randomized Controlled Trial. Gerontol. A Biol. Sci. Med. Sci. 2019, 74, 929–935. [Google Scholar] [CrossRef]

	



Sammarco, R.; Marra, M.; Di Guglielmo, M.L.; Naccarato, M.; Contaldo, F.; Poggiogalle, E.; Donini, L.M.; Pasanisi, F. Evaluation of Hypocaloric Diet With Protein Supplementation in Middle-Aged Sarcopenic Obese Women: A Pilot Study. Obes. Facts 2017, 10, 160–167. [Google Scholar] [CrossRef] [PubMed]

	



Pesta, D.H.; Samuel, V.T. A high-protein diet for reducing body fat: Mechanisms and possible caveats. Nutr. Metab. (Lond) 2014, 11, 53. [Google Scholar] [CrossRef] [PubMed]

	



Coker, R.H.; Miller, S.; Schutzler, S.; Deutz, N.; Wolfe, R.R. Whey protein and essential amino acids promote the reduction of adipose tissue and increased muscle protein synthesis during caloric restriction-induced weight loss in elderly, obese individuals. Nutr. J. 2012, 11, 105. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, A.E.; Bibby, B.M.; Hansen, M. Effect of a Whey Protein Supplement on Preservation of Fat Free Mass in Overweight and Obese Individuals on an Energy Restricted Very Low Caloric Diet. Nutrients 2018, 10, 1918. [Google Scholar] [CrossRef]

	



Smith, G.I.; Commean, P.K.; Reeds, D.N.; Klein, S.; Mittendorfer, B. Effect of protein supplementation during diet-induced weight loss on muscle mass and strength: A randomized controlled study. Obesity (Silver Spring) 2018, 26, 854–861. [Google Scholar] [CrossRef]

	



Verreijen, A.M.; Verlaan, S.; Engberink, M.F.; Swinkels, S.; de Vogel-van den Bosch, J.; Weijs, P.J.M. A high whey protein–, leucine-, and vitamin D–enriched supplement preserves muscle mass during intentional weight loss in obese older adults: A double-blind randomized controlled trial. Am. J. Clin. Nutr. 2015, 101, 279–286. [Google Scholar] [CrossRef] [PubMed]

	



Josse, A.R.; Atkinson, S.A.; Tarnopolsky, M.A.; Phillips, S.M. 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. 2011, 141, 1626–1634. [Google Scholar] [CrossRef]

	



Wright, C.S.; Zhou, J.; Sayer, R.D.; Kim, J.E.; Campbell, W.W. Effects of a High-Protein Diet Including Whole Eggs on Muscle Composition and Indices of Cardiometabolic Health and Systemic Inflammation in Older Adults with Overweight or Obesity: A Randomized Controlled Trial. Nutrients 2018, 10, 946. [Google Scholar] [CrossRef]

	



Norgaard, A.; Bindslev-Jensen, C.; Skov, P.S.; Poulsen, L.K. Specific serum IgE in the diagnosis of egg and milk allergy in adults. Allergy 1995, 50, 636–647. [Google Scholar] [CrossRef]

	



Astbury, N.M.; Aveyard, P.; Nickless, A.; Hood, K.; Corfield, K.; Lowe, R.; Jebb, S.A. Doctor Referral of Overweight People to Low Energy total diet replacement Treatment (DROPLET): Pragmatic randomised controlled trial. Brit. Med. J. 2018, 362, k3760. [Google Scholar] [CrossRef] [PubMed]

	



Lean, M.E.; Leslie, W.S.; Barnes, A.C.; Brosnahan, N.; Thom, G.; McCombie, L.; Peters, C.; Zhyzhneuskaya, S.; Al-Mrabeh, A.; Hollingsworth, K.G.; et al. Primary care-led weight management for remission of type 2 diabetes (DiRECT): An open-label, cluster-randomised trial. Lancet 2018, 391, 541–551. [Google Scholar] [CrossRef]

	



Merra, G.R.; Miranda, S.; Barrucco, S.; Gualtieri, P.; Mazza, M.; Moriconi, E.; Marchetti, M.; Chang, T.F.M.; De Lorenzo, A.; Di Renzo, L. Very-low-calorie ketogenic diet with amino acid supplement versus very low restricted-calorie diet for preserving muscle mass during weight loss: A pilot double-blind study. Eur. Rev. Med. Pharmacol. Sci. 2016, 20, 2613–2621. [Google Scholar] [PubMed]

	



Halle, M.; Röhling, M.; Banzer, W.; Braumann, K.M.; Kempf, K.; McCarthy, D.; Pinget, M.; Predel, H.G.; Scholze, J.; Tan, S.; et al. Meal Replacement by formula diet Reduces Weight more than a Lifestyle Intervention Alone in patients with Overweight and Obese and accompanied Cardiovascular Risk Factors—The ACOORH Trial. Eur. J. Clin. Nutr. 2021, 75, 661–669. [Google Scholar] [CrossRef]

	



Rohling, M.; Kempf, K.; Banzer, W.; Berg, A.; Braumann, K.M.; Tan, S.; Halle, M.; McCarthy, D.; Pinget, M.; Predel, H.G.; et al. Prediabetes conversion to normoglycemia is superior adding a low-carbohydrate and energy deficit formula diet to lifestyle intervention—A 12-month sub analysis of the ACOORH trial. Nutrients 2020, 12, 2022. [Google Scholar] [CrossRef] [PubMed]

	



Kempf, K.; Röhling, M.; Banzer, W.; Braumann, K.M.; Halle, M.; McCarthy, D.; Predel, H.G.; Schenkenberger, I.; Tan, S.; Toplak, H.; et al. High-protein, low-glycaemic meal replacement decreases fasting insulin and inflammation markers—A 12-month subanalysis of the ACOORH trial. Nutrients 2021, 13, 1433. [Google Scholar] [CrossRef] [PubMed]

	



Röhling, M.; Stensitzky, A.; Oliveira, C.L.P.; Beck, A.; Braumann, K.M.; Halle, M.; Führer-Sakel, D.; Kempf, K.; McCarthy, D.; Predel, H.G.; et al. Effects of a protein-rich, low-glycaemic meal replacement on changes in dietary intake and body weight following a weight-management intervention—the ACOORH trial. Nutrients 2021, 13, 376. [Google Scholar] [CrossRef]

	



Oliveira, C.L.P.; Boulé, N.G.; Sharma, A.M.; Elliott, S.A.; Siervo, M.; Ghosh, S.; Berg, A.; Prado, C.M. A high-protein total diet replacement increases energy expenditure and leads to negative fat balance in healthy, normal-weight adults. Am. J. Clin. Nutr. 2021, 113, 476–487. [Google Scholar] [CrossRef]

	



Arciero, P.J.; Edmonds, R.; He, F.; Ward, E.; Gumpricht, E.; Mohr, A.; Ormsbee, M.J.; Astrup, A. Protein-Pacing Caloric-Restriction Enhances Body Composition Similarly in Obese Men and Women during Weight Loss and Sustains Efficacy during Long-Term Weight Maintenance. Nutrients 2016, 8, 476. [Google Scholar] [CrossRef]

	



Garthe, I.; Truls Raastad, T.; Egil Refsnes, P.E.; Koivisto, A.; Sundgot-Borgen, J. Effect of Two Different Weight-Loss Rates on Body Composition and Strength and Power-Related Performance in Elite Athletes. Int. J. Sport Nutr. Exerc. Metab. 2011, 21, 97–104. [Google Scholar] [CrossRef]

	



Aragon, A.A.; Schoenfeld, B.J.; Wildman, R.; Kleiner, S.; van Dusseldorp, T.; Taylor, L.; Earnest, C.P.; Arciero, P.J.; Wilborn, C.; Kalman, D.S.; et al. International society of sports nutrition position stand: Diets and body composition. J. Int. Soc. Sports Nutr. 2017, 14, 16. [Google Scholar] [CrossRef] [PubMed]

	



Roklicer, R.; Lakicevic, N.; Stajer, V.; Trivic, T.; Bianco, A.; Mani, D.; Milosevic, Z.; Maksimovic, N.; Paoli, A.; Drid, P. The effects of rapid weight loss on skeletal muscle in judo athletes. Transl. Med. 2020, 18, 142. [Google Scholar] [CrossRef] [PubMed]

	



Hector, A.J.; Phillips, S.M. Protein Recommendations for Weight Loss in Elite Athletes: A Focus on Body Composition and Performance. Int J. Sport Nutr. Exerc. Metab. 2018, 28, 170–177. [Google Scholar] [CrossRef]

	



Mettler, S.; Mitchell, N.; Tipton, K.D. Increased Protein Intake Reduces Lean Body Mass Loss during Weight Loss in Athletes. Med. Sci. Sports Exerc. 2010, 42, 326–337. [Google Scholar] [CrossRef] [PubMed]

	



Michalczyk, M.M.; Zając, A.; Mikołajec, K.; Zydek, G.; Langfort, J. No Modification in Blood Lipoprotein Concentration but Changes in Body Composition After 4 Weeks of Low Carbohydrate Diet (LCD) Followed by 7 Days of Carbohydrate Loading in Basketball Players. J. Hum. Kinet. 2018, 65, 125–137. [Google Scholar] [CrossRef] [PubMed]

	



Maciejewska, D.; Michalczyk, M.M.; Czerwińska-Rogowska, M.; Banaszczak, M.; Ryterska, K.; Jakubczyk, K.; Piotrowski, J.; Hołowko, J.; Drozd, A.; Wysokiński, P.; et al. Seeking optimal nutrition for healthy body mass reduction among former athletes. J. Hum. Kinet. 2017, 60, 63–75. [Google Scholar] [CrossRef] [PubMed]

	



Hołowko, J.; Michalczyk, M.M.; Zając, A.; Czerwińska-Rogowska, M.; Ryterska, M.; Banaszczak, M.; Jakubczyk, J.; Stachowska, E. Six weeks of calorie restriction improves body composition and lipid profile in obese and overweight former athletes. Nutrients 2019, 11, 1461. [Google Scholar] [CrossRef]

	



Morris, S.; Cater, J.D.; Green, M.A.; Johnstone, A.M.; Brunstrom, J.M.; Stevenson, E.J.; Williams, E.A.; Corfe, B.M. Inadequacy of Protein Intake in Older UK Adults. Geriatrics (Basel) 2020, 5, 6. [Google Scholar] [CrossRef]

	



Deutz, N.E.; Bauer, J.M.; Barazzoni, R.; Biolo, G.; Boirie, Y.; Bosy-Westphal, A.; Cederholm, T.; Cruz-Jentoft, A.; Krznariç, Z.; Nair, K.S.; et al. Protein intake and exercise for optimal muscle function with aging: Recommendations from the ESPEN Expert Group. Clin. Nutr. 2014, 33, 929–936. [Google Scholar] [CrossRef]

	



Vogtschmidt, Y.; Raben, A.; Faber, I.; de Wilde, C.; Lovegrove, J.A.; Givens, D.I.; Pfeiffer, A.F.H.; Soedamah-Muthu, S.S. Is protein the forgotten ingredient: Effects of higher compared to lower protein diets on cardiometabolic risk factors. A systematic review and meta-analysis of randomised controlled trials. Atherosclerosis 2021, 328, 124–135. [Google Scholar] [CrossRef]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  nutrients-13-02473


  
    		
      nutrients-13-02473
    


  




  





media/file0.png





